THE CRYSTAL STRUCTURES OF

SOME ORGANIC MOLECULES

THESIS
PRESENTED FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY
IN THE
UNIVERSITY OF GLASGOW
BY

ROBERT F. BRYAN B.Sc.

AUGUST 1957.



ProQuest Number: 13849094

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 13849094

Published by ProQuest LLC(2019). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



Preface.

This work was undertaken at Glasgow University in
the Department of Chemistry. It is a pleasure to
acknowledge the profit derived from the supervision
of Dr. J.C. Speakman at all stages of the work described
here,

Thanks are due to Professor J.M. Robertson for his
interest in this study ; and to various other members
of the Department, in particular Dr., H.M.M, Shearer,
I am indebted for stimulating discussion and valuable
advice.

To the Department of Scientific and Industrial Research
I am indebted for a maintenance allowance over the period

this work has been in progress.

Mr. J. Findlay has been of considerable assistance in
the production of diagrams in the text.

Pure samples of the para-alkoxybenzoic acids used were
kindly supplied by Professor Brynmor Jones and Dr. D. Gray
. of the University College of Hull.



INDEX



INDEX

SUMMARY 8 0 0508000000000 0000080000P0PNNBLRIEBECEEIEISIOEITS I

PART ONE.

The Structure of the Ammonium and Potassium
Acid Salts of Cinnamic AC1G eseeececoccnss b

SECTION ONE

SECTION TWO

Introductory Remarks on Hydrogen

Bonding in the Acid SaltS.cccecesvcnses &
General Remarks on the Hydrogen Bond... 5
The Hydrogen Bond in the Acid Salts....If

References ............................26

Potassium Hydrogen di-cinnamate........28
Previous WOrk ccceesscecsesocccososnssed
Crystak Data ccececesescsoncssosssssnased0
Structural Work.cesocecesseosesscscssee’0

References ...I.I........"'.'..“.‘...32

SECTION THREE

Ammonium Hydrogen di-cinnamate .eeeess33
Introductoryececseccecsonncosssacnssssedth
Table of Crystal Data ceseeeccossscseasldd
Choice of Space Group cessscecscsscesss’d
Intensity Data eeeesesscsscosocssssanss’8
Application of Isomorphoud Replacement

Method of Phase Determination sesscee.+39
The b axis Projection seeeseecesserncsosltl
Final Electron Density Map for (hOl)...44
Table of Fractional Atomic Coordinates.45

The ¢ axis Projection ceeveecccsscessesltbd



SECTION THREE (cont'd)

Final Electron Density Map for (hkO)eses..48
Table of Fractional Atomic Coordinates

for (hKO) cessecvessccescascacsssscoossaedO
Table of Atomic Coordinates (A.U.) eeee.e51
Bond Lengths and inter-bond Angles ......52
Discussion of ResUltS ceescesonsnascesnsed’
Coordination of Ammonium ion (Fige)eeeees56
Table of inter-molecular Approach
DistanceS.:cscessccescscssncsnscsesssseessd?
References .oceveceacessescesosasssossassdrd
Appendix One cecececssscsscenssosnncnneesdy
Table of observed structure amplitudes

and calculated structure fictors for (h0Ol)62
Ditto for (hKO) sesecveccossssssccosoassesbdh

PART TWO

SECTION ONE
The Unit-Cell Dimensions of some
para-alkoxybenzoic acidB.cceseeseescasss.68
Introductory otoooon-ooooo.o..ot..u.b.b-069
Table of Crystal Dat8 seecvensescnvsnccnee?0
Discussion -o.o.oooooo-oo-ooo.oooocooo-o.?a
ReferenceéB csesccves Qooo-ooooo.o-.accoo.73

SECTION TWO

The Crystal and Molecular Structure of

para-methoxybenzoic acid eceesescscsscccss?h
IntroduCtory ceeececssscesssssnssscssssss?d
Table of Crystal Data eeecescsosssesansae??
Collection of Intensity Data ceceesecsced??



SECTION TWO (CONT'D)

The ¢ axis Projection ...ceeeevesecscoceses 78
Final Electron Density Map for (hkO)e...... 80
Table of Fractional Atomic Coordinates

£0r (BKO) +veveeronsssesssnsnossonssnsnsans 8I
Final Residual Electron Density Map for

(BKO) teceeceessnccassnsssesasesscscsnsnsnss 82
The b axis Projection ceeecscecescesessvense 33
Bond lengths and inter-bond angles (Fig.).. 85
Discussion O0f ReSULLtS sevescocasssssnossnss SO
Table of Fractional Atomic Coordinates

for (BOl) eevevesncsecsocesceonasasessssase 99
Table of Orthogonal Coordinates (A.U.)s.... 90
Arrangement of Molecules in (hkO) with
inter-molecular approaches (Fig.)eeseseesss 9I
Table of inter-molecular Approaches ssev.es 92
References .ces cesssccesosscccoscccnssccce 93
Table of observed structure amplitudes

and calculated structure factors (hkO)..... 94
Ditto for (NOL) .eescensesccsscscancncaseees 97

SECTION THREE
The Crystal and Molecular Structure of

para-ethoxybenzolc acid cessaccescsscsecnss 99
Introductory cececosecssesoscsevssncscsceaes l00
Table of Crystal Data sececesssecsvsescseeea IO
Structural .ceccsiosecssscsevcesvenscsnssseslOl
The Fourier Transform ssecseseescsscsscsssesl03
Final Electron Density Map for (hOl).......IO4
Table of Fractional Atomic Coordinates ....I06



List of Figures present in the text.

Fig. I. a.

b.
2.

3.

9.
10.
II.
I2.
13.

I4.

The structure of Ice showing hydrogen
bonding.....................-...........‘-..5
The structure of a = resorcinol .cceesececesed
The structure of salicylic acid

showing both inter- and intra-

molecular hydrogen bonding.ecceccesscscccsced
Graph ofJ0H against the distance

0...0 in hydrogen bonds, after

Nakamoto, Margoshes, and Rundlé.ececeessscsesd
Graph showing variation in weight

of covalent contribution to bond

energy in hydrogen bond of 2.5 A.

after Coulson .ceseececescescassssvcscssescssll

Graph of distance O-H against 0...0

in hydrogen bonds, after Nakamoto,

Margoshes, and Rundl@ecccecsscccsccccacssccsel’d
Formulae of maleic acid, maleate

anion, and Nickel di-methyl-

£lYOoXime cieeeeesvessse soscscvscasancasnassllh

Potential energy curves for 0-H...O
hydrogen bonds, after CoulSON.-eccsecvescsceceald

Infra-red spectra cf phenylacetic acid
etc, after Hadzl .ccviescvencvescosccnccsncsses20

Infra-red spectra of cinnamic acid etce.os...2I

Graph of AV, against 0...0 distance in
hydrogen bonds, after Magat .eeeseescescesesl

Howells, Phillips and Rogers N(z) test
for ammonium hydrogen di-cinnamate€eeeccecee..36

Electron density projection for (hOl),
for ammonium hydrogen di-cinnamate ...ee... &4

Electron density progection for (hkO),
for ammonium hydrogen di-cinnamate eeeescee.48

Final (Fo - F¢) map for (hk0), for
ammonium hydrogen di-cinnamate eeeeeeeccscs.i9

Bond lengths and inter-bond angles for
ammoniun hydrogen di-cinnamate ........--...52

Coordination of atoms around the NHy+ ion
in ammonium hydrogen di-cinnamate.....eeess.56



IS.

I6.

I7.

18.

19-

20.

I4a.

Electron density projection for (hkO)
for aniSiC acid...................-..-....80

Final (Fg = F¢) mep for (hkO),for
anisic acid ‘...I...’.....‘..‘l..v.’.l.I...'BZ

Bond lengths andinter-bond angles
in aniSiC aCid C..O-uoo.‘ac»co‘- -o‘cc...'.085

Arrangement of molecules of anisic
acid and inter-molecular approaches ......91

Bourier transform and idealised
molecular structure for para-
ethOXYbenZOiC acido.o.oo..4....ooo‘loi.0000103

Electron density projection for(hOl)
for para-ethoxybenzoic acid seeecsesceceses I05.

Showing the type of twinned crystal
occuring in anisic 8Cid ceeecesacescccsseea?6s



-




Summary.

This thesis describes crystallographic and other work
carried out during the past three years, in the laboratories
of Professor J. M. Robertson, under the supervision of
Dr. J.C. 8Speakman,

It is divided into two parts. Part One describes work
on the structure of two acid salts of cinnamic acid, and
is sub-divided into three sections,

Section One contains some remarks on the nature of the
hydrogen bonding found in acid salts of the type MHA2 ’
with especial reference to the infra-red spectra of the
acid cinnamates, an interpretation of which is attempted.

Sections Two and Three, deal with work on the structures
of potassium and ammonium hydrogen dicinnamates. Use was
made of the Isomorphous Replacement method of phase
determination, and the structure of the ammonium salt has
been elucidated by two dimensional Fourier methods and
refined by ( F, - F. ) syntheses. Bond lengths and angles

etc. are given and discussed.

Part Two contains the results of an investigation of
some members of the homologous series of para-alkoxybenzoic
aclds.

Section One gives a list of the cell constants for the
acids between para-methoxybenzoic acid, and para-nonyloxy-
benzoic acid, which have been determined by X-ray methods.

Section Two describes an analysis by two dimensional
Fourier methods of para~methoxybenzoic acid. This analysis

though terminated prematurely, has reached a fair degree of



precision, and bond lengths and angles etc. are given and
discussed. ' |

Section Three gives details of a preliminary analysis,
by the Fourier transform method,of the étructure of

para-ethoxybenzoic acid, which has been elucidated in (hOl) -

projection,



PART ONE

The Structure of the Ammonium and Potassium

Acid Salte of Cinnamic Acid

SECTION ONE

Introdhctory Remarks on Hydrogen Bonding

in the Acid Salts



Hydrogen Bonding and the Acid Salts.

Introductory.

The *'hydrogen bond! is the name given to
a type of liaison in which a hydrogen atom, or a proton,
forms a link between two electronegative atoms or ions .
The linkage has some of the characteristics of a normal
chemical bond though in all instances its energy is much
less than that of a covalent bond, whilst being at the
same time greater than that of the very weak van der Waal's
attractive force.

That it is a directed linkage, and that in a lattice a

system of hydrogen bonds may, co-operatively, exert a
considerable influence on the structure of a compound

is shown by the examples of ice and of -~ resorcinol.

‘\O,'
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H/ \H ‘H/ o ‘
a ’" l,‘ ‘:D/ q\
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v N /N N
M H H “ Yoo
(a) (v)

Fig.I.8tructures of (a) ice, and (b) w «resorcinol, showing
the directional nature of the hydrogen bond systems.



Both are very open structures of correspondingly low
density, which at higher tempetatures give way to more
closely packed arrangements, in which significantly,
hydrogen bonding still plays a large part.,

Such: linkages may be formed with oxygen, nitrogen,
fluorine or chlorine, acting as the electronegative unit,
but only hydrogen appears to be capable of acting as the
binding unit; this presumably because of 'its small size
and the absence of any electron higher than the Is orbital.

It will be sufficient to consider only the hydrogen
bonds between oxygen atoms to illustrate the nature of the
phenomenon. The bonds may be inter-molecular, as in the
instances given above, or they may be intra-molecular,
as in the case of salicylic acid.

Fig. 2. Structure of <>”44\\
salicylic acid Q- =0
showing ‘ Cf/ | \C _
intra, and \ /i
inter-molecular Q"" H=e--Q

hydrogen bonding,

Where such inter-molecular or intra=-molecular association
occurs deviations from the expected physical properties of
the compound concerned are often observed. Thus in colligative
phenomena, abnormal results are often obtained in the
opposite sense to those found where dissociation takes place.

The chemical properties of such compounds are frequently



affected also, and the observation of effects of this
general nature is diagnostic of the presence of hydrogen
bonding.

Othef methods of establishing the presence of hydrogen
bonding are of two main types. Firstly by direct structure
determination, and secondly by the observation of certain
vibrational phenomena connected with the nature of the
linkage.

Since there is normally but a limited amount of electron
density around the hydrogen atom, X-ray diffraction is not
a useful means of revealing the presence of a hydrogen atom
in a hydrogen bond § and since its nuclear charge is also
emall electron diffraction methods are alsc difficult to
use for the purpose. Consequently, what is commonly revealed
by both these methods is a close approach between two
heavier atoms which can be satisfactorily explained only by
the assumption of a hydrogen bond between them. Various
accurate measureménts of the 0 «¢¢ O distance in a great
many hydrogen bonced systems have now been obtained by both
these means. (i)

More exact information as to the actual site of the
hydrogen atom in the linkage can be got by application of
neutron diffraction techniques, and several structures

involving hydrogen bonds have been studied by this means.

Most important of these from a theoretical point of
view, is probably the recent work of Peterson and Levy
on the structure of heavy ice (ii), where the model
suggested by Pauling (iii) is upheld. Also relevant in

the present connection is the as yet unpublished work



of Bacon eon the structure of potassium hydregen
bis-phenylacetate, (iv) which is discussed below.

Vibrational methods are chiefly those of infra-red
absorption spectroscopy.

Several effects are noteworthy. Thus the characteristic
vibrational frequency of the 0O-H bond is commonly different
in the same molecule in states where hydrogen bonding does
or does not occur. In monomeric formic acid for instance,

the 0O-H vibrational frequency has a value of 3680 cm*I ’

whereas in the dimer this value is reduced to some 3080 cm‘I.
This characteristic reduction may extend to give frequencies
as low as I900 cm~I, and in the case of the acid salts to
give still lower values. (v)

Various relations have been proposed between this drop
in frequency and both the strength and the length of the
linkage (vi), and these are discussed below in relation to
the acid salts. The diagram below, after Nakamoto, Margoshes,

and Rundle, illustrates one such relation.

Fige3. Variation of 0-H
frequency with

Xaa
320
0...0 separation

0...0 A. in O-H..0 bonds.
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380 Jooe 2500 2000 U500

Wave number of O-H
vibration cm=I



Vibrational transitions in the infra-red may have an
increased intensity in bonded molecules, and the bands
are frequently broadened (vii).

Compression also has an effect in altering the vibrational
frequency, and this may become more important as the

bond becomes more nearly symmetrical . (viii)

The results of these various measurements give a range
of values for the O ... O separation in different compounds
of some 3.3 to 2.4 A, In all but a few limited cases which
will be discussed later the bond is asymmetrical in that the
hydrogen atom is to be found nearer to one oxygen atom than
to the other, leading to a formulation O =« H «+s O

Thus for ice each oxygen atom is found to have two nearest
neighbours at a distance corresponding to a normal O - H
covalent bond length, and two somewhat further removed, and
only on this basis can such facts as its high dielectric

constant, and residual entropy at 0° K. be explained,

Many attempts have been made to account for the energy
of the hydrogen bond, but none has been entirely satisfactory
both because of the severe approximations which it is
necessary to make in wave-mechanical calculations,and the low
total energy of the bond which in the case of an O - H +4s O
bond is of the order of six k.cal.
There are three factors presently held to exercise an
important influence on the energy of the bond. (ix) These
are ¢ I. Electrostatic energy
2. Delocalisation energy
3+ Repulsive energy .
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Early theoretical treatments of hydrogen bonding
tended to assume that electrostatic effects could account
for the total energy of the bond (x). Later wave =
mechanical calculations by , inter alia, Coulson and
Danielson (xi), Pauling (xii) , and Ellison and Shull(xiii),
have shown that while electrostatic energy accounts for a
considerable proportion of the total energy , it cannot
represent the complete situation., An ideally electrostatic
arrangement would invblve the three atoms in a co=-linear
system if the maximum energy was to be achieved, and
several instances are known where the hydrogen atom is
removed from the line of the two oxygen atoms, e.g, as in
salicylic acid and « - resorcinol.

Further, the increase in intensity of the infra-red
absorbtion around 3u due to the O-H vibration, beyond the
thirty per cent or so, increase attributable to electrostatic
effects, demands that as the hydrogen vibrates in the bond
considerable fluctuations of charge take place between the
outer atoms, or, which is to say the same thing, there is
much delocalisation of electrons in the bond.(xiv).

If only four electrons are assumed to be involved in the
system O + H ... Op § two in the bond Of - H , and two as
a lone pair, then Coulson writes (ﬁ%) five different valence
bond structures can be considered :

-~ Ox - K XE L) °2< (I) - 61 8 - 62< (l‘)
«B . ef....0< (B -0, B 0,< (5
I 2 lI o ped

- 61 ﬁ eren 02< (3)



II

where (4) and (5) represent contributions in excess of the
purely electrostatic contributions from (I), (2), and (3),
and involve charge transfer,

As a resgult it can be shown that in a bond of length
2.8 A. the contribution from structures (4) anéd (5)
represent only some 2 % of the total energy, whereas in

a bond of 2,5 A. their contribution may be as much as 10 % .

The diagram, after Coulson and Danielson , shows how
in a bond of length 2.5 A. the contribution of the covalent
forces to the total bond energy increases as the hydrogen
‘moves away from OI towards the centre of the bond.

Equliberemn
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Similar results have been obtained by Tsubomura using
rather less approximations and a more elegant method of
caleulation (xva.
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The third of the forces involved is the repulsive force
between the atoms taking part in the bond. It acts in the
opposite sense to that of the first two forces considered
and is probably the most important factor in determining
the length and hence the nature of the bond. It is not easy
to obtain a reliable estimate of the magnitude of the force
since the concept of conventional van der Waal's radii is
not applicable. In the normal long bond such as in ice, the
repulsive forces will be between the charge cloud on the
hydrogen atom and those on each of the two oxygen atoms.
The charge cloud of the hydrogen atom then keeps the two
oxygen atoms at a distance from one another where no c¢ovalent
forces of any significance can be brought into play between
their electron clouds,

In the case of all the symmetrical hydrogen bonds so
far reported however, the central unit is not a hydrogen
atom but a proton, whose charge radius is effectively zero
which presumably allows the two oxygen atoms to come
sufficiently close together for covalent interactions of
some importance to occur . It is seen both theoretically
and practically that the point at which these forces
become sufficiently strong to induce the proton to take up
a central position is around 2.45 A. Nakamoto, Margoshes,
and Rundle give the diagram overleaf which illustrates the
variation of the distance 0 - H, with decrasing O ... O
separation. The value derived for a symmetriwal linkage
from this is about 2.4 A, (vi)

Practical evidence is afforded by a consideration of
the structures of maleic acid, and the maleate anion., (xvi)
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Diagram, after Nakamoto, Margoshes, and Rundle, showing
the variation in the distance 0 « H as a function of the
distance 0 « H ... 0 , in this type of hydrogen bond,
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In the first of these the measured O ... O separation is
2.46 A, and the hydrogen atom is nearer to one oxygen than to
the other. In the anion where the distance 0 ... 0 is 2,44 A,
the proton is established as being in a central position in
the bond.

A similar state of affairs exists in the structure of
nickel dimethylglyoxime, where the separation is again 2.44 A.
Here the exact position of the proton is not known, but it
must be very likely to be s the centre of the bond,

0 o
I g
HC/ \(i H .C;./ \Q-.
HC o C. o~
Nc# H \c/é
| g
(o)
W
(a) (v)
O—H--O
C cC= / \N-"'""" C-~CH
Hy ' =P N - ' 3
L
H,C--—C:::N'\/’ SN ==C—CHs
o u-0"
(c)

Fig. 5. Structural formulae of (a) maleic acid, (b) acid
maleate anion, and (¢) nickel dimethylglyoxime.
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The hydrogen bond in the acid salts.

The type of hydrogen bond found in many of the acid salts
of monocarboxylic aromatic acids is possessed of three
notable features. (xvii).

Firstly, the bond involves charged oxygen atoms and
presumably alsc a proton. Connected with this is the
shortness of the G... O separation, where the distance varies
with some considerable uncertainty between 2.6 and 2,4 A.
These are longer than the critical limit laid down of 2.4k4A,
for a symmetrical bond, except in the case of the acid
cinnamates discussed in the present work, which stucture is
the only one in which the refinement has been carried out
by the use of ( Fy, - Fc ) syntheses ; but all are shorter
than the type of bond found say in carboxylic acid dimers.

The third peculiarity is that by crystallographic
reqﬁirement each bond must have a centre of symmetry, or
in one case must be disposed about a two-fold axis.

All these facts are relevant in suggesting that the bonds
in these salts may be symmetrical, but before ccncluding that
this is so0 it is first necessary to dispose of several
objections which have been raised against such an assumption,

The first objection concerns the choice of space group.

In all the structure determinations on these salts so far
published the space group was not uniquely defined by the
absences in the X~-ray spectra, and a choice was possible
between a centred and a non-centred space group. The choice

of the centred space group was supported by statistical

tests which are more fully described in the section describing

the structural work on the acid cinnamates; and appeared to



be justified by the outcome of the analyses. Let it be
sufficient to remark here that a salt of this general type,
potassium hydrogen di-anisate has been since found to belong
to the space group Pbcn which is uniquely determined (xviii).

Although the space group itself may be centred, it has
been argued that the proton need not occupy the centre of
symmetry. If for instance it was permanently oscillating
between two potential minima disposed about the centre,

a ‘time average' symnetry could be achieved.

For a single hydrogen bond Coudson has deduced that
the shape of the potential energy curve will be as
shown in the diagram overleaf, and he considers it unlikely
that a double winimum such as that suggested is to be found.
Indeed as the O .., O separation decreases the shape of the
potential energy curve becomes more nearly symmetrical.(xv)
The amplitude of vibration of the proton may nevertheless
be considerable ca 0.5 A,

The 'time average‘ symmetry is therefore unlikely.

The proton mizht also be supposed to be more closely
attached to one cxygen atom than to the other, with,
throughout the lattice a statistical disgébution in space
leading to an apparent symmetry. This would approximate to
a random distribution of acid and anion throughout the
lattice, and Davies and Thomas suggested that this was
probably the case from a consideration of the infra-red
absorbtion spectrum of phenylacetic acid , that of potassium
phenylacetate, and that of potassium hydrogen bis-phenyle-
acetate, (xix). This last they considered could be interpreted

as a superposition of the spectra of the first two compounds.
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Graph giving possible potential energy curves for
the motion of a proton along the 0(I)....0(2) axis
in hydrogen bonds of various lengths, (after Coulson).
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Davies and Thomas however in preparing thelr sample

of the acid salt appear to have first melted the crystals
and then allowed them to cool. It has since been shown that
the structure of the acid salt breaks down on such treatment
and their results are not therefore significant.

Hadzl (xx) and ourselves have shown that the spectza of
these acid salts is in no way such a straightforward
superposition, as is borne out generally by the illustrations
of some of these spectra given overleaf. The spectra of
the derivatives of phenylacetic acid are by Hadzi, those of
the derivatives of cinnamic acid are by ourselves.

It is worthwhile digressing to consider some aspects of
these apectra. .

Dealing with the spectra of phenylacetic acid etec. Hadzi
makes the following points.

I. The O-H frequency at 950 cm * which is found in the
spectra of dimerised carboxylic acids is present in
the spectrum of phenylacetic acid, but not in that of
the acid salt.

( Its absence from the spectrum of the acid salt is
however open to doubt, particularly since the
resolutien of the region around 950 cm"I is very
pooxr) = - "

2. There is in the acid a very strong band at ca 1700¢cm
which is absent from the neutral salt, but is present
slightly dieplaced in the acid salt. In the acid
this band is attributed to a Cs0 frequency, but in
the acid salt is of less certain attribution, being
discussed in more detail below,

I



Fig. 6. Infra-red absorbtion spectra of phenylacetic acid

and its derivatives (after Hadzi) #
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3« There is in the spectra of the neutral salt a band

ca I560 em~T which is attributed to the ionised
carboxyl group. This band is absent from the spectra
of both acid and acid salt,

4, A group of bands occurring between I560 and 1600cm™

in the spectrum of the acid salt might possibly be
thought to be associated with the anti-symmetrical
vibration of the CO0™ group, but these bands are
not present in the spectrum of the deuterated acid
salt, and in consequence are held to be in some way
connected with an 0-H-0 frequency of some kind.
There are apparently no bands in the spectrum of
the acid salt corresponding to the symmetrical and
anti«symmetrical vibrations of the CO0™ group.

5. There are no peaks between 3000 and I800 en™T

in the epectrum of the acid salt directly attributable
to any O=H stretching frequency.

These facts are sufficient to prove that the contentions
of Davies and Thomas are erroneous. The spectrum of the
molten acid salt shown by Hadzl is sufficient to show how
the error arose.
The assignment of the large peak in the region of I700 cm”I
mentioned in point2 as being of interest can now be
discussed with reference to the spectra of the acid
cinnamates. On deuteration of the bis-~phenylacetate the
peak retained its shape but shifted to a frequency lower

by some 50 om™ ¥

which suggests that it is not a pure 0=H
stretching frequency, since a much larger shift would

then be expected on deuteration. That a shift is observed
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however argues that the peak is more likely to be due to
an interaction between a weakened O-H stretching frequency
and a predominant C=0 frequency, and this conclusion is
further strengthened by a considerafion of the large peak
at I700 cm‘I in the spectrum of cinnamic acid, and that

at I68Ocm-I in the spectra of both potassium and ammonium
hydrogen di-cinnamate. This latter is seen to have a
definite shoulder associated with it in the region of

1900 cm™ T
stretching vibration,

which is very probably connected with the O=-H

What this implies in terms of the O ... O separation
can be seen by considering the graph of OV, agatnst
d(0 «.. 0) due to Magat in this instance (xxi). This
assumes a fundamental O-H frequency of 3750 cm-I for
a free OH group. The value of I900 en™ Y leads to an
O +s+ O separation of ca 2.46 close to the upper limit
of length for a symmetrical bond, whereas that of I560 cm”
tentatively suggested by Hadzi, leads to a separation of
ca 2.42 - 2.43 A., both of which values confirm the

unusually short O ... O distance observed of 2.39 A.

I

Speculatively , if the separation were about 2.40 A.
such a treatment would lead to a value for the O-H
stretching frequency of ca I050 cm.'I y and if the amplitude
of vibration of the oxygen atoms was at all significant,
ca 0uI - 0.2 A4, the congested nature of the spectrum over
the region I400 = 950 en” T might be explicable on these
terms. Hadzi suggests that this congestion is perhans
due to some overtone of the fundamental lattice vibrations,
but while the phenomenon is certainly characteristic of

these acid salts it remains unexplained, It will be noted
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that ﬁhe congestion is not go,acute in the spectra of the
acid cinnamates, and this clarifies the position around
950 cm™~ ' where it will be recalled Hadzi claimed a
difference in the spectra of parent acid and acid salt.
This region in the acid cinnamates is sufficiently close
in appearance to that of the parent acid for some doubt

o d
to be present as to the correctness of Hadzi's assertion,

There is now available an important piece of positive
information regarding the structure of dewberated potassium
hydrogen bis-phenylacetate. The work of Bacon already
referred to (iv) reveals that the bydrogeri ion is situated
at the centre of symmetry, and hence at the centre of the bond,
and that its amplitude of vibration, although considerable, is
entirely isotropic. By analogy therefore it is likely that
the hydrogen bond in the other acid salts of this general
structurel type is also genuinely symmetrical.
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Potassium hydrogen di-cinnamate,

Summary of previous work.

A fair amount of work had been
done on the structure of this compound before a decision
was made to attempt the isomorphous replacement method of
phase determination as a solution tec the problem (i).

In this summary of the state of affairs existing before
I took up the work, reference may be made to several
techniques etc., which may be more fully, and more appropriately
described later.

The salt had been prepared by mixing alcoholic
solutions one mole of potassium hydroxide and two moles of
cinnamic acid. Crystals suitable for X-ray work had been
got by recrystallising the original product from aleohol,
These were in the form of thin plates with the (00I) face
developed.

The unit cell dimensions had been calculated from
single crystal rotation photographs about the three
principle axes, and the space group symmetry had been
determined from oscillation photographs, and from moving
films of the Weissenberg type. The crystal data, and other
relevant information are summarised in the table below.

Intensities had been measured for both (hOl) and (hkO)
using the Robertson multiple film technigque (ii), and
making visual estimates of the integrated intensity . These
reflexions were re-estimated by myself at the beginning
of my work, and the data used in structure determination,

were an average of the various separate estimations.
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Table of Crystal Data for potassium hydrogen di-cinnamate.

KH(CgH702)2. M = 336.5 = F(000) = 696
Monoclinic prismaﬁic,_
a = 377
¢ = 7.‘65 ‘
b= 5.74 A,
| : » B = 93.5°
~ p observed , I.342 ; calculated on the basis of four

<4

formula units per unit cell , p = I.34g

Systematic absences : (hkl) ¢ h + k = 2n + I

(hOl) 1 =2n+% (h=2n+1)
(OkO) s k =2n + I .-

Space group § Ce ( c: )y or C2/¢ (,egh )

The latter was chosen, '

i

-

S8tructural work,

In determining the structures of other
acid salts of this type considerable information had been
gained from a study of the two dimenqional Patterson
projections, and accordingly Patterson syntheses had been
carried out using the (hOl) and (hk0) dats for the acid
¢innamate.

In the ¢ axis projection, the vector distributioan had
been complicated by the overlap of two molecules, but a
reasonable interpretation had been achieved, and a trial
structure derived by Speakman had been refined by Fourier
methods to give a value of R = 35 %

No reasonable interpretation of the b axis Patterson
projectlion had been achieved.
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The plan decided on at this stage, when I took up the
work, was to ascertain whether the corresponding ammonium
salt was isomorphous with the potassium compound, and if so,
to make use of the isomorphous replacement method to solve
the phase problem. The more detailed refinement of the
structure would then be carried out on the ammonium salt
in order to avoid the diffraction effects associated with
the presence of the "heavy' potassium zon.

Whilst this was being decided an atteﬁpt would be made
to find a suitable trial structure to satisfy the (h0l) data
for the potassium salt.

The b axis projection.

The intensity data for this zone
are dominated by a very strong low order reflexion ,
associated with the plane of indices (%,0,2) , for which
[Fol = 243, If the potassium ion be taken as the origin
of co~-ordinates, then the contribution of this ion to the
structure factor (%,0,2) is +58, which gives two possible
values, +I85, or =30I, for the contribution from the anion.
The former value was assumed to be the more likely, both
from the appearance of the Patterson projection, and because
it requires a lower value for the unitary structure factor
of the plane,

Several trial structures based on this assumption, tha$
of a molecule appearing in side perspective with its main
axis lying close to the (%,0,2) plane, were tried in an
effort to produce an acceptable measure of agreement between
the observed and calculated data, but none of these proved
very satisfactory, although electron density projections

bearing a certain resemblance to such a model could be got
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by means of Fourier syntheses of the observed structure
amplitudes together with the calculated phases.,

It became evident after a few such trials that this model
was fundamentally wrong, and this was confirmedwhen the
isomorphism of the two salts having been established, an
estimate of the magnitude of |Fol (5,0,2) for the ammonium
salt showed it to be greater than for the potassium salt,
implying that the contributions of anion and cation are
opposite in phase, In fact the contribvution of the anion
is 7I % of the total possible value, a figure sufficiently
high to be remarkable.

No further work was done on the potassium compound after
this point, attention being confined to the ammonium salt,
the structural analysis of which is described in the
following section. |

References
(1). J. Skinner, G.M.D. Stewart, and D. Storer j B.S¢ theses
presented to the University of. Glasgow
(i1).J.M. Robertson, J. Sci, Instr. I9%3, 20 , I75.
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Ammoniunm hydrggen di-~cinnamate.

Introductory and preparation.

This compound was first
reported by Carrick (i), and is easily prepared by mixing
stolchiometric quantities of ammonium hydroxide, and of
cinnamic acid disesolved in an excess of alcchol § when
crystals of the acid salt at once separate out., This
appears to be the only product of the reaction.

The salt is stable at room temperature, though sonme
superficial loss of ammonla seems to take place over
prolonged periods of time. At higher temperatures it
deconmposes with loss of anmonia.

Crystals suitable for X-ray work were got by recrystal-
isation of the original batch from 95 % alcohol. These
crystals formed as thin plates with the face (I00) developed,
and showed pronounced cleavage in a difection parallel to
this., Under the polarising microscope the crystals showed

straight extinction.

Cell dimensions etc,

Single crystal rotation photographs,
taken with copper K ( A = I.54A), and cobalt K ( A = I.794)
radiation were used to determine the unit cell dimensions.
Oscillation and Weissenberg photographs about the principle
axes were used to find the symmetry elements present, and to
determine the angle . The results of these measurements
and other relevant information are contained in the table

of crystal data given below.
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.

Table of Crystal Data for ammonium hydrogen di~-cinnamate,

NH4 (CBH7C00)2.KH o M= 313 F(000) = 664

Monoclinic prismatic,
37.87 (= 0,12)

a =
b= 5.8k (= 0.02)
c = 7.62 (X 0.03) A, p:95s°(2()

The salt is isomorphous with its potassium analogue.
Volume of unit cell = I674 2.

p observed I.05 ; calculated on the basis of four
formula units per unit cell, p = I,O4S.

Systematic absences : (hkl) j; h + k. = 2n + I,
(hol) 3 1 =2n + I, (h=2n+ I)

(OkO) $ k= 2n + I.
4 6
Space group t Ce ( C_ ) , or C2/c ( Con ) .

Absorption coeffieient for X-rays, ( A = I.54% A.),
8.55 per cm.

Choice of Space Group.

On the basis of the systematic

absences of reflections, alternative space groups are ;
Cc or C2/c. The space group C2/c was chosen. Since this
choice in fact determines the necessity for a centro-
symmetrical hydrogen bond, as discussed in the introductory
section, 1t is as well to give the reasons for this
selection, and the evidence in support of it.

The use of a centred space group in similar circumstances
in the case of the other acid salts studied had been orgimly
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justified by the successful outcome of these analyses,

and there seemed little reason why this should not also
be the case here. In addition the use of a centred space
group greatly reduces the amount,of computation required.
These however, are merely reasons of precedent and of
expediency, and further evidence would normally be needed,

There have been proposed various tests to establish
the presence of a centre of symmetry in a crystal based
on the differing distributions of intensitiees occurring
in centred and non-centred cases,

Wilson (ii) has observed that for a non-centro-symmetrical
crystal the mean value of the structure amplitudes is
greater than that for a centro-symmetrical crystal. He has
calculated that the ratio of the sguare of the mean
structure amplitude to the mean intensity should have the
values /4 , ( 0.785 ), and 2/m ( 0.637 ), for the two
types of crystal respectively.

Howells, Phillips, and Rogers (iii), show that the
fractions N(z) of reflexions whose intensities are equal
to or less than a fraction z of the local average, are
given by the function @

N(z) = I - exp(~z),
for a non~centro-symmetrical crystal, and by the function 1@

N(z) = erf(}éﬁa)%a

Both' these tests were applied to the (hOl) and (hkO)
intensities. The Wilson ratio for (hOl) was 0.595, and
for (hk0) was 0.489. The N(z) curve for each zone is shown
in the diagram overleaf. Both clearly indicate a centroe
symmetrical distibution.
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It is perhaps worth mentioning at this stage that the
salt potassium hydrogen di~-anisate, which is of the same
structural type has the space group Pben , which is
uniquely determined by the X~ray spectra.

Collection and measurement of intensity data.

Intensity data for (h0l) and for (hk0O) were collected
photographically using the Robertson multiple film
technigue. In each case a pack of five films was used,
the reduction factor for the passage of copper radiation
through one film and two sheets of Black paper being 3.25.

In this way I05 reflexions were recorded in (hkO) out
of a total of I56 theoretically accessible to copper
radiation. In (hOl) I48 out of a possible I83 reflexions
were recorded., This gives a ratis of reflexions to positional
parameters of ca 7:I in (h0l) , and ca 5:I in (hkO) ,
excluding hydrogen atoms.

The reflexions were indexed by means of two dimensional
reciprocal lattices.,

The estimation of the integrated intensity of each
reflexion was done visually, and the results of three
separate estimations for each zone were averaged. As a
further check the reflexions were also arranged in order
of increasing intensity and by this means a few minor
errors were corrected, The range of inﬁensity measured
was of the order of I,000 to I in each instance.

Structure amplitudes on a relative scale were obtained
by applying the usual corrections for mosaic crystals, and
these were placed on an absolute scale by a method due to
Wilson (iv).
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At a later stage in the refinement of the ¢ axis
projection absorbtion corrections were applied to the
(hkO) intensities , based on a consideration of the path
of an X-ray beam reflected from the centre of the crystal. (v).
This was to correct for the somewhat anomalous shape of the
crystal used , some 0.3 x 0.03 mm in cross~section. No
thicker crystal than this could be obtained owing to the
ready cleavage of all specimens when any attempt at cutting
was made., No errors obviocusly due to extinction were found

as the analysis proceeded.

The Isomorphous Replacement Method of phase determination

applied to the acid cinnamates.

The structure factor
expression for the (0I0) projection of the space group
C2/c is given by :

F- LIJ-iS.co:ln“‘M da) +8k Y ‘“’2""0”':] d”'i)

where X, zi, are the fractional coordinates appropriate to
atoms occupying four-fold special positions in the unit
cell, and Xjy 2jy are the fractional coordinates of atoms
in general positions. f; and fy are the appropriate
scattering functions and the summation 1s made over all the
atoms in the unit cell.

If it be taken as characteristic of isomorphous
substances that corresponding atoms occupy identical
positions in the unit cell, then the only difference in

the structure factor expressions for the potassium and the
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ammonium salt will be that £i will be in the one case the
scattering function for potassium, and in the other the
scattering function for the ammonium ion. Since in this
projection these ions are situated at centres of symmetry
which may be taken as the origin of coordinates the

numerical value of the expression

i 3 w02 Chng flza)
is known, and is equal to 4fi,

There are then two values of the function ,

“a‘ ij )y coi’ﬁ,umj fllj}
which will give the same value of |F,| in the case of each
of the two salts, and one of these two values will be
common to both. It is this value, taken in conjunction with
the value of 4f;, which enables the sign of |Fy| to be
determined.

In the (00I) projection the situation is not quite so
straightforward, since there is a possible ambiguity in the
position of the cations. From the projected distance of
the 0 - H .+ O separation , 2.35 A., derived from the
b axis projection it seemed that the two oxygen atoms in
question were more likely to be related by a centre of
symmetry than by a two fold-axis, which means that the
cations must be assumed to lie on the two-fold axis,and
also be free to take up any position along it. However
previous calculation of structure factors for the (00I)
projection with the potassium lon at various positions had
indicated that the position y = % was the most probable ,
In addition the actual mode of application of the method
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conpensates for any slight shift from this position, since
it is the agreement between two sets of values for the
contribution of the anion to the structure fastor which is
in fact the phase determinant, It was therefore thought
justifiable to use the method in this zone.,

The b axis projection.

Using the method described above

phase constants could be unambiguously assigned to 79
of the I48 observed structure amplitudes. These terms were
used as co~efficients in a double Fourier series which was
computed using the Robertson stencil method, at intervals
of 3° ( 0.3I5 A.) along the a axis, and at intervals of 6°
(0,128 A,) along the ¢ axis, giving the electron density
at 900 points in the asymmetric unit.

The electron density function for (h0l) is given by the

expression i

o) = ﬂF(om +z>§% F(hot) o 2 v a@%m) whla.

v 2 %i: 1!1(%0],) wln (e 2) F(1) eora (e Jzz)g

The electron density contour map plotted from these data
gave a regognisable representation of the molecule but no
resolution of individual atoms, save two, was achieved
owing to the steep angle of inclination of the molecule in

projection,

Atomic centres were chosen from the projected density
distribution using as a model a planar unit with conventional
bond lengths and all interatomic angles taken as I20°,
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The structure factor expression for (0I0) is given by :

F ﬂmimhﬁqhﬂ+352@h@q&0.

in the terms already defined. The scattering function used
for the carbon and oxygen atoms at this point was the
compounded McWeeny function (vi), with an isotropic factor
B =(81£;2) = 5.1 derived by Wilson's method (iv). This
value of B i8 to be compared with that of 3.5 derived by
similar means for the potassium salt.
The ammonium ion was treated as a simple nitrogen atom
and the correspondingly modified Mc¥Weeny function was
used here.

This led to a value for R = ( Z(|Fol= |Fcl)/ T|Fe] ,
of some 62 %, a value which is somewhat high. The reasons for
this did not appear until a later stage in the refinement,
but it was held to be encouraging that there were present
none of the glaring anomalies between observed and calculated
values which had so disfigured earlier attempts on this zone
in the potassium compound.

As airesult of this calculation of structure factors
I03 terms were now held to be phase determined and a second
Fourier synthesis wags carried out, followed by structure
factor calculation thch improved the agreement somewhat
giving R = 47 % .

It wae now evident that little progress could be made by
continuing to use the planar model initially postulated,
since several alternative trial structures based on it

failed to improve the agreement notideably,
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Assuming the side chain atoms to lie on a plane making
an angle of some I5° with the plane containing the benzene
ring, produced an immediate and marked improvement in the
situation, the value of R being reduced to the more
acceptable level of 25 % .

Refinement by successive Fourier syntheses followed by
structure factor calculation was continued till no further
sign changes of any significance took place in the terms.
The electron density resulting from the sixth and final
such synthesis is shown in the projection overleaf. The
value of the residual at this stage was 20 % .

The refinement was continued by means of ( Fgy = F¢ )
syntheses, Hydrogen atoms were postulated at distances
equivalent to I.I A, from the appropriate carbon atoms
and the structure factors were recalculated before proceeding
with these.

The first such synthesis revealed shifts required in
the coordinates of nearly all atoms none of them however
very substantizl. The temperature factor B for the carbon
atoms appeared to require increasing to 5.5, and that
for the oxygen atoms to a value around 6.0, although
the situation around the carboxyl group was very obscure
owing to the considerable overlap of atoms in the group.
Six such syntheses were carried through and a final value
of R = I4.7 % resudted. In the final calculation of
structure factors the scattering function for the oxygen
atoms was multiplied by 8.5/8.0 to allow for the presence
of an extra half electron on these atome. This process

had been used in the case of previous structure determinations
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in the series (vii) , but it is doubtful whether this is a
valid means of correcting for this. The situation is
dealt with more fully in Appendix X,

The following atomic coordinates resulted ,

Atom x/a z/c
NH, 0.0000 0.2500
o(1) .0289 0843
0(2) LOU7T L0341
c(1) <0525 . 0730
c(2) .0903 - L1396
c(3) . 1053 « 1945
c{4) 1397 -2580
c(s) « T47% . : 3509
c(6) . 1829 L4226
c(?) 2100 | L4068
c(8) +2030 | .3092

c(9) .1686 .2b17

AR A
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The ¢ axis projection.
The application of the Isomorphous

Replacement Method as described above ylelded the signs of
55 out of the 105 observed structure amplitudes, This number
would have been larger but for the smaller number of
observed reflections in the case of the potassium salt,

The 55 terms were used as co-efficients in a double
Fourier series, evaluated using the Robertson stencils,
at intervals of 3° (0.3I2 A.) along a.sinf and at intervals
of 60 (0.098A.) along b.

The electron density in (hk0O) is given by the expression

A hzla Y K:ln
lou'ﬂw) : JA{; F(o00) Q{)—ih F(hoo) @2ahn 21_1 F(0R0) mlyﬁgj
hehs2n

+4thn (“2.0 ) o 2rhn . qnbﬂuj]

The electron density contour map plotted from the data
obtained in this way gave a fair indication of the atomiec
vositions of the atoms in the benzene ring, but there was
again coneiderable overlap of atoms in the regions around
the double bond and carboxyl group. The position of the
ammonium ion was confirmed as being x = 0, ¥y = % .

Structure factor calculation using the expression @

F

'z,

jo! _

gave a good measure of agreement between the observed and
calculated values, when the scattering functions derived
from the b axis projection were used. Successive Fourier

refinement of the zone was carried through till all signs
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remained constant. The projection of the electron density re
resulting from the fifth synthesis is shown overleaf,

As for the b axis projection the refinement was furthered
by the use of difference syntheses, allowance being nade
for the presence of hydrogen atoms in the same manner.

Again as in the b axis projection the interpretation
of these syntheses was complicated by overlap in the region
of the carboxyl group in particular. The refinement in
consequence was very slow and proceeded somewhat from
expedient to expedient. Absorbtion corrections were applied
‘to the intensity data but without any great improvement
resulting., The scattering function for the ammonium ion
was altered to allow for a greater and more concentrated
electron density, the method of achieving this is described
in Appendix I 3 but still the rate of refinement was
very slow. In seven cycles of refinement by this means
the value of R fell from 22% initially to I8% .,

This is not excessive but somewhat disappointing since
comparable accuracy had been achieved in other members of
the series (vi), with the use of straightforward Fourier
refinement.

Since the main features in the residual density maps
were a peculiar distribution around the carbon atom of
the carboxyl group and around the oxygen atom involved in
the hydrogen bond, which feature is illustrated overleaf,
various combinations of different positions of these atoms
were included in structure factor calcu lations, but no
great improvement resulted. It is possible that the thermal
motion of either the oxygen atom or of the carboxyl carbon

atom is not wholly isotropic but it was felt that any
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Fig, 1II. Projection of electron density for ''hkO) for
ammonium hydrogen di-cinnamate, showing the

relationship between the two overlapping molecules.

The contours represent increments in electron

)
density of one electron / A°, the one electron

contour being dotted.
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Fig. 1IT. Projection of electron density for *hkO) for

awmnnium hydrogen di-cinnamat.e”— shoeing the

relationship between the two overlapping molecules

The contours represent increments in electron

density ofjone electron / A_!j} , the orje electron

contour being dotted,
o) i 3a
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Fig. IZ2. Illustration showing residual electron
density surrounding atoms O(I) and C(I).
Contours represent increments of 0.2
electrons ; the negative areas being
indicated by Dbroken contours . The
possible significance of these features

is discussed in Appendix I to Part I.
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correction of this nature applied would be of doubtful
physical validity. |

By lowering the value of B for the oxygen atoms to
4,4 the improvewent in the structure factor agreement
was sufficient to reduce R to a final value of I6,H Y
The exact significance of this step is dimcussed in
Ar»pendix I,

The final values for the atomic coordinates obtained

from this projection are given bvelow.

Atonm x/a y/b

NH, 0. 0000 0.5000
o(I) .0272 1027
0(2) +OU69 e 2700
c(I) «0528 - 0505
c(2) | . 0902 - 0476
c(3) JIOM7 . + 1490
cib) . Th00 2124
c(5) . 1478 : 181
c(6) . 1826 t“ga
c(7) 21Th 3091
c(8) 2026 «IX32

c(9) . 1679 060k

‘merw
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The coordinates used to calculate bond lengths, bond angles

and intermolecular approach distances etc., are given below.

x/a, y/b, and z/c represent fractions of the cell edges,

and X, Y, and Z give the coordinates in Angstrom units

referred to orthogonal axes which are related to the cell

axes ag follows.

X = xsinp
Y=y
2 =

2 = XCO8B

The values of x/a taken are an average of the

from the b and ¢ axes projections.

Atom
NE,

o(1)
o(2)
c(n)
c(2)
c(3)
c(4)
c{5)
c(6)
c(?7)
c(8)
c(9)

x/a

+0000
.0280
« 0470
« 0527
« 0902
« 1050
. 1398
«I476
. 1828
2107
.2028
. 1683

y/b
«5000
. 1027
-.2700
-, 0505
-. 0476
.I490
L2124
L4181
4698
+ 3091
«II32
. 0604

z/c
«2500
. 0543
O34T
. 0730
<1396
« I945
.2580
.3509
4226
4068
.3092
2417

X Y

0,000 2.920
1.056 0.470
1.772-1.595
1.987-0.350
3.401-0,278
3.959 0.870
5.270 I1.240
5,565 2.442
6.892 2.744
7.943 1.805
7.645 0.661
6.345 0.353

values obtained

yA
1.905
0,316
0.094
0.369
0.738
I.I10%
I.460
2.I41
2.561
2.342
I.624
I.234

The bond lengths and angles calculated from these figures

are given in the diagram overleaf,
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Discussion of Results,

The bond lengths, bond angles, intra and inter-molecular
approach distances etc. given in the diagrams above are
discussed in this section.

The standard deviations ( after Cruickshank ) (viii),
in atomic position are, for carbon :

r(x) = 00023 A,
r(y) =0(z) = 0.020 A.
and for oxygen :
"(X) = 00018 A,
r(y) =0(z) = 0.0I6 A.

Strictly these values only apply to the non-overlapped atoms
and the error in the positions of particularly C(I) and 0(I)
is probably much greater, ca:0.0B A.

The minimum standard deviation in bond length is thus of
the order of 0.03 A.

None of the bond length variations within the benzene ring
are therefore significant, nor is any real difference in the
C + O bonds probable,

The bond C(3) -~ C(4) ies shortened significantly from the
normal C - C single bond lenght of I.54 A. This can be put
down to its being part of a conjugated system, as can also
the shortening in the distance between C(I) - C(2).

The value of I33° for the angle C(2)~C(3)=-C(4), is in
keeping with the values observed for such systems as
stilbene, (ix) and the di-phenyl-polyenes (x).
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The angles about the carboxyl group are of interest
since a considerable distortion appears to have taken place.
The group is planar, but the shortening of the bond C(I) = 0(I)
from a normal single bond separation, coupled with the
increase in the volume of O(I) on ionisation would appear to
have forced an increase in the angle 0(I)~C(I)-C(2). The
separation of 3.03 A. between 0(I) and C(3) is comparable
with that of 3%.09 A. between C(2) and C(9).

By courtesy of Dr. T.R.R. McDonald(xi), an interesting
comparison is possible between the bond lengths found for
thie salt, and those obtained by two-dimensional means for
cinnamic acid. The largest variation occurs in the cdistance
C(I) = C(2) which is in cinnamic acid I.50 A. The other
relevant C + C distances agree to within 2 0.02 A. in each
molecule. There is no distortion of the carboxyl group in
the narent acid.

The atoms of the benzene ring are disposed about a mean
rlane whose equation, derived by the method of least squares ,

is :
X + 2.364y =~ 4.530z - I.607 = 0O

The average deviation of the atoms from this plane is 0.03 A,
and the largest deviation is 0.I2 A. in the case of C(3).
The benzene ring is therefore effectively planar and although
the deviation of C(3) from the mean plane is theoretically
significant there is no valid reason why it should be so
displaced and it seems likely that it will be coplanar with
the benzene ring.

The side chain atoms C(I), C(2), and C(3) are disposed
about the plane given by the equation :
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X + 0537 5y = 3.4392 - 0,633 = 0

The average cdeviation from this plane is 0.0I7 A., and the
greatest 0.030 A., These atoms are thus co=-planar . The
plane on which they lie makes an angle of 150 with the
mean plane of the benzene ring atoms. This is probably
due to steric repulsion between the hydrogen atoms which
are attached to C(2) and to C(9) . This effect is observed
in cinnamic ecid, and in the other compounds referred to
above (ix,x).

The atoms of the carboxyl group are also co-planar,

the equation of their mean plane being :
x + 0,802y ~ 4,209z - 0.I08 = O,

the greatest deviation being 0.0I A. This plane effectively
includes the origin, and it makes a small angle with the
plane containing the side chain carbon atoms. The five atoms
in question however are not coe-planar as can be seen if

en attempt is made to derive a mean plane through all five

atoms, when deviations of up to 0.27 A. are found,

The shortesi inter-molecular approach dist ance is
between 0(I) and 0(I')., the hydrogen boné. It is unlikely
that the true distance is as short as the observed value
of 2.40 A,, but the uncertainty in the position of O(I)
prevents a more accurate determination by two-dimensional
methods of analysis.

Bach ammonium ion is surrounded by eight oxygen atoms
four at 2.98 A. and four at 3.I0 A. , the co-ordination
being in the form of a tetragonal antinrism, as illustrated
in the dizgrem overleaf, This is an uncommon arrangement
in the acid salts, which apparently results from the siting
of the ammoniur ions exactly half way between two carboxyl
groups at y = % , and y = % .



Fig. Ih. HHu.cmdwmw.Hsm the arrangement of carboxyl groups about the ammonium ions.

Atoms above the plane of the diagram are indicated by heavier circles.
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Table of inter-molecular approach distances in

ammonium hydrogen di-cinnamate. With the exception
of the distance O(I)...O0(I'), which is between

molecules X,¥,z, and X,¥,Z,{ all contacts are between

molecules x,y,z, and x.?,% + T

0(I)...0(I") 2.40 4,
c(2)...c(1m) 3.77 A.
c(3)...c(2") 3.54 A.
c(8)...c(9m) 3.79 A.
c(?7)...c(8") 5.97 A.

Ail other distances are in excess of 3.81 A. and in
common with other acid salts of this type the structure
is a. very open one.
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Appendix One to Part One, Section Three.

Notes on the scattering functions used in the calculation

of structure factors in ammonium hydrogen di-cinnamate.

When work on this salt was begun no entirely satisfactory
scattering function had been derived for the ammonium iom.
In ammonium hydrogen di-salicylate the scattering function
used was the James and Brindley curve for oxygen (i), which
was modified in the later stages of the analysis by a
method similar to that of Luzatti (ii). This gave a fairly
satisfactory empirical function, which is however inadequate
in that it only allows for seven electrons associated with
the ammoanium ion instead of the more likely ten.

Since each ammonium ion in the present case has eight
almost equi-distant nearest neighbodrs, it is unlikely that
the hydrogen atoms are involved in any type of hydrogen bonding.
and the whole ion was therefore treated as a single
scattering unit, by assuming three extra electrons to be

present distributed among the outer orbitals.

The scattering curve was originated at £ = IO, with £
(2.8in@), = 0., and by £ = I.00 was reduced to the normal
McWeeny curve for a simple nitrogen atom,

From the appearance of the (Fo. - Fo) maps this arrangement
seems to have been entirely satisfactory since no
indication of any significant residual electron density
within a radius of I.6 A. of the position of the ion was
found,

Around the oxygen atom 0(I), involved in the hydrogen
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bond there persists in the final (F, = F;) maps for (hkO)
peculiar distribution of electron density which is shown in
Figure I2,

Various interpretations of this feature are possible,
Firstly it may be due to either random or systematic errors
in Fo s.

Secondly it may be assumed to represent some form of
anisotropic vibration of the oxygen atom about its mean
position. The corresponding maps for (hOl) are not helpful
in deciding this point , and an acceptance of this view
implies that the motion has a substantial component in the
direction of the bond 0(I) - C(I), which is not very likely.

In deriving a scattering functlion forthe oxygen atom
which would take account of the extra half electron
associated with each oxygen atom, (assuming the charge to be
uniformly distributed), the James and Brindley curve for
oxygen had been multiplied by a factor of 8.5/8.0, in previous
analyses in the series, and the Mc Weemy curve for oxygen
(valence states), had been similarly treated in this analysis.

It is not now altogether certain that this represents a
good approximation to the physical state of the oxygen ion
since it implies that the cdistribution of scattering matter
remaind unchanged and that every electron is given a
scattering power equivalent to 8.5/8.0 e.

The temperature factor B derived for oxygen by Wilson's
method (iii) was 3.8, and this subsequently had to be increased
to 6.3 to accomodate the (F, - F,) data, as compared to a
value of 5.5 for carbon. It is thus possible that the

temperature factor has become artificially high in order to
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compensate for an excessive scattering due to this method of
weighting, and it seems possible that a curve based on
similar considerations as that for the ammonium ion should have
been used.,

This view is supported by the improvement in the agreement
between Fo and F, which results,if a McWeeny curve for
oxygen with a value of B = 4,0 is used,in the higher ranges
of £. In the lower ranges of § however the agreement deteriorates
to an extent which outweighs this, and it may be that the
peculiar appearance of the (Fg = Fc) maps is due th an
inappropriate scattering curve having been used, which
adversely affects the agreement between Fo and F¢ at

certain ranges of % .
References

i. R.W. James, G.W. Brindley : Zeit.f,Krist.,(I931), 78, 470.
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1i4. A.J.C, Wilson Natur‘g Iz 0' 152‘




62

Table of observed structure amplitudes and calculated

structure factors for (hol) ammonium hydrogen

di-cinnamate. _
hoo ho2

;ndex .4 Fo Fe Index 4 Fo Fe

2 0.083 49,5  + 44,9 0  0.405 34,8 - 26.6
b o165 19.9 - 2I.3 2 JLI5 60.9 + 62.3

6 247 I00.4  + 94.3 4 430 91.7 - 83.1

8 «350 70.5 = 71.8 6 487 46,7 - 33.8
10 JAI2 5.3 + 7.8 8 <540 90.7 - 99.4
12 495 59.5 =« 59.9| IO .600 53,0 - 64,0
I4 570 2hk,9 = I9.I| I2 .660 I02.9 =I03.9
I6 +658 51.2 = 47.3| 14 . 726 76.I - 4.k
18 o741 3.2 = 2.0| 16 796 66.2 + 51.3
20 825 60.6 + 58,I| I8 . 867 3.3 + 4,0
22 +906 34.8 + 3I.I| 20 « 945 3.3 =~ 3.9
2h +990 II.3 + 6.0| 22 1.019 I3.2 + 8.4
26 1.071 21.6 =~ 29.4| 24 1.097 7.9 = 9.0
30 1.155 I5.5 + I4.7| 26 I.I74 3.3 - 5.8
32 1.237 1.8 - 4,2| 28 I1.252 15.9 = 7.3
32 1.320 4.5 - 2I.I] 30 1.323 8.6 = 6.0
34 I.404 Ih.6 + I7.4] 32 T.4IX 3.3 + 5.0
36 I1.4385 2.3 + L4 34 1.488 h.3  + 7.4
38 1,568 4,2 + 8.4 36 1.569 3.3 + 3.4
ko 1.650 3.9 + 5.3| 38 1.650 3.3 + 3.2
b2 1.731 3.6 + 5.4 40  1.728 3.3 o+ 2.4
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Index 4 o2 Fo Fec Index [ ho4 Fo Fc
2 0.ko05 94,0 + 92.0 12 .972 41,0 + 26.8
4 o2l 300.0 +304.7 I4 1.025 7.2 + 8,3

6 b5y 48,3 - L6.4 16 I1.069 3.3+ 5.4
8 $502 68.8 - 72.2 18 1.136 34 .4 4+ 31,1
I0 553 63.9 = 653 20 I.I95 3.3 + Uu4,6
12 611 34,1 - 42,9 22 1.260 3.3 o+ 2.2
I4 +677 35,7 = 35,8 24 1,322 12,0 + 13,8
16 o 744 54,6 = 62.8 26 I.338 4.9 + 9.8
18 814 16,2 = I9.3 28 1I.458 - -

20 .888 28,8 « 25,6 30 I.531 17.9 + 16,9
22 2962 6.6 + 7.7 32 1.600 4,3 - 5.2

24 1.039 9.9 + 9.8 3 1671 3.3+ 2,7
26 I.1I5 18,9 + I5.3 Tok |
28 I.191 I7.2 « I8.I 2 0.807 23.4 - 31.8
30 1.275 42,0 « 43,0 L 812 6I.9 4+ 61.1
32 I.350 255 + 18.6 6 .825 72,4 + 86,4
34 1.k29 12,9 - 12,3 8 .850 67.7 + 71.9
36 1.510 10.6 = IOJ4 I0 .879 hoh + 12,8
38 1.587 I7.2 + 16.8 12 .9I4 31.8 - 3I,I
Lo 1.670 33 = 3.3 It ,955 hoo5 =~ 34.4
42 1,750 33+ 4,8 I6 1,004 27.4 425,97
Ll 1.826 3.3 + 0.8 13 1.053 12.8 - 4,2

holb : 20 I.II0 4,2 - 14,1
0 0.806 8.2 + 19.9 22 1,166 5.9 + II.0
2 +815 22.8 + 17.4 24 1,230 2.9 + 0.1
I 824 27.1 = 28.1 26 I1.292 h,2 + I3.5
6 +864 7.3 = I7.6 28 1,357 9.3 + k.o
8 +891 38.4 - 48,6 30 I.430 I0.I  + 9.1
I0 +933 52.3 = 54,4 32 I.495 15.0 - I6.0



ok h06
Index z Fo Fo Index ¢ Fo Fe
32 I.495 I5.0 = I6,0 | 20 I.409 II.6 + I5.0
34 1.565 I3.3 = 19,1 | 22 I.453 5.7 = 5.5
36 1,636 4.5 4+ I5.6 | 24 I1.503 2.6 - 6.0
38 1,707 2.9 - 2.9 | 26 1.552 3.6 + 2.2
40 1.780 - - 28  I.604 3.3 = 3,7
b2 1.854 3.3+ 2.7 30  I.664 12.6 =~ 3.1
32 I.722 3,1 =~ I.0
ho6 ho8
0 I.212 2k 4« 21,5 0 I.6I4 3.1 = 2.9
2 1,216 2.6 = 103 2 620 3.1 = 4.5
4 I.233 I7.5 = 25,2 L  1.635 3.I =~ 6.8
6 I.254 30,3 + 29.4 6 I.650 3.I - 4.8
8 1.278 2,6 = I2.2 8 1.670 II.I  + II.8
I0 to 22,0,6 absent reflexions I6 I.696 b6 + 5.3
24 1.622 2.6 + 2.1 | 12 1.723 5.2 + 8.9
26 I.678 9.3 + I2.5 I  I.755 II.4 + 8,9
28 I1.736 2.6 = 6.0 I6 1.790 3.1 + 2.8
30 1.800 6.7 =~ 3.6 o8
2 I.6I3 3.1 = 2,9
ho6 L 1.6I3 L,I - 6.0
2 1.208 I2.1  + I2,6 6 I.6I6 16.0 + I2.9
4 I.21I - - 8 I.624 3.1  + 3.4
6 1.215 8,5 - 8.2 10 I1.638 3.1 - 2.0
8 1,230 30.I + 30.0 12  1.653 I4L,I  + 1I5.0
10 1.246 20.8 + I8:1 b I.672 4,0 + 5.5
I2 1.270 2,6 = I.I I6 I1.635 3.7 + 0.7
14 1.297 2.6 - 1.6 18 1.723 3.7 =~ 2.6
16 I.330 3I.4 - 26.0 20 I1.756 4,3 = 4,7
I8 I.365 19.8 -~ I4.3 22 I1.790 3.1 + I.4
24k  1.830 k.3 4+ 6.1
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Table of structure factors for (hk0O) for ammonium

hydrogen di-cinnamate.

hoo K10

Index 4 o Fe Index Fo Fe
2 0.083 49,5 + 47,3 I 0.275 I0I.2 + 94.9
4 . 165 '19.9 - I7.b 3,295 I7.8 + 22.5
6 247 I00.4 +100.8 5 «340 45.5 « 40.6
8 «350 70.5 ~ 64,7 ? 400 63.6 - 72,2
I0 MAI2 5.3 + 7.8 9 L67 4.3 - 14.9
12 495 59.5 + 53.5 11 .520 I1.5 = 5.7
I4 .570 24,9 = 2I.I 13 604 40,8 - 46.6
16 +658 5I.2 = 50.4 15 .680 72.0 = 68.6
18 74T 3.2 - 5.8 17 +750 38.7 - 38.4
20 825 60.6 + 6I.8 19 .838 bt + 2.9
22 « 906 34,8 + 27.8 21 .912 24,5 - 26.6
24 «990 II.3 + 9.5 23  1.000 2.7 = 0.3
26 1,071 21.6 = 27,4 25 I.074 2,7 = 0.5
28 1.155 15.5 + 2.6 27 I1.155 33,8 = 37,1
30 1,237 1.8 + 2,0 29 I1.236 9.2 + 8.6
32 1.320 .5 - 16.7 31  I.315 9.0 + I0.7
3h I.504 4,6  + I4,2 33 1.396 5.9 -« 8.5
36 1.485 2.3 + 4.7 35  I.466 16.7 + 18,1
38 1.568 b2 + 7.4 37 1.560 2.9 + 1.5
ho  1.650 3.9 + 5.7 39 I.640 I.8 « 0.8
42 I1.731 3.6 + 6.6 Y I.716 1.1 - 2.0
43 3.777 - -
ks  1.88% £L.5 - 1.0
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h20 h30
Index [ 4 Fo  F. Index & . Fo Feo
0 0,540 734 +67.5] 9 0.8 19.0 = 25.7
2 S47 7.6 + I4,7 11 +936 26,6 = 24,0
b +570 6.3 + 55 13 .978 I.I  + 4,2
6 595 53.5 +53.9| I5 1.020 17.6 - I4.8
8 .632 7.6 - 9.6| I7 I.073 5.2 = 7.9
I0 <680 32,2 + 3649 19 1.128 3.7 + 9.7
I2 .730 58.2 + 72.6 2I I.I90 5.5 = I3.0
I4 «792 33.8 = 21,1 23  1.250 16.2 + 15.8
16 .862 ks + 545 25 I1.316 9.4 + 6.2
18 <932 2.4 - 7.8 27 1.380 7.8 = I5.0
20 »992 25:3 = 2Is2 29 I.ks52 6.6 =~ 9,9
22 31 1.516 I.2 - 4,6
F1 33 I.58I . 1.2 + 2,6
26 1.210 4,8 + 2.3 “ h40

28 I.285 L,0 - k442 0 I.074% 2.2 + I0.5
30 I.350 52 + kg2 2 I1.080 6.9 + II.3

32 I.440 16.7 + 16.1 L 1,089 - -

34 1.510 18,7 + 17.5 6 I.I00 - -
36 1.584 2,1 + 242 8 I.II4 2.3 - 9.1

38 1.666 1.2 - 0.7 I0 I.I46 - -
4o I.740 - - 12 I.I84 6.4 + 8.6
b2 I.812 3.9 = 3.0 I+ I.225 7.2 + 6.6
' 16 1.272 7.1  + 13,2
h30 18 I1.324 6.6 + 9,0
I 0.808 I.I = 2.2 20 I.364 6.6 + 1I.I
3 . 820 I6.8 + 16.7 22 I.hIb 26,7 + 24.3
5 .84l I.5 + X3 24 1,470 I0.0 + 7.8
7 +862 35.4 -~ 37.4 28 1.584 2.3 + 2.1
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R50
Index |4 Fo Fo
I 1,348 10,2 <« 15.5
3 1.352 120 - IL.b
5 1.360 22,0 - 221
7 1,378 Ih.2 4+ 16,7
9 I.394 I.9 = 3.1
34 I.420 - -
I3 I.452 7.4 + 12,3
I5 I.478 - .
I7 1.518 2,5 =~ 0.8
19 I1.564 2.5 - 5.8
21 I1.600 5.6 + 6,2
23 1.648 5.2 - 4.8
23 I.752 2.2 « 4,6
160 |
6 1.632 3.0 - 3,2
8  1.648 2,0 = 3.7
I0 1.666 9.0 + I3.0
16 I.744 2«0 « 319



PART TWO

SECTION ONE

The unit cell dimensions of
some para~alkoxybenzolie acids,
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Introductory

The series of para-alkoxy benzeic acide
is of interest structurally, because of the ability of the
members of the series to show liquid=-crystalline behaviour
on melting.

The first observations on the series were made by A.E.
Bradfield and Brynmor Jones (i), for the para-propoxy, and
para~butoxybenzoic acids, and these were extended by Brynmor
Jones (ii), and later by G.M. Bennett and Jones (iii), who
extended the study to cover the acids in the series up to
and including para-cetyloxybenzoic acid. They showed the
existence of a nematic phase in those acids between the
para-propoxy and para-hexyloxy acids, and of both a smectic

and a nematic phase in the higher acids.

Though neither para-methoxy nor para-ethoxybenzoic acid
independently show this behaviour, a melt of the two acids
does, Bhowing that it is the high melting points of these
aclds which inhibitsthe formation of a nematic phase.

Bennett and Jones claimed that para-propoxybenzoic acid
was the simplest molecular structure to exhibit such
mesomorphism, and suggested a dimeric arrangement of two
molecules of the acid, of a type which has since become
extremely familiar in carboxylic acids.

This claim has been disputed by Weygand and Gabler (iv),
in favour of para-n-butylbenzoic acid, of essentially
similar basic structure, though without the polar group
sometimes thought to be an essential feature of such

nematic substances.
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Some connection between the crystal structure and the
mesomorphism of these acids would be of interest, and this
present investigation has been undertaken with a view to
examining this point.

Preliminary crystal data have been collected for the
members of the series up to para-nonyloxybenzoic acid, and
are given below. The structure of para-methoxybenzoic acid
has been elucidated in detail, and that of para-ethoxybenzoic
acid in single projection, and these are described in Sections
two and three respectively.

Crystal Data

para-methoxybenzoic acid 1

a = 16.87, b=10.99, ¢ =4.00A., B = 95.8°
Monoclinie, P2,/a.

para-ethoxybenzoic acid :

a = 2200"‘, b = 4.01’ . ¢ 9.5I A:.;‘ B '980

Monoclinic, P2,/a.

para-propoxybenzoic acid

a = I5.52, b = 7.52, o =800A, B = 9k°45'
Monoclinic, PQi/c.

para-butoxybenzoic acid :

as=s 16n95, b = 7.76’ ¢ 9.64 A,

Monoclinic.
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para~amyloxybenzoic acid '

a = 15.95, b=7.30, & = I0.0 Asp = 102°
Monoclinic , P2,/m .

para-hexyloxybenzoic acid :

The data for this acid have been rejected owing te the
high, but unconfirmed, likelihood of twinning in all
erystals available. Presumptively monoclinie.

para~heptyloxybenzoic acid ¢
a = 7086. b = "‘:88' c = 17099 A.

a = 88° B = 100° Y= 102°

Priclinic : P I, or P I,

para-octyloxybenzoie acid

a = 7088. » b = ‘!'09 e = 1903 Ac

%= 88° g = I00 ! = 101°

Priclinic § P I, or P I.

para-nonyloxybenzoic acid :

a= 7.9, b = 4.9, c = 21.76 A. )
= 88° p=98 . Yaxop® o o

Triclinic 1+ P I, or P T,
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It is unwise to base any dogmatic cénclusions with
regard to molecular and crystal structure on the evidence
of cell dimensions alone, but it is perhaps permissible to
comment on the similarity of the cell constants from para- -
heptyloxybenzoic acid onwards.

It is evident from Weissénberg photographs of these acids
that the structures of the para-heptyloxy, and para-nonyloxy
are very closely similar. That of the para-octyloxy acid is
also closely related to these two, but, presumably because
the side chain contains an odd number of atoms, is not quite
the same.

The 'a' and 'b' dimensions of all three are closely similar
to the corresponding dimensions of the orthorhombic sube~cell
found in the normal straight chain fatty acids with triclinie
space group, which are given by von Sydow (v), as (average
values) 4.96, and 7.77 A. Thus as the side chain in the
acids becomes of dominant importance it may be assumed that
the structure is becoming more like that of the corresponding
normal fafty acid.

It is with heptyloxybenzoic acid that the smectic phase
is firet observed, and with this acid also ,and the higher
members of the series mure than one solid phase is found, -
which is also reminiscent of the behaviour of the normal
fatty acids., (vi).

About the acids from para=-propoxy to para-hexyloxy it
is difficult to draw any conclusions at the present stage,
but these substances do offer an attractive prospect from
a structural point of view, particularly with the effectiveness
of the Fourier transform method of phase determination so

well established in the case of the para-ethoxybenzoic acid.
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PART TWO

SECTION TWO

The Crystal and Molecular

Structure of para-methoxybenzoic acid.,
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para-Methoxybenzoic Acid._

Introductory.

The morphology of para-methoxybenzoiec acid,
or anisic acid, is given in Groth,IV,504, where it is
T
stated to be monoclinic with B = 98°26 , and with the axial

ratio : I.5497 : I.0000 : 0.36I5 .

The unit-cell dimensions have been measured by Rokade
and his collaborators (i), who confirm the monocliniec
symmetry and give the cell dimensions :

a=16.82 , b =10.94 , c =395, B =o4’5s |,

From systematic absences on oscillation photographs they
conclude the space group to be P2,/a .

This analysis was begun by T. Downie and T. Palmer (ii)
workingz in Glasgow, who took some initial photographs and
produced a reasonable trial structure for the ¢ axis
projection. Photographs taken by them seemed to indicate
that the acid possessed a snace group of orthorhombic
symmetry, with the presence of three mutuslly perpendicular
symmetry planes apnarently established from oscillation
photographs., The cell dimensions found by them were in
fair accord with those given by Rokade.

Under the polarising microscope however crystals of
anisic acid grown from methanol solution showed oblique
extinction, in a direction at I8° to the needle axis of
the erystel. This fact, apparently overlocked by Downie
and Palmer excludes the possibility of orthorhombic

symmetry. The plane of sywumetry found by these two workers
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on oscillation films taken about the needle axis must
therefore be due either to their having used a polymorphic
form of anisic acid, or more likely, to their having used
a twinned crystal in that particular exreriment.

This latter alternative was proved correct when after
scrutiny, a twinned crystal of the type illustrated was
found in a batch of crystals grown from methanol solution
under conditions of controlled evaporations The large

specimen found showed clearly .
— 3o

N

the presence of the re-entrant
angles associated with this
type of twinning, and under
the polarising microscope
showed two directions of
extinction inclined at 36° to 2

one another. Oscillated through K\J,//k

15° about the needle axis,X - ray |
photographs could be taken Fig.I4a. Showing type

which showed the spurious

of twinning
symmetry. found in anisie
acid crystal.
Cell Dimensions and Crystal Data.

The cell dimensions were confirmed by rotation photographs
taken, using Copper K, radiation ( A = I.542 A.), about
the three principle axes. The space group symmetry and the
angle P were deduced from Weissenberg photographa taken
about (0I0) and (0OI) . The results are sunmarised, together
with other relevant data , in the table overleaf.
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Table of Crystal Data for para-methoxybenzoic acid.

CHD.C,H, . COOR M = I52 F(000) = 320 m = I84°
Monoclinic prismatic.

16.87 (2 .05)

10.99 (X .o4)

k.00 (2 .02) A,

95.8°

]

it

> O o 9
i

Volume of unit cell = 737.9 AB.
p observed = I.364 § calculated on the basis of four
molecules per unit cell, p = I.360.
Systematic absences : (hOl); when h = 2n+I
(0k0); when k = 2n+l.
8pace group : P2,/a , (Cgh).

Collection of Intensity Data.

For the collection of intensity
data, use was made of the Robertson Multiple Film Technique (iii)
using a pack of five films. Intensity data had been
collected for (hk0O) , and this was duplicated for checking
purposes. Data was also collected for (h0l). In (hkO)
I08 out of a possible I30 reflections had been recorded,
and in (hOl) 54 out of a theoretically accessible 92.
This gives a ratio of positional parameters to reflections
of about I:5 in(hk0) and I:2.5 in (hOl).
8ince the crystal habit is approximately cylindrical,
no corrections for absorption were applied. In one instance
a low order reflection ,(020), appears to be affected by

secondary extinction, and this was allowed for in later
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syntheses by including this term at its calculated value.

Structure amplitudes were derived in the usual manner,
and these were placed on an absolute scale by the use of
Wilson's method (iv), and later by comparison with the
caloulated values of the structure factors.

Tables of intensity data are given as an appendix .

8tructural Work ¢ The ¢ axis projection.

The ¢ axis of the crystal is agreeably short, and a
good representation of the electron density would be
expected from a projection down this axis. Palmer had
derived a promising trial structure by trial and error
methods based on a few strong reflections from this zone,
This structure was used as the basis for further refinement,

New atomic centres were chosen from Palmer's last
projeetion and structure factors were calculated for all
planes.

The structure factor expression for (hk0) is ziven by

A = 4f,2 cos2r hx,cos2xky
where h + k = 2n.,
A ==4f,% sin2 x hx.sin2xky
where h + k = 2n + I,
The scattering functions, f , used were the McWeeny
functions for carbon and oxygen, valence states, modified
by an isotropic temerature factor B of 2.8 .(v)
This calculation enabled the phase constants associated
with 99 of the observed structure amplitudes to bhe

determined, These 99 terms were used as coefficients in a
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double Fourier series, computed at 6° intervals along each
axis; (0.28I A, along a, and 0+I83 A. along b ).

The electron density for the (hk0O) projection is given by
the expression i

Plro) - %[F(pm) +z(f~ Fhd)w2n b, + Xt F(ORO) mzw@} N

2 4 hehe2n o o4 hehAda
{%1&2& F(})hﬂ) w@libn 021ky « 7 7 Flheo) smlnhn.sq Tvkjﬂ

An electron density map based on thies summation showed
good resolution of all atoms. New atomic centres were
chosen and the structure factor calculation repeated,
This gave a value for R in the usual terms of 29 % ,

A further cycle of refinement of this nature led to the
electron censity projection illustrated overleaf, which
includes all I08 terms available. The value of R at this
stage was 23 % ,

To further the refinement it was decided to use (F, - F¢)
syntheses, since all the atoms in this projection are well
resolved and offer azn ideal situation for the application
of this method of refinement. Allowance was made for the
hydrogen atoms attached to the benzene ring by placing them
at distances corresponding to C - H bond lengths of I.I A,
in projection. No allowance was macde for the methyl hydrogen
atoms, nor was it possible aﬁ this point to assign a likely
position to the carboxyl hydrogen atom since the carbon =
oxygen bonds remained undifferentiated.

As a2 result of the first difference synthesis several
shifts were made in atomic positions so as to minimise tthe

gradients at these points § it was possible to assign a
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Fig. I5. Projection of electron density for (hk0Q) for

anisic acid. Tontours represent increments in
2
electron density of one electron per A , the

one electron contour being broken.

‘v‘;“
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Fig., I5. Projection of electron density for (hkQ) for
anisic acid. Tartours represent increments in

2
electron density of one electron per A -, the

one electron contour being brokeﬁ.
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likely site to the carboxyl hydrogen atom, and suitable
positions to two of the methyl hydrogens, Calculation

of structure factors embodying these alterations gave

a good improvement in the agreement. Two further syntheses
and structure factor calculation gave a value of R = 12,8%
(10.6% if (020) is included at its calculated value) at
which stape the observed and calculated data were held to
be sufficiently attuned.

Throughout the refinement the value of the temperature
factor B remained constant nor was there any convincing
evidence of any anisotropic thermal motion associated
either with the molecule as a whole, or with any atom in
particular, The final residual electron density projection
for this zone is illustrated overleaf. The final values
of the coordinates derived from this projection are tabled

below.

Table of fractional coordinates (hk0), anisic acid.

Atom x/a y/b
o(1) 0.0700 -0.0787
0(2) 0770 « 1099
0(3) L4256 062
c(1) W II02 .0208
c(2) .1888 .0287
c(3) « 2270 - 0854
cb¢ .3060 - .0600
c(5) +3500 LY
c(6) +3I06  JI4X3
c(?) 2297 +I330

c(8) 4728 « 1520
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Fig. Ib. - Projection of residual electron density for (hkO)
for anisic acid., Contours represent increments in
electron density of 0.2 electrons per Aa; regions

of negative density are indicated by broken lines.
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Fig. I6. Projection of residual electron density for (hk0)
for anisic acid. Contours represent increments in

2
electron density of 0.2 electrons per A  regions

S
agike_g)nsity are ea\by/broken\{i:es.

O

20,

>0
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The b axis projection.

The coordinates derived from the
¢ axis projection enable a comparison to be made between
the projected bond lengths, and the bond lengths which
-might reasonably be expected in such a molecule as this.
It can be deduced from such a comparison that the molecule
is probably planar, and that the axis of the molecule is
tilted longitudinally to the plane (00I) by some IO°.

The plane containing the benzene ring also appears to be
inclined laterally to (00I) by some 25°.

Since the values of the x coordinates of the atoms are
well established from the ¢ axis projection it is therefore
a fairly simple matter to decide on a suitable trial
structure, Two orientations of the molecule are posseible
in this projection; it may lie either in the firsgst quadrant
or in the fourth. A choice was made between the alternatives
by calculating structure factors for planes (hOl) where
the value of (hOl) differed comnsiderably from that of (ho1)
The fourth guadrant orientation was chosen as a result,

It is interesting to note in passing that this
orientation was rapidly and easily checked in a qualitative
manner by compariscn of a weighted reciprocal lattice for
the zone, and the Fourier transform for para-ethoxybenzoic
acid which was at this point available,

A complete calculation of structure factors for the zone
making use of the chosen trial structure was carried out
and a good qualitative agreement was obtained between the
observed and calculated data. The structure factor expression

for the zone is given by 1@



F = 4f.,Zcos2%x(hx + 1lz)

It was possible by this means to assign phase constants,
21, to 40 of the 52 observed terms.,
These 40 terms were used as coefficients in a double
Fourier synthesis, computed using Beevers Lipson strips
at intervals of 6° (0.28I A.), along a , and of I2° (0.I33A.)
along ¢ .
The electron density expression for (hOl) is given by:

LY h=1n

[
o(m) :LIFW) 230 Flo)w2abe o 2L W@l ¢
A .

R —51: in
@ @ hzln

205z %F(m) win (hnila) +F (L) @22 vlz)ﬁ

T

The resulting electron density distribution was plotted
but was not very informative, severe overlan occuring
between two molecules in projection. A second such
synthesis based on structure factors calculated from the
first did not noticeably improve in appearance, and it
was decided to proceed immediately to ( Fp < F¢)
syntheses to attempt to improve matters. The value of R
in the usual terms, was at this stage 25% . Two such
syntheses were carried out and the results embodied in

structure factor calculation. The value of R was 22% .

At this point the refinement was concluded since
attention was drawn to a paper by Mr. J.P.G. Richards
of the University College of South Wales, (v), describing
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a preliminary analysis of the structure of anisgic acid

by X = ray methods. Correspondance with Richards revealed
that he was refining the structure by least squeres methods
and that this process was fairly well advanced.

Bond‘lengths and bond angles etcs in anisic acid.

A brief word is neccesary as to the procedure adopted
in calculating the bond lengths given in the following parces.
It was initially assumed that the molecule of anisic acid
is planar. An equation for the mean molecular plane was
then calculated by least squares methods. This equation
was given by

x - I.746y + 3.916z + 1,590 = O

The deviations of individual atoms from this plane were
then calculated and it became apparent that the molecule
was probably not truly planar, deviations from the plane
being calculated as large as 0.25 A.,, and that the
deviations were consistent with a molecule planar except
for the methyl group.

A fresh mean plane was calculated for all atoms except

the methyl carbon atom, given by the ecuation ¢

X = I.37Iy » 3.2I3z + 0.45I = 0
The average deviation from this plane, excluding the methyl
carbon atom, was 0.023 A., and the greatest was 0.06 A.
The methyl carbon atom deviates from this plane by 0.29A.
New values of the z coordinate of all atoms except the
methyl carbon atom were then calculated assuming the molecule
to be truly planar. The situation with regard to the

remaining atom is somewhat ambiguous; If it be assumed to
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be coplanar with the remainder of the molecule the structure
factor agreement deteriorates from a value of R = 22 % ,

to one of R = 29 % , but on the other hand if the molecule
is assumed to be non-coplanar then the length of the C - 0
bond involving the atom in question,X.53 A., is longer

than any recognised value, and compares unfavourably with
the value of I.43 A. given by the planar model, For the
present purposes a non planar structure has been assumed
although the present state of refinement makes it unwise

to assume the reality of one form as confirmed.

The bond lengths and inter-bond angles are given in the
figure overleaf, Standard deviations in atomic position
have not been calculated, but from the bond lensth variations
within the benzene ring the accuracy of the measured
values for the bond lengths is probably of the order of
2 0.03 A.

It is possible that the observed difference in the
C - 0 bonds in the carboxyl group is not real but indicates
a disorder identity of the type found in benzoic acid (vi).
The bond C(I) = C(2) is shorter than a typical single bond
value, approaching in fact a nearly total aromatic character.
The bond C(5) -« 0(3) is also shortened for similar reasons
and compares with the length of I.36 A. found in the
molecule of di-methoxybenzene (vii), The situation as
regards the bond 0(3) - C(8) has already been discussed.

No evidence was forthcoming for bond length varisntions in
the benzene ring of the type claimed by the workers on
di-methoxybenzene, and the values found are quite normal,

The inter-bond angles call for little comment, all are
of the magnitude expected § the equality »f angles about

the carboxyl group lends support to the idea of disorder
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already suggested. The inter - molecular separations,
and the arrangement of molecules are illustrated in the

.diagram overleaf. The molecules are linked in pairs in
the normal fashion for carboxylic acids, the length of
the hydrogen bond being 2.66 A., which is fairly
typical.

Interest attaches to the approach between the
atoms 0(3) and 0(3"). This is the shortest non-bonded
approach and the value of 2.97 A. is only just greater
than twice the van der Waal's radius of the oxygen atom,
illustrating a very economical packing of molecules,
Other approach distances are normal and call for no
comment, save to remark that for those approaches which
involve C(8) equally acceptable values result whatever
value of the z coordinate for that atom, between the two

extremes discussed, is used.

At the time of writing no further information is
available as to the state of the work on this compound
being done in Wales, and the possibility of an interesting
comparison between two different methods of refinement
48 therefore excluded.
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Table of fractional coordinates for (hOl) for anisic acid
resulting from the second (Fo =~ Fc) synthesis.

Atom x/a z/c
o(I) 0, 0745 ~0,I742
0(2) «0770 + 04Ok
0(3) 4256 -~ .3586
c(1) 1102 - 1159
c(2) .1888 ~ JI741
c(3) . 2270 - 3041
ckl) . 3094 - +381I5
c(5) 3500 - .2980
c(6) <3135 - I463
c(?7) 2331 ~ 0781
c(8) 4738 - .I919

The conversion of these coordinates to orthogonal coordinates
was accomplished firstly by conversion to ingutrom‘unitu, and
then by application of the formulae :

X = x.8inp

Z = Z = X.,c08B
The table overleaf gives the final values of X, ¥, and Z
used in the calculation of bond lengths and angles. Im
deriving X, the values of x/a obtained from the (hkQ)
projection were used in preference to an average of those
from each zone owing to the much higher accuracy obtainimg
in (hkO).
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Table of values of X, Y, and Z, in Angstrom units, and

referred to orthogonal axes, used in the calculation of

bond lengths, inter-bond angles, and inter-molecular

approach distances etc., in anisic acid.

Atonm

o(1)
o(2)
0(3)

c(n)
c(2)
c(3)
c(h4)
c(5)
c(6)
c(7)
c(8)

PR TN

I,181
I.299

7.181

1,859
3.186
3.830

5,163

5.905
5.240

7.977

e T T O Y

'00 865
1.208
0.508

0.229
0.315
-0.719
-0.659
0.49I
1.553
I.462
1.670

Z

"0. 029
"'20 159

-0.62I
-0.997
-1.639
-2.028
-I1.769
-1.109
-0.723
-1.588



Fig. I8.
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Diagram illustrating the arrangement of molecules

b b/ b

of anisic acid in (hkO) projection and giving the
distances of closest approach between molecules.
Figures in the 1left sector refer to molecules
related by z and i z; those in the right sector

to molecules related by =z and =z + I .
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Table of inter-molecular approach distances between

molecules of anisic acid.

Between molecules(x,y,z) and(X,¥¢z).

0(I)...0(2")
Between molecules

0(3)...0(3")
c(8)...c(8")

Between molecules
c(8)...0(1")
C(6)...C(3")

Between molecules
c(8)...0(2")

Between molecules

0o(I)...0(2")
Between molecules

c(6)...C(3")
c(?7)...C(3")
c(7)...C(4")
Between molecules
c(8)...0(2")

Between molecules

0(3)...0(3")
c(8)...0(3")

2‘66 A.
(x,7424) and

3.71 Ao
3.74 A.

(Xy¥42,) and
3.93 A,
4,29 A.

(xy¥y,2z,) and
3.49 A,
(xyy42,) and

L.o3 a.

(xvyozv) and

3.52 A.
3.76 A.
3.67 A.
(x,y42,) and
5.97 A,
(x,y,2,) and

2.97 A.
3.7"’ A.

(% - %, % + 3y,

(% +xy oy,

(hydrogen bond)

(I - 1050;')

(% - x, % +Y,8,)

(}/2 ‘l-x'% - ygzy)

(X,792 = I)

€c(8)...0(M

(I "X‘§,E * x)

z2~1I)

3.42 A,

z-1)
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Table of observed and calculated structure factors for (hkoO)
for anisic acid,

Index
h

e 0N F P

Io
I2
Ih

ot N e

O 00~ O\

I1
13
17

W~ 0O

4

.74

I.0I
«I9
«55

0.28
.30
<3k

hoO

14,8
5.2
31.9
53.9
943
I4,7
8.0
hIO
I0.1
I7.3
1.8
9.0
2,2
I3.7
36.0
17.7
19.8
3.8
6.4
8.9
h20
60.6
35.4
10.6
23.7

Fe

- 18.2
- 2.6
- 35.9
- 52.8
+ I0.I
+ I2.1
+ 7.8

+ 9.6
+ I8.2
- 2.7
+ I0.3
- 25.1
+ I4. I
- 38.4
+ I6.2
+ 20.4
- 4.8
7.1
10.8

+

+

+I1I0.2
-~ 40.3
- 10.6
- 24 .4

Index

o 3 O\ F

IO
II
I2
13
I4

O 0N O\ F NV

o o
F W N

4

0.46
.53
<59
.69
.78
<95

I.04
JI2
.22
«30

0.43
46
.55
62
.76
.92

Ev00~

1.00
.08
17
.26
34

29.1
12.8
26.2

6.0
2k.0
7.6
3.9
5.0
7.5
5.5
h30
1I.8
12.6
23.5
26.0
2.9
16.1

bob
5.5
Ih.3
23.4
4.8

Fe

- 28.6
- 9.5
- 25.0
- 7.2
- 22.1
+ 6.9
+ 3.2
+ 5.4
- 8.5
+ 6.1

+ I5.7
+ I8.2
+ 22.2
+ 23.5
+ 4,9
+ I3.9

+ 6.2
+ 7.5
- I7.4
- 22.6
+ 5.7



Index

&R0

O 0O N O\ o

- -
- O

W LNV E W N MO

14

0.56
37

<59
.62
+66
72
.78
.88
.92

I1.07
< Ih
22
+30
<39

0.70
.72

79
085
.89

1.01
.08

.I5
22

hk40

h50

31.3
13.9
6.6
29.8
28.9
28.0
9.3
8.3
743
3.3
3.5
9.3
b.2
3.9
4.0

19.8
15.3
I17.0
27 . b
12,8
6.0
21.7
10.5
8.4
5.2
33.9

¥
Fe

32.2
10.6
6.0
31.3
28.1
25.4
I1.4
10.4
8.4
I.2
b.4
I0.4
k.o
2.7
4.3

18.7
I2.2
16.6
20.7
15.6
7.3
22.5
13.3
6.3
3.8
35.3

Index

I3

W NV O

o o\

10
11
1k

A S\ I

I2

W N - O

LAV ]

14

I,30
1.37

0.84
.85
.86
.88
.95

1.00
II
.2k

3

0.98
I1.60
I.0I
.04
.07
I.47

I.12

CI.I3

I.14
+I6

I.27
I.28
I.46

h50
I7.3
16.0

hé6o0
II.3
3.6
2.9
20.7
19.9
20.2
9.4
5.4
4.3
I5.4

h?70
3.9
6.9
9.0
16.3
7.2
16.4

h8o
7.4
20.0
b.1
6.2

h 90
17.2
4.3
7.7

18.8
15.8

I0.2
7.7
2.9

19.9

20.6

18.8
8.2
6.0
4.6

I3.3

k.2
7.8
I3.1
17.6
5.3
7.5

6.7
20.7
I.I
6.8

15.7
4.2
I10.0



Index

O\l B RO

4

B.41
A1
42

45
7
«50

h,I0,0
18.0
20.0
9.0
4.5
4.5
5.7
7.3

h,II,0

9'4
I0.4

h,12,0

7.2
h.2

Fe

- 17.5

18.8
6.8
h.o
4.6
53
6.0

8.9
11.0

6.0
3.7

Index

4

Fo
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Table of observed structure amplitudes and calculated
structure factors for (h0Ol) for anisic acid.

Index

h

oo FN

10
12
Ih
16
18
20

o o & v O

14

0.19
.38
56
.74
«93

1.09
.31
48
.67
.85

0.38
M5

72
.88
I.05
40
57
«75

0.42
51

Fo
h,0,0

5.5
5.7
35.9
60.5
10.7
I17.3
II.8
3.3
9.5
5.7

h,D,@
52.4
5.3

6.8
16.9
21.7
13.0
5.9

7.5

3.7

R,0,0

23.5
5.6

+

Fe

4.7
1.1
32.0
Sh. b
8.6
15.5
13.9
5.6
6.7
8.3

52.9
3.9
2.6

16.2

25.1

I2.5
bk
7.9
2.2

22.0
2.4

Index

I0
I2
I4
16
18
20

o o F N O

I0

e N F N

I0

4

0.63
.79
.96

I.I3
.32
A48
.66

0.78
.82
.91

I.02
I3
.28

0.78
.82
.90

I.02
I3

Fo
h,0,1

16.7
18.0
6.4
II.6
5.6
I7.5
4.8

2.5

h,0,2

I9.2
22.7
10.5
I2.1
b.2
3.2

h,0,2

24,6
17.4
18.0
13.7

3.2

+

23.7
12.2
6.2
10.7
3.4
I4. 4
2.8
9.9

22.5
33.4
3.9
9.6
4.3
4.2

30.0
I2.5
4.3
15.6

8.9



Index

® &6 £ O

I0

X0
I2

I

LA
h,0,3
I.I7
.28
«36
46
57

B,O,}T

I.19
40
52

h' 0,‘}

I.55
72

B,0,b
I.55

.80

5.5
b.5
I7.5
6.5
2.5

3-0
5.1
245

8.#
3.8

I3.2
6.6
5.3

98

o

- 0.3
- 4,1
I13.9
6.1
+ 6.2

+

- 0.8
16.3

t

L 203

2.3
8.5‘ .
16.3

+

+

+



PART TWO

SECTION THREE

The Crystal and Molecular Structure
of
para-ethoxybenzoic acid in part,
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para-ethoxybenzoic acid.

Introductory and Crystal Data.

The second acid in the
series to be studied was para—ethoxybenzoic acid. No record
exists of any previous structural work on this compound,

The unit cell dimensions have been determined from
rotation and oseillation photographs taken about the
three principle axes using Copper K radiation, (A = I.5424.),
and the space group symmetry has been deduced from systematic
absences on moving films of the Weissenberg type. The

relevant crystal data are tabulated below.

Table of Crystal Data for para-ethoxybenzoic acid,

cﬁuso.cénq.coon. Mol.wt. = I66.I7, F(000) = 342,

m.p. = 195°.

Monoclinic prismatic @

a= 22,04, b =L4.0I, e = 9.47 A,
B = 98° V = 828.8 A%,

Pobs. = I.323 ; p calculated for four molecules per unit
cell = I.324
Systematic absences : (hOl) when h = 2n + I.
(0kO) when k = 2n + I.
Space group : P2,/a.( CZh')

gity Data.
Intensity data for (hOl) were collected

using the Robertson Multiple Film Technigue, as descriBed
in the previous section. The reduction factor used was 3.I5.
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I22 out of a theoretically accessible 229 reflexions were
recorded in tol), giving a ratio of reflexions to positional
parameters, excluding hydrogen atoms, of ca. 5:1I.

S8tructure amplitudes were derived in the usual way,
and were placed on an absolute scale, initially by Wilson's
method (i), and later by comparison with the calculated
values. The value of the Debye~Waller temperature factor B
derived by this method was 3.5. Since the crystal used had
an approximately cylindrical cross section, no corrections

for absorbtion were applied.

Structural Work.

From the superficial resemblance in the
cell dimensions of this acid and anisic acid, it might be
thought that the structure of this acid could be derived
from that of anisiec acid simply by making allowance for
the presence of an extra carbon atom, in an otherwise
iso-structural arrangement. 4

That this is not the case however, is rapidly shown by
comparison of the Fourier transform for the acid with the

weighted reciprocal lattice (h*o 1*).

For purposes of calculation of the transform, an idealised
structure was adopted for the acid, embodying a planar dimer
with all bond lengths taken as I.36 A. and the oxygen =~
oxygen hydrogen bonded distance assumed 2.72 A. All inter=-
bond angles were taken as 120°,

Since the dimer is centro-symmetric, the transform will
evérywhere be real. The centre of symmetry was taken as
origin and axes X and Y were chosen , in the plane of the
molecule, as illustrated in Figure I9, overleaf,
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If the co-ordinates of the jth atom be ( X4 yj) with
respect to the axes X and Y, then the transform is given by:

N/2
T(X,Y) = ajginj.cosz (xdx + y4Y )

The x co~ordinates of all atoms are multiples of 0.68 A,,
and the y co~ordinates are multiples of I.I8 A., . If these
iangthé are used as the units of distance on the X and Y
axes respectively,the transforh is periodic in the XY plane
with repeat distances of I.47 A-I, along X, and 0.85 2t
along Y.

The function actually evaluated, by means of Beevers-

Lipson strips, was @

T(X,Y) = S[Vcos( 2X + Y ) + cos(2X= Y) + cosIIﬁg
+ 6[:c033x + cos5X + cos9X + cos( 6X + Y )

+cos( 6X - Y ) + cos( 8% + Y ) + cos( 8 -7 )
+ cos(I2X + Y ) + cos(IhX + ¥ ))

The interval of evaluation was 6° along each axis.
In the b axis projection, the relation between structure

amplitude and transform is given by :

F(hol) = 2.f.7(X,Y)

where f is a scattering function and T(X,Y) is the value of
the transform at the position corresponding to the reciprocal
lattice point (hOl) .

The (hOl) weighted reciprocal lattice, i.e. with values
= F (hOl)/2.f, was readily oriented bn the transform,in
the manner illustrated in Fig,I9, and the signs of 102 of
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Fig, I9. Fourier transform of idealised molecule of para-
ethoxybenzoic acid , showing choice of molecular
axes and orientation of reciprocal axes. Negative

contours are broken.
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the I22 structure factors were held to be fixed. These
structure factors were then used as coefficients in a

two dimensional Fourier synthesis, evaluated using Beevers-
Lipson strips at 6° intervals along each axis, using the
expression for the electron demnsity in (hOl) for the space

group P2,/a given in the previous section,

Immediate resolution of all atoms was achieved in the
resulting contour map of electron density, and a complete
calculation of structure factors was carried out using
atomic centres derived from this map.

All I22 terms were included iﬁ‘a,second synthesis
evaluated in a similar manner at intervals of 3° along a
and 6° along ¢ . This resulted in an improved projection
of electron density and the process of structure fawtor
calculation was repeated, and a third Fourier synthesis
carried out in the same way as previously.

The projection of electron density resulting from this
third synthesis is shown in Fig. 20.

Structure factor calculation based on the current atomic
centres chosen from this projection give a value for R in
the usual terms of 18 %.

The value of R fell in the three calculations of
structure factors in the sequence : 28 % 9 22 % - I8 %.

At this point the refinement rests.
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Fig. Projection of electron density for (hCl) for
para-etroxybenzoic acid. Contours representi
increwsnts in electron density of one electron
per Angstroma, the one electron contour being

broken.
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Projection of electron density for (hCl) for

rara-ethoxybenzoic acid. Contours represent
" Bl

increments in electron density of one electnen

per Angstroma,'the one elettro

broken.
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Table of fractional coordinates for (hOl) for

para-ethoxybenzoic acid.

Atom x/a z/¢
o(1) 0.0717 0.0486
o(2) -  .0064 . I694
o(3) . 1782 .6332
c(1) . 0505 . I5k6
c(2) .0823 .2754
c(3) . 0570 4018
c(4) .0895 .521I0
c(5) . 1468 -5Ih6
c(6) .I736 392k
c(?) » 1407 2712
c(8) «I531 <7562

€(9) .1982 8674
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