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Introduction.

| In recent years several papers have appeared deéi::
I:ing with the investigation by means of X-rays of ;
aliphatic organic compounds. These investigations
have been productive of information which has been of |

extreme interest to the chemist as well as to the

lphysiciat and crystallographer.

In particular I would refer to the work of Miiller,

|
|
Shearer, and Savillef who have examined the following

series of compounds:-

Fatty acids CH,(CH), COOH.

Patty acid esters - CH,(CH),COO(CH).:CH,.

; n-Hydrocarbons CH; (CH,).CH, g
[ |
Ketones CH; (CH),- CO+ ( CH), CH,. |

|They have shown that the higher members of all these

1

series exist in the erystal in the form of long chains,

the unit cell being in the nature of a long prism, an

arrangement suspected by chemists previous to the advent
of the X-ray method of investigation, It would seem

|

from their results that different series have different |
| |
‘types/ |

1
! Muller J.C.S. 1923 vol. 123 p. 2043.

| Shearer J,C.S. 1923 vol. 123 p. 3152.
Miller & Shearer J.C.S. 1923 vol. 123 p. 3156.
Baville & Shearer J.C.S. 1925 vol. 127 ps. 991

- IMuller & Saville J.C.S. 1925 vol. 127 p. 599.

|
= |
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;types of chain structure, An sttempt has been made by

%Mﬁller and Shearer (loc.cit.) to deduce the various

Epossible types of chain from a knowledge of the diameter

of the carbon atom (15 A.U.), and its tetrahedral ar:
trangement in the diaemond structure. Their theory
seemed to be a close approximation to the truth when
applied to the series of fatty acids and fatty esters,
but the investigation of the hydrocarbon series has
shown that it regquires modification.

I have studied several more series of aliphatic |
compounds and it is my purpose in the succeeding pages
to give the results of my work, together with any
theoretical treatment which may arise from these results.

It is unnecessary for me to describe in detail the

conclusions of these investigatore whose papers I have

i
mentioned, or to examine their experimental method in I
' this introduction, as the information they have put
before us now forms an important part of physical

chemistry in the domain of molecular structure.

A large number of acids of the dicarboxylic acid

Iseries have been prepared in Edinburgh University as

iwell as several diethyl and monoethyl esters of these |
;acidsi In view of the interest attached to the above-|
!—mentioned/ |
| *Fetrweather Proc.Roy.Soc.Edin. 45 p.283 (1925)

1" n " " 1" 46 pe 7L {(1926)
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. -mentioned X-ray investigations, and also to the

chemical and physical properties of the substances

themselves, it was decided to examine them by means of

'X—rays. Before goingmto the results of my investi:

tgations it woyld be well to consider first our present

knowledge of the physical properties of the dicarboxyli

acids.

of

As is found in many homologous series, the series

normal saturated dicarboxylic acids affords an ex:

tcellent example of alternation in properties between

|the oidd and even members. This alternation is very

‘much in evidence in the melting points of the acids.

| If we plot the melting points against the number of

'methylene groups in the chain we obtain two smooth

i 1
| eurves, one for the odd and one for the even acids.

The odd acids lie upon an ascending curve, whilst the

| - - .
| even acids lie upon & descending curve, the two curves

bébming asymptotie, it would seem, as the higher

:members of the series are reached. The following

‘table shows the melting points of the odd. and even

‘members/

1

Feirweather Phil.Mag.1926.1.p. 944.

C
|
|
|
|
|
|



| members: -

HOOC( CH)COO0H
HOOC ( CH,)COOH

| HOOC ( CH,)COOH

| HOOC( CH,)COOH

|

HOOC( CH,),; COOH

HOOC(CH,),; COOH

|

'HOOC(CH,) - COOH
;HOOG(CHJ,COOH
!Hooc(cﬂggcoon
' HOOC( CH,), COOH

n
2
4
6
8

10
12

=2 M = B
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Even Acids.

M.P.C
185 HOOC(CH):COOH
153 HOOC(CH,) COOH
140 HOOC(CH,),COO0H
133  HOOC(CH,),,COOH
129 HOOC(CH,),COO0H
1265 HOOC(CH,),,CO0H

0dd Acids.

M.P.C
(132) HOOC(CH,) COOH
975 HOOC(CH,)),COOH
103 HOOC(CH),COOH

107

n
14
16
20
24
28
32

11
19

MJP.0G
125
124
12375
1235
12325
123

M.P.C
110
1135
1175

(n represents the number of methylene groups.)

Representing these values graphically we obtain

'the following very interesting curves:-
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Another physical property which shows the alter:
:nation between the odd and even members is the
solubility in water.

100 ces. of the agueous solution at 20°C contain:-

Bven Acids. 0dd Acids.
n grams. n grams,
Oxelic 0 8-6 Melonic 1 3-8
Suceinic 2 5-8 Glutaric 3 63-9
Adipiec 4 1-4  Pimeliec 5 5.0
Suberic 6 0-16  Azelaic 7 0-24
Sebacic 8 0-10

In addition to these, it is a well-known fact that
the even members are produced by the direct oxidation
of suitable substances, whereas the yield of the odd
members is very small, the substance as & rule being
oxidised to the next lower even member.
| These points will suffice to indicate the alter:
tnation in this series. It is of interest to note
that in both the melting points and the solubilities,
the slternation becomes less obvious as we go up the
series,

In general, it has been observed that the most
Pronounced cases of alternation in homologous series
oceur/

1
Challenor & Thorpe J.C.S. 1923 vol.l23p.2482.
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occur where there is a terminal polar group such as
carboxyl in the molecule. Also, the alternation is
most marked in the properties of the substances in the
crystalline state, such as melting points, heats of
crystallisation, solubilities, and molecular volumes}
Hence it is most probable that the explanation of such
alternation is to be found in the crystal structure of

the substances.

1
Garner & Ryder J.C.S. 1925 vol. 127 p.720.
Garner & ﬁandall J.0.8, 1924 vol, 1235. p. 881,
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Apparatus.

As the apparatus is well known, I need only give a
short description of the essentisl parts.

X-ray tube. The tube used was of the Shearer

pattern and was fitted with a copper anticathode. The

copper anticathode was employed throughout the investi:

:gations. The anode and anticathode were watar-cooled;

the same stream of water being used for both. The

aluminium cathode was cooled by & small thermo-syphon !

' and heating was further retarded by & cylindrical brasq
_vessel containing water,

| The tube was evacuated by the following system of
pumps. The first stage was obtained with a double-

acting oil pump. This was connected through a Win:

ichester' bottle acting as a reservoir to two mercury

pumps of simple design placed in series, and thence to

the X-ray tube. The mercury pumps8 constitute the

second stage. Connection was also made direct from
ithe reservoir to the X-ray tube. In this lead was
'Placed a length of glass capillary tubing of very fine |
bore with two screw clips, one at either end. By thia:
émeans the vacuum could be regulated by a very fine
;adjustment. As the air is removed from the tube by the
ipﬁmps more air is introduced through this leak, and the

‘tube/
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tube works steadily when the amount of air removed in
unit time equals the amount introduced, i.e. after the
desired state ofvacuum has been reached.

All air and water connections were made with com: |

:position tubink, the minimum amount of rubber tubing |

being used. In the neighbourhood of the mercury pumps

;glass tubing was employed. All joints were made ;

' vacuum-tight by means of a paste of ordinary red seal: |

ting-wax and methyl alcohol.

Since the X-ray tube has considerable rectifying
properties it can be excited from a transformer without
recourse to any other rectifier. The primary of the é
|

transformer was connected to the 230 volt (A.C.) cir:

icuit through a varisble resistance, the current

. through the primary being about 5 amperes when the tube

was 'soft'. I When the tube was generating X-rays in a
steady manner the current diminished spontaneously to
2-% amperes., The transformer was designed to step up
the voltage from 230 to 64,000 volts, the actusl voltage
employed depending on the state of the vacuum. The
anticathode end of the tube was earthed, the correspond:

:ing terminal of the transformer secondary circuit

;being connected to & different earth. The other

Secondary terminal of the transformer was connected to

| the/
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the cathode end of the tube by a wire free from bends.
The minimum potential required to excite the character:
:istic copper radiation is approximately 9,000 volts,

but the tube was run at about 40,000 volts and 5 M.A.

The tube was dismantled regularly for cleaning.

!The gless part became periodically coated internslly
|with a thin metallic film which was removed with nitric
iacid. In sddition the aluminium cathode became pitted}
%so that it had to be.refaced at regular intervals.

As & rule the tube worked perfectly, any variation?

i
;from its smooth running being usually due,either to

I
rate,L of pumping, or to over-heating of the cathode.

fluctuation in the gas pressure, which affected the

"Spectrograph. A Miller X-ray spectrograph was used.
Since it is one of Hilger's standard instruments, a
description need not be given here. The width of slité
employed throughout my investigations was 0°19 mm.

The distance from the outer face of the slit to the

gaxis of rotation of the crystal table was made equsl to|
'the distance from the axis of rotation to the centre of
the photographic plate, in order to obtain a well-
defined photograph. These distances were measured as
|accurately as possible with a steel rule end the result
vVerified by an exemination of a rock salt crystal with |

the apparatus as explained later.
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Experimental Method.

The substances to be investigated were in the
powder form. A small quantity of the powder was
pressed on a small glass plate. This was mounted on

the crystal teble with plasticene, and the crystal

table rotated through a small angle while being subject;
f:ed to the action of the X-rays. The reflected
!radiation was received on a photographic plate placed
directly behind. After the ususl manner reflections
were obtained on both sides of the primary beam. The

relative positions of slit and crystal table were so

:adjusted that there was no overlapping of the primary
;beam”for the two zero positions of the crystal table.
iThe exposure required to obtain a well-defined system
Eof lines varies with the substance under examinstion.
The higher members of all series reguire a longer ex:
iposure than the lower members.

| The plates were measured by means of a steel rule,
distances being estimated to 0+0l om. To facilitate
%the measurement, the plates were placed on a sheet qf
imilk glass with an electric lamp beneath. This ar:
;‘raﬂgement serves to emphasise the blackness of the

|lines with respect to the unaffected parts of the plate.
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Calculation of Results. .

For the calculation of results we have to make use
!of two expressions - |
21=2t tan 26, (1)
and
n)=2d sin © (2)
The significance of the terms is as follows:-
A = wave-length of X-resdiation

d = crystal spacing

in = order of spectrum

:9 = deviation, i.e. angle between directions of primary
and reflected beams.

2l = distance between images corresponding to both ok
! orientations of the crystal.

|
!t = distance of plate from axis of rotation of crystal.
[Tha first expression is a relation connecting deviation
@nd linear displacement, and the second a relation con:
-!:neeting order of reflection and wave-length with deviat:
‘:ion and crystal spacing. The derivation of the first
iexpression is obvious, and the second is the well—known.
{condition‘for reflection of ordinary light from piles |
E°f parsllel plates, and was first applied to X-ray
'problems by W. L. Bragg.

Using a rock salt crystal we can calculate t as
mentioned above (p.10) since we know accurately the

;Bp&cing/ |
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spacing of its (160) planes.
2d for rock salt = 5+628 A.U.
A=1541 4,U. (Copper K.rasdiation).
A knowledge of these two quantities gives us the value |
of © by means of (2),and if we measure 2] and introduoe;
this value of © into (1) we obtain ;N |
By direct measurement t = 7°03 cms,

By above method t = 7025 cms, !

This value of t is employed in all the calculations of
!
| spacings made in this work,

1
Note:- This method of verification of t only holds, of!

course, when the apparatus is correctly adjusted.
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Experimental., |
|I .
| As was found in the researches of Milller,Shearer, |

| saville, etc.,on several series of long-chain compounds,

there is one plane in the crystal which has a much

larger spacing than any of the others,and the magnitudq
of this #Bpacing is very simply related to the number of
carbon atoms in the molecule. As we move up any of |
these series, step by step, by the continued addition

of a CH, group, this spacing increases correspondingly.

It is obvious that the molecules in the crystal must be
oriented lengthwise between these planes, as no other

- orientation would give rise to the above result. The

direction of length of the molecular chain is not

necessarily perpendicular to this plane, but for any

one series the angle which this direction of length
makes with the normal to the plane remains approximate:
:1ly constant. |
Several of the lower members of the series of
dicarboxylic acids have already been examined by means

1
of X-rays by Trillat. He found that the principal

Spacings of a number of the even acids of this series,
|

' When plotted against the number of carbon atoms in the
imolecule lie on a line which is parallel to, but not

Icoincident with, the corresponding graph for the odd

iacids./
& 4
' Compt. rend. 1925, 180, p.1,329.
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acids.

His results are as follows:- Q

Acid M.P.C d, (Au) |
HOOC(CH);COOH 180(185) 4.5 §
HOOC(CH);COOH 148(153) 7.0 |
HOOC(CH)3;COCH  149(103) 76
HOOC(CH);COOH 140(140) 9.3 |
HOOC(CH,):COOH 106(107) 9.6 é
HOOC(CH); COOH  127(133) 11-4 |

The figures in parentheses are the melting points of .
the pure compounds as given by Fairweather (loc.cit.) |
I found that the lower members of the acid series
gave good spectra, but those with a large number of i
carbon atoms gave only on long exposure the lines i
corresponding to the spacing associated with the length

of the chain. In particular the acid HOOC(CH,;COOH,
|

'although it readily gave lines corresponding to the

| spacings 4°1 and 37 AU., characteristic of many long-

' chain substances (c¢f. Miller, Shearer etc. loc.cit.),

' gave very faint reflections from the set of planes

| associated with the length of the chain.

Following/



i Following are the results obtained:-.

ACID
HOOC(CH,) - COOH
HOOC(CH,) ; COOH
HOOC(CH,); COOH
HOOC(CH,)); COOH
HOOC( CH,) ; COOH
HOOC(CH,); COCH
'HOOC({CH,) ; COOH
'HOOC( CH,); COOH
HOOC(CH,) - COOH

HOOC(CH,); COOH
HOOC(CH,); COOH
HOOC(CH,),;COOH
HOOC(CH,) - COOH
iHOOO(CHJ*COOH
HOOC(CH,),.COOH
iHooc(cHJ&pOOH

M.P.C.
132
185

975
153
103
140
107
133
129
1135
1266
125
124
1238
1235
123

16./

d,
&N?
4437
640
690
65
905
966

1119
1325
1360
1540
1740
1955
2560
27180
3590

d.
418
409
415

418

415
417

413
414
412
413
416
411

dy
&85
374
372

300

24

332
288

388
298
28
299
298
321
297

479

454
460
464
466

463
463

4970

460
463

462
451



7./

Discussgion,

The d, spacing is the spacing we associate with
the length of the molecule. The c¢olumns d,, d,, d,, d;,
are denoted by the term 'side spacings', and it is
believed that they are measures of the cross-section ofi
the molecule. The spacings d, and d, at least for the:
even acids remain practically constant throughout the
series, their average valuesbeing 415 and 3°71 ﬁU.

These -spacings are characteristic of many series of

long chain compoinds. The average value for d, is 296

and for 4 ,,4°63 v, All the lower acids show side
;spacings charecteristic of both odd and even acids.
iOf all yhe side spacings only dg is common to both odd |
Eand even acids. |
| If we plot the values of d, against the total

number of carbon atoms we find that the relation

between them is linear. The lower members diverge

imore or less from this relationship. From my investi:
%:gations. I cannot agree with Trillat's conclusion

‘Which I have mentioned previously (page 14).

;!E'_t.e_ The combplefe cvysta.l Struclure qf succinic dcid has been worked ouf b){
Yavdley (Proc.Roy. Soc., 1924, 195, 451), She found a spacing of 4+46 Au
which 15 equal 16 that found byme (443 RWU) anct which T have callea dy
This is a seconct order reflection , the calculatec, sf.\a.en{g beino 99 AU.
.Sot'hag' suceinic acid coes net seem 6 be entl:rcly com Pfr&.ble. w."w,.
the hfgh!f mem bers Qf the servies .
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A0
a0
-
%
2 o
5 ;
ol
[ 4
@
d
0
0
10
S 10 20 30
Total No. of Cayben Atoms.
l
|
[ .
' Note: - The odd acids are marked in red.

[
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I will consider first the d, spacing with special
reference to the higher members of the series. As we
move up the series this spacing inoreases, but there ia.

cl considerable

a oonq;&€§ah1ehdifference in passing from an odd to the A grester.

|
|

| |
]next even acid, than in passing from an even to the i
‘next odd acid. The average increment in d, for the |

‘addition of two CH; groups is 2-1 AU or 1-05 AU for
Ione CH, group. This closely resembles the increment
per CH, group - 1 AU - fould by Miiller in the fatty
acid series. Hence it would be permissible to say
that the dicarboxylic acids and the fatty acids have
the same type of chain structure. The figures in the
idl column also indicate that only one molecule lies

between successive reflecting planes, since the

‘diameter of the carbon atom is 1.5 iv.
i
i

Let us compare the d, spacings of the following

three groups of acids. (n denotes the number of CH, |
groups). |
| Acid n a Difference
Adipic 4 690
075
Pimelie 5 765
140
Suberic 6 905
|
|
i Suberic 6 905
' 051
Azelaic 7 956
163
Sebacic 8 1119
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Acid n d Difference
|
| Decane dicarboxylic 10 1325 |
005 I
Brassylic 11 1330
210
Dodecane dicarboxylic 12 1540

We see that the incerement in d, going from an |
even acid to the next higher o0dd acid is always less i
!than the increment in going from an odd acid to the

next higher even acid. Further, the former increment |

!diminishes as we move up the series, and the latter

| consequently increases, since the increase for 2CH,
|groups is 2 IAU, until we find that Brassylic acid
|which contains 11 CH, groups has approximately the same
'd, spacing as decane dicarboxylic acid, which contains |
‘10 CH, groups. This point is interesting in that it

' shows the parallelism between the results of this I-rayI
!investigation and the physical properties such as melt: i
:ing points and solubilities mentioned in the intro:
tduction. It is unfortunate that I do not have a

' Specimen of the acid HOOC(CH),COOH which has been pre:

| ipared. An X-ray examination of this acid would, I
feel sure, greatly assist in the matter of differ:
‘entiation between odd and even members.

i It would appear that the odd acids have a
|different chain structure from the even acids. This
Statement/

R
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statement receives support from the fact that the side
spacings of the odd acids differ from thosé of the even |
acids, as can be seen from the table of results. The |
0odd acid molecules seem to be more compact, as if a :
pressure were exerted on them in a vertical direction
causing longitudinal contraction with consequent lateral
expansion, If we could carry the investigations i
further ,we might have one of three possibilities., Takej
for example, the 19 acid.Its d,spacing might be equal to
or shorter than the d,spacing of the 18 sacid, or it
might be longer by an amount less than the difference in
d, between the 10 and 11 acids, until in the limit the
spacing of an odd acid would be exactly equal to that of
the next lower even acid., Unfortunately we cannot ver:
:ify or refute either of these statements. We have,
however, a similar state of affairs in the melting
points of these acids. The two curves for odd and even
éacida may meet and cross each other, or they may meet
and run together, or thirdly, they may remain asymptotic.
I am inclined to adhere to the last of these possibilit:

tles from the character of the curves. From the

?&rallelism between the two properties - length of chain

end melting points - I think we can rule out the possibil:

rity that the d, spacing of an odd acid will ever be

Smaller than that of the next lower even acid. This

e e T e
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leaves two alternatives, but, only by continuing in:
:vestigations by X-rays, of odd acids further up the

series, can we hope to decide between the two. The

difficulties of preparing such compounds are practic:

| tally insurmountable.

It has been shown that the chain strueture of the
0dd acids is different from that of the even acids,
hence we may say that this is the cause, or at least
one of the causes, of the alternation in physical pro:
iperties.

The melting-point of a crystalline solid may be

' regarded as being largely determined by the magnitude |
! s ‘
| 0f the forces of cohesion within the crystal. I take !
| \
' this statement to include forces within the molecule !
|

and forces beiween molecules in the corystal. We would |
expect the forces within a molecule of an odd acid to ‘
?differ from those in the molecule of an even acid owing‘
!to their difference in chain structure, and this will
;have an effect on their respective melting points, but |
!I do not think this would account to any appreciable i
Eextent for the very pronounced alternation observed in :
Ethe dicarboxylic acid series. Then let us examine the
:foroeg between molecules in a crystal. Garner and his;
' Go-workers/

1 |
Bragg 'X-rays & Crystal Structure' 4°P ed.p.191. |
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co-workers (loc.cit.), from their investigations on

heats of crystallisation etc. in the fatty acid series,

E {and assisted by Muller and Shearer's X-ray investigations
of these compounds, have given an explanation of alter:
éznation in this series., They conclude that the alter: |
i:nation in properties observed in the fatty acid series
|is entirely due to different arrangements of the |
carboxyl groups in the odd and even acids., (There is no

variation in ceross section in this series). This seems

{ a sound explanation on the theory that the melting point

h !13 determined by the magnitude of the forces between
molecules in & crystal. In the fatty acids there are

; two molecules between successive reflection planes and

‘they are oriented in opposite directions, the carboxyl

§roup of the other. Now, if these carboxyl groups have

pifferent structures in the odd and even acids, we would

group of the one being oriented towards the carboxyl

bxpect that the forces of attraction between two mole: |

bcules would be different in the two cases. Hence the |

B Y Py P G R T T oL T I T e LT ST

i

helting points and other physical properties of the odd

and even acids would belong to two distinct series.

Now let us apply this theory to the dicarboxylic acids.
Here there is only one molecule between successive

4.
reflecting planes.a%%Nevertheless, there is sfill a

8trong/
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' in the odd and even acids is caused by the difference
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strong attraction between a carboxyl group of one |
molecule and a carboxyl group of the neighbouring i
molecule, but owing to the presence of a carboxyl groué
at each end of a dicarboxylicacid molecule, it is !
attracted at both ends by a similar molecules (Possiﬁ:
11y also,the two carboxyl groups in one molecule have
an attraction for each other, which is communicated
along the chain of CH, groups.) Hence Garner's theory
would apply equally well to the dicarboxylic acid
series., As a rider to Garner's theory I would add

that the difference in structure of the terminal groups

in the nature of the hydrocarbon chain.

To summarise the preceding, alternation is due in;
part to a difference in the structure of the terminal
groups, and in part to difference in the structure of
the hydrocarbon chain.,

The higher dicarboxylie acids, in spite of their

long hydrocarbon chains, are not in the least flaky i
like the fatty acids, but are quite hard and brittle.

' The flakiness and greasiness of the fatty acids has i

been attributed to the fact that the two terminal

 8roups in the double molecule are CH, groups which haVQ

¥ery little or no attractive force for other moleculesq

This/
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This fact supports the view of the existence of strong
cohesive forces at the terminal groups of the I

dicarboxylic acids,

7»In the domain of organic chemistry, Challenor and
Thorpe, (loc.cit.) while looking for an explanation of |
4 |

the greater chemicsl reactivity of the odd dicerboxylic

acids noticed that the even acids have crossed polar:

tities, while the odd acids have concordant polarities.

| €+g. azelaic and sebacic acids.

@ : += =t :
- - |

COOH GOOH |

--CH, +-CH, :

H “""QH; -+CH. i
E: --CH, +"'(.}H3 |
: ++CH, -+CH, '
"""gHs. +"'QH!. i

++CH, -+CH, |

--CH, +-CH, :

COOH -+CH, :

- COOH !

‘ + - - l

ey i

‘The alternate positive and negative charges induced
|from the carboxyls at either end on each carbon atom of
| the chain reinforce each other in the odd members and

neutralise esch other in the even members. As mention?

ed by Fairweather (loc.cit.), the mutual attraction of
ithe carboxyl groups in the odd series may be diminished
by the presence of like charges upon them, in which

¢ase their melting points would be lower then those in
 the/
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Ithe.e?en series. He continues,that,on this aasumption!

the decrease in melting point as the even series is

ascended may be explained by the fact that as the chain

ig lengthened, the transmission of the alternate

polarity effeet is progressively weakened and the

terminal carboxyl carbons become gradually free from ;
:the igfluence of the carboxyl group at the other end ofl
!the chain, If this view were correct, it would be ex:l
;:pected that in compounds in which the chain is very

'long, there would be little or no difference between the
Emelting points of consecutive odd and even acids, whiché
'is the case.

While this view seems to fit the facts, I am ini:

iclined to be sceptical about it. The theory of alter:

inate polarities, as used by orgenic chemists, seems to

me to lack & physicel basis, and merely provides a con:

iVvenient notation which serves as a closk to our com:

!iparative ignorance of atomic and molecular structure.

In eny case, the polarity theory in its present form,

;has not been employed with any success to compounds con{
ttaining single bonds only. i
Regarding the difference in increment in d; in |
Passing from an even to an odd acid and vice versa, _
EMﬁller and Shearer (loc.cit.) suggested a type of carboﬁ
:ehain which, if placed with its direction of length

normal /
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normal to the long spacing plane would give rise to a
difference between odd and even members of a series}
the increments being of the same order as those given
above. I do not think, however, that this chain would
explain the fact that the even and odd aciéﬁiﬁgzs !
different croas-sections.*

Considering chain structures in general, Miller
and Shearer designed their specimen chains on the as:
isugiption that the lines joining the centres of adjacen%
atoms make the tetrshedral angle with each other. It
seems to me that this angle is not necessarily found in
these hydrocarbon cheains. In a molecule in which fourf
identical groups of atoms are attached to & carbon atomé

by its four valencies, we expect the angle between the |

|
velency directions of this carbon atom to be the tetra:!
|

thedral angle, but in a molecule in which the four
:groups are not equal we would expect a variation from i
this angle. Will not the angle between any two valen:
tcies of a carbon atom be a function of the relative

imolecular volumes of the groups attached to it? This

‘18 the conelusion arrived at by Ingold in his work on

the effect of substituents on reactivity in chemical
‘reactions. For example, take Brassylic acid and con:
|=Siﬁer the 6th or middle carbon atom of the chain. '

'Its four valencies are attached to two hydrogen atoms

|

no ’
¥ would s e)glaial.-n wi‘J d_" fb\'h.‘l’\ add acid &P[‘JYOA&"GS d-i f&v the nex|

laiia L :
¥ &ven acid as the series )5 ascended.
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|
and to two HOOC-CH;CH;CH;CH;CH; - groups. The angle

between the two valencies attached to these two hydro:
icarbon groups will adopt a definite value, dependent
upon the conditions I have mentioned. Now, consider ‘
the carbon atom next to the central cerbon atom. It

is attached to two hydrogen atoms, a HOOC-CH;CH;CH;CH; |

group and a HOOC-CHpCH;CH;CHs CH;CH; group. Hence if we|
regard the centre carbon atom as fixed and attached to
the 5th carbon atom at a fixed angle, this 5th carbon
atom will make a slightly different angle with the 4th
carbon, and so on. This varistion would be progressive
along the chain. Also the variation would become more

promounced in the low members of a series, and so might

serve to explain the deviations in the linear relation:f

|
|
(:ship connecting observed spacing with number of carbon

éatoms in the chain.

I do not suggest that this is the only determiningi
i

fagtor in chain formation, but it seems to me that it
‘Will determine, to & certain extent, the nature of the

chain which an aliphatic compound will adopt. Ido E
inot think this theory would be contrary to the observed

‘eXperimental fact of constant increment in a series of

Compounds. After all, the so-called constant inerement
Iis not absolutely constant. Deviations from steady

| [
:increment may be attributed to experimental error, such .
iae/ i
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as inaccurate measurement, but we cannot be sure that
this is the cause. If my suggestion were the main
determining factor then there would be only one type
of chain, but no two substances would have exactly thai
same chain,

To expand this idea and to apply it to any one
series would probably lead to conclusions which would
be in conflict with the results of its application to
:other series, for we do not know the effect of other
| determining factors in chain formation.

In these pages I have brought forward several
suggestions, my own and those of others, to explain
alternation in properties: in the dicarboxylic saecid
series, and discussed them at some length, It seems
that any solution must essentially be entirely theor:
j:etical, end while it may be supported by several
| experimental facts, we cannot hope, in the light of our
bresent knowledge at least, to trace with certainty
the chain structure of a substance, nor to write down
- quantitatively the effects of the various agencies

working to produce this chain,
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The Diethyl Esters of the Dicarboxylic Acids.

We colte now to the series of diethyl esters of the

!dicarhoxylic acids, Several of these were prepared in
ithe pure state by Fairweather (loc.cit.), and their |
melting points determined. In these compounds there
is no terminal polar group, and the melting-points show;
no slternation whatever; they rise in quite a normal

manner &s the series is ascended, odd and even members

alike lying on the same smooth curve.

Following is a list of their melting-points:-

] Esters. n M.P.C.
; GHPOC( CH,) - COOGH, 7 -16
CHPOC( CH,),; COOGH, 8 -1
} GHPOC ( CH,) ; COOCE, 10 15
| GHOOC(CH):COOGE, 11 20
I GHOOC( CH,) ;, COOCH, 12 27
CHPOC( CH,) COOCH; 16 43
CEPOC(CH,) : COOCH, 19 52
| GHPOC(CH);CO0CH, 20 56
| GHOOC(CH):COOCH, 24 66
! CHQOC( CH,);,COOCH, 28 74

! GHOOC( CH,);,COOCH, 32 80
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In this graph the melting points are plotted
against the number of CH, groups in the hydrocarb'on
chain: -

a8
)
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Note.  Since "‘Vil‘"“g this | T have found in a vecent paper (Helv, Chim Acka 1926
P 264 ) that = very sli%ht alternation s founc (m the M-P's of these
odd and euen esters,
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The esters for which n= 7, 8, and 10 could not be.

investigated by means of X-rays with the apparatus

already described unless a special cooling chamber weré

employed, &s they are liguid at ordinary temperatures.:

In this series the following results were obtained:-

M.P0. 4 d, d, d,
(CH) »(COOGH,) 20 227 - - - 263 \
(CH,) 5 ( COOGH,) 27 237 409 64 - S
(CH)2(COOGH) 43 285 408 356 - -
(CH)2(COOGH) 56 3%6 414 FI0 - 463 !
(CH),3(COOGH,) "4 437 410 369 - 453 '
(CH)y (COOCH) 80 490 47 371 - 463

As before, d, is the spacing associated with the
length of the shain. The average increment per CH,

| group is 1°214U, and the figures indicate that only one

molecule lies between successive reflecting planes.

' This is as we should expect, owing to the inactivity
0f the terminal groups. The d,, d,, and d, spacings
|are roughly the same as in the dicarboxylic acid seriesL
but the d, spacing is entirely missing. The odd eater!
®Xemined seems to fall into line with the even esters,

&nd this is of interest in connection with the fact !
that the melting points of odd and even esters lie on |

one curve, I do not place too much reliance, howe¥er,

on/ }
i
|
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|
on this result, as the photograph obtained is not very |

good on account of the low melting point of the sub:
:stance. Spacings corresponding to 227 and 23.9 EU.
were ocbtained. More odd esters would require to be
examined before I could venture to draw conclusions
from the suspected parallelism between melting points
and spacings. The arguments as to chain structure em:

:ployed in connection with the dicarboxylic acids will

apply equally well to this series. In dealing with
the terminal groups we cannot say, nor have we any
means of finding out, in what manner the esterification
of the carboxyl group will affect its structure. As
far as the results go the odd esters do not seem to

differ materially from the even esters, but it is a

significant fact that the 4, and d, spacings are missing
from the one odd ester examined. Whether this be due |
%o the unstable state of the substance during examinat:
‘ion or to some difference in the structure of the

molecule, I cannot tell. The melting point curve

would seem to indicate that odd and even esters have
the same structure, and as this is not refuted by the |
X-ray measurements, I must conclude that they have

roughly the same type of structure.
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If we plot the d, values against the total number
of carbon atoms we find that all the points lie' on a
straight line:-

Ao

kL

Spacing (4) AL
&

o 10 A0 30 40

Tota) No. of Caybon Atoms.
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Mono-Ethyl Esters of the Dicarboxylic Acids.

Only two mono-ethyl esters of the dicarboiylie
acids were available for X-ray investigation, but these
are sufficient to determine the structure of the i
]orystals.

The results are as follows:- |
|

Ester. M.P.C. d, d, d,
CHPOC( CH,),,COO0H 55 421 414 366
GHPOC ( CH) ,COOH 71 505 412 366

The odd order reflections from the d; planes are much

stronger than the even order reflections.

; If we consider a molecude of one of these compoundé
%We see that it consists of a chain of CH, groups having |
I'8.1: one end an esterified carboxyl group and at the otheﬁ
& free carboxyl group. As we might expect in a crystal
built up from this type of molecule, the values obtained
for 4, are in agreement with the assumption that the
reflection plenes associated with d, are separated by aé
distance approximating to twice the length of the mole:é
tcule.  The increment in d, per CH, group is 2.1 AU or:
1:05 iU per molecule. The 4, and d, spacings are the |
Séme as are found in the dicarboxylic acids and their
diethyl esters. The d, and d; spacings are missing.

These half esters resemble the fatty acids in their

flakiness ang greasiness, which might serve as an indi:

‘cation that the carboxyl group is not free in the

'|°T.Tr'8tal.
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The Distribution of Intensity in the X-ray Spectra

:of the Normal Saturated Dicarboxylic Acids, their

Diethyl and Mono-Ethyl Esters, |
Owing to the relatively large spacing of the }
principal plane and hence the relatively small dis: i
:placement of the first order reflection from the
principal plane, from the centre of the photographic
rlate, I was able to observe several successive orders
of reflection. I propose in this section to discuss
the intensity distribution among these several orders
of reflection with a view to verifying the molecular
structures, and the arrangement of the molecules in
the erystals.

In order to be able to calculate the intensity |

;distribution, it is necessary to know the distribution
iof scattering matter between the successive pleanes.

EThe carbon chain which, with its attached hydrogens,
forms the greater part of these molecules, is regerded
‘a8 a uniform distribution of scattering materisal. At
the ends of the chain, and in the diethyl and mono-
eths_rl esters, at points along the length of the chain,
there are divergences from this uniform distribution.
If we assume that the scattering power is spproximately
Proportional to the mass, then a COOH group will have a

greater/
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gréater scattering power than the average soa;tering

power of the chain while in the esters, the ketonie

oxygen attached to a carbon satom in the chain will give

rise to an increase in scattering power at this point.
Take first the general case, and let £(x) denote |

the scattering power at a distance x from one plane.

It was shown by Shearer' that if the crystal is set for |

reflection at the r' order and if the wave falling on

the first plane be represented by A sin(2wct/A), then
the wave scattered by an element dx at a distance x
from this plane will be -

A f(x) sin(2wet/a + 2nrx/d) dx.
where d is the spacing of the plane, A is the wave-
length and 2nr represents the phase difference between
the waves scattered from successive planes. The resul:
:tant wave reflected from the interval between success:
iive reflegfing planes will be -

~fA £(x) sin(2met/» + 2nrx/d) dx.
or -

d
A sintznot/h}.[f(x)coa(znrx/d)dx *
- A cos(zﬁct/h)Jrf(x)ain(znrx/d)dx (1)

The amplitude is given by - E

T L
Where I, and I, are the values of the two integrals in
the/

1
Proc.Roy.Soc.A.lOS. 1925.
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the above expression. The intensity of the reflected
wave is proportional to the square of the amplitude or to

A5(T> 4 1T

In the special case where there are two molecules end
to end in opposite directions (1) beoomes
fA.f(x)ain(znct/A+ znrx/d)dx +
fA f(x)sin(2ret/A + 2rrx/d)dx.
and after simplification
24 sin(znct/A)_{f(x]cosfznrx/d)dx.
3

The amplitude af given by
d
2A~ff(x)cos(2nrx/d)dx. (2)

i

I will now take up the case of the normal saturated
dicerboxylic acids - HOOC(CH),COOH. Fig.(l) shows |
|

disgrammatically the distribution of scattering power
along the length of the molecule. Here dicontinuities

oceur only et the ends of the chain.

bobiia
a

L= = T R e g

HOOC:CH;CHj =-=-mm-ccmmmmmmme v CH; CH; COOH

Fig.(1).
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If we consider COOH as a single group occupying a

of the hydrocarbon series which was worked out by
Shearer, The successive planes are separated by the
length of a single molecule, whose length we will re:
ipresent by d, and we may write f£(x)=R from x=0 to
x=6, and from x = d-8 to x=4d; f(x)=Q from x=8 to
Xx=34-8,
Now we have to evaluate the two integrals found
| above. =
It= [f(x)cosfznrx/d)dx.
jffx)s:Ln(Bnrx/d)dx.
f(x)cos(anrx/d)dx
ﬁicos(anrx/d)dx-v chos(En'rx/d}dx-t f@.oos(?arrrx/d)dx
2&“ Sin(2wré/d) +3§—- sin(2wrd/a) -
BQd sin(2rrd/a) - _Q_ sin(2nrd/a)
M-L sin(2rr8/d)

-and similarly -
d

' ) If(x)sin(znrx/d)dx

'5%% 008(211'1‘6/(1) + -2-—- -E-E-g'- ,z_ﬁ_ 003(2“1'8/6.) o,

| d 3 —.=4d gnrd/d

| 2.‘% cos(2rrd/d) - =& cos( /d)
el

(Hence the intensity of the rth order reflection is

' Proportional to

It & I
i.8. [« & Mlsiﬂ‘h?.ﬂl‘é/d]- {3)

nrt

length & , this series is practically analogous to that
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From (3),the lower members of the series where ‘
37& is relatively large ought to show & more rapid
decrease of intensity with increase of order than the
higher members where 9/d is small. In my investi:
:gations this is found to be the case. As is to be

expected from the greater value of & , the falling off

in intensity is more rapid than for hydrocarbons of a
similar length of chain.

Since I am only concerned with the intensities of
the various orders of reflection of each member of the
series separately, and not with any relationship among
the orders of reflection of the acid series as a whole,

the formula (3) reduces for the purposes of calculation
i

to i
Sin*(2nrd/d) (&)

rh

Calculations.

Assuming that the length occupied by a CH, group
is 1 unit and the length occupied by a COCH group

il% units, the total length of the molecule (d)=n + 3

| where n is the number of CH, groups in the cheain,

‘ Hence /
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[=C N T S < -

Hence for the acid HOOC(CH),COOH we have -
d*ned=" 8/a = Y.
pinvarrdd  Relative |

r anys/d sinanvé/d simtanvd/d e Intensity

1 e 9744 -9495 9495 100

2 154° ++4384 1921 -0480 =

3 231°  -7771 6039 0671 -

4 308° --7880 . -6209 -0388 -

5 385° 4226 1786 0071 -

6 462° 9781 9567 0266 =

HOOC(CH)3;CO0E 4 = 8 8/a = She.

1 6750 9239 -8536 8526 100

2 135° 7071 -4999 1250 15

3 20230 --3827 1464 -0163 =

4 270°  ~10000 10000 0625 -

5 33730 ~--3827 1464 -0059 =

6 405° 7071 4999 -0140 - _

HOOC(CH),CO0OH d = 9 8/a = s |
60" -8660 7500 71500 100 !
120° -8660 7500 1875 26 |
180° 00000 00000 0 - |
240° -8660 7500 0470 s
300° 8660 7500 0300 -
360° 00000 00000 0 -




41./

HOOC(CH);CO0H d = 10 é/d = Y0
sinfarvdyd  Relstive

r anrd/d sinaméd/d Sim*amvdd C Intensity
1 54" 8090 6542 6542 ' 100
2 108° ‘9511 9045 2261 35
3 162° -3090 0955 -0106 3
4 216°  -:5878 -3456 -0216 s
5 270° -1:0000 1:0000 -0400 -
6 324° --5878 3456 -0096 -
HOOC(CH):COOH 4 = 11 %a = Y=

1 49° 547 5696 -5696 100
2 98° -9903 9807 - -2352 43
3 147° -9205 8473 -0941 17
4 196° - -2756 0760 0048 =
5 245°  -.9063 -8213 -0329 -
6 294°  -.9135 .8345 0232 £
HOOC(CH) COOH d = 13 | 8fa = %

1 4132 -6630 4395 -4395 100
2 83°4" 9926 ‘9855 2464 56
3 12436  -8231 6777 0753 17
4 166’8  -2396 ‘0574 -0036 S
5 20740 --4643 2156 - 0086 -
6 24912° --9348 8737 . 0243 -
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Gy nm - Y O

o

HOOC(CH);CO0H d = 14 8fa = Yas.
ém‘rﬂﬂfzfd— Relative
T anrdfd  ginaned/d  smranvd/d v: Intensity
3834 6234 -3887 -3887 100
'8 9749 9506 2377 61
11542° 9011 8117 -0902 23
15416  -4342 1885 -0118 3
19250 --2221 -0493 -0019 =
23124 -7815 6110 -0170 v ;
HOOC(CE);CO0E 4 = 15 8a = Yo |
1 36" -5878 3455 -3455 100
72° 9511 -9045 2261 65
3 108° -9511 -9045 -1005 29
4 144° -5878 -3455 -0368 10
5 180° il = = %
6 216° --5878 -3455 -0096 -
'HOOC(CH);CO0H 4 = 17 sja = o
1 3146'  -5265 2772 2772 100
2 6332  -8952 -8013 -2003 72
3 9818 9957 -9913 1101 40
4 127°4"  -7980 6368 0398 14
15850°  -3611 1304 -0052 2

(]

6 19036 --1840 -0339 -0009 “



t avrd/d
1 2825’
2 5650
3 8515
4 11340
5 142° 5
6 17030
'HOOC( CH,) ;COOH
!1 2528
!2 4656’
3 7024’
;4 9352
5 11720
6 14048’
gaooc (CH); co0H
%1 20°
‘2 40°
8 60°
4 800
5 100°
120°

=

HOOC(CH,) : COOH

% =ok9

sin arvd/d.
4759
‘8371
‘9966
*9159
*6145
*1650

d = 23

3982
7306
<9421
9977
-8883
6320

a= 27

*3420
6428
*8660
-9848
+9848
8660

43,/

8a = 38
smraned/d.

Sm*anyd/d ¥
‘2265 ‘2265
7008 <1752
*9035 <1104
-8388 <0524
3778 -0151
-0272 -0008

8a = %ae.
1586 <1586
~5339 <1335
-8876 <0986
*9955 -0622
7888 *0315
<3994 -0111

E%d — Y.
<1170 <1170
4130 <1033
7498 0833
«9700 -0606
«9700 -0388
*7498 <0208

Relative

Tntensity
100 |
77
49
23 '
7

100
84
62
39
20

100
88
£ 1
o2
33
18
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HOOC(CH);COOE d = 35 8fa = Yo

smtamidd  Relative |
r awr$/d sinamd/d  Smiarvd/d v ng
1 1526  *2662 -0709 -0709 100 |
2 3052° 5130 2631 -0658 98 |
3 4618 7230 5226 -0581 sz
4 6144  -8808 7758 -0485 68 f
5 mio.  -9751 -9506 -0380 54 |
6 9236  +9990 9983 0277 39

The following table shows the results calculated |

|
for each acid investigated, together with the results

;aotua.lly obtained by observation of the photographic
!plates;_
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The principle I have adopted is to make the first
observed line, i.,e. the strongest line in this case,
equal to 100 units, and the intensities of the re:
imaining orders of reflection have been estimated
roughly by eye, relative to this strongest line. It
will be noticed that, say in the case of the 32 acid,
the first six orders should be comparatively strong,
end yet only the first five orders were observed on
the plate. This could probably be rectified by in:
icreasing the time of exposure. My meain obJject, how:
iever, is to show how the observed and caleculated re:
isults agree as regards relative intensity and not as
regards absolute intensity. The agreement is good
in every case.

I have assumed that the dicarboxylic acids con:
:8ist of a single chain with a carboxyl group at both
énds, and the observed intensity distributions are
found to be in agreement with such an assumption.

It has been suggested that the molecule is folded
back on itself, as it were, and that the actual form:
‘ule is one in which the two COOH groups are close to
One another; thus:-

Bl (b e ot et CH; CH; COCH
B O s b i s i CH; CH; COOH

If such were the case in the solid, then the spacing

Observed/
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observed would be that corresponding to two molecular
| layers, oppositely oriented owing to the presence of
jthe COOH groups at one end, and the actual measurement
- of the spacing would be approximately the same for
both arrangements. In the second case, however, the
intensities of successive orders would be such that
the even orders would be weak compared with the odd
orders, and would not fall off in the observed manner,
In addition the d,, d4,, and d, spacings would pro:
ibably be different if they are really counected with
the cross-section of the molecule. The conclusion
is, therefore, that the X-ray results are in agreement

with the single-chain molecule.

Diethyl Esters - GHOOC(CH,)aCOOCH,

There is only one molecule between successive
reflecting pianes, so we may represent the distri:

tbution of scattering matter thus:-

RS pd -— --3

— d >
0 0

H'CH;CH;0C - CH: CHz ~~-~- CH; CH; G +0- CH;CH; H

Fig,(8).
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s, represents the length occupied by end hydroéen atom
| 26, " " = ¥ " carbonyl group
d " - "  of one molecule.
' The centre of the carbbnyl group is distant pd from
the end of the molecule or of the reflecting plane.

It is assumed that the oxygen of the ester group
plays the part of CH, as regards scattering power,
and that the CH, groups in the CH,ends are of approxi:
imately the same scattering power as the CH, groups

in the prinecipal chain,

Let £(x) = P from x = 0 to x =&, and from x =d=-§ to x=d
f(x) = @ from x = & to x = pd- S.and from x=pd+S&to
x=d-pd-5, and from x=d-pd+ S, to x=d-&,
£(x) = R from x = pd- & to x=p d+ S, and from

x= d=pd-8: t0 x= d-pd+ds

We have to evaluate the two integrals obtained above:-

d
Iy = f‘fl!ﬁ\ cos(amwrx/d) dx

1.~ j £ sin (anrx/d) 9%

d
IP cos (amyrx/d) dx + Pcos (2TX/d) dX

Pd. 5 CL Sl d_.\.sl
Qecos (A rx/d_) dx + fQ -5 g.a.'rrx/d.) dx + J&aosaﬂfﬂfd)dx
1 d./ﬂ...ba-
Pd+d, /ml +&
Reos (anrx/d) dX. + [Rcos (amrx/d) dx

pa-8, d-pd-3;

any S lﬂ@“"‘sl/dﬂ

-
-

.-,m. [sm (a.rr'r&/d,) _ sinany cos (anrd,/d.)+ cos



=
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* .ia_]:;- I-jm any (pd - 8,)/d - Sinf@mrd/d) « sinany cos@ity (pd +8;) /d)
- cosam sim@awr(pd+6,)/d) = SINATY (pd+8,)/d
+ Sin anr cos (amd,/d) ~ cosanr .Sm(aﬂ'rs./d)
- 5in any cos (&ﬁr(pd—-ﬁ,,)/d] + cosany Sim(anr [Ipc\.«-S,_)/d)]
- E‘w% I:Sm (amy (ptsd,)/d) = Sin (amy (pol- 81)/c) +simany cas(@nr(pd-3,)/d) |
T cosanrrsin@ir(pd-8;)/d) - Smafy cos (air (de8,)/d)
' + €Os My SiM(@ny ((Jcl.+5,_)/cl)]

3l

% [2sin@nré /)]
L 2sim (@my (pad-8)/d) ~ 2 5in@nrd,/d) - 25in (anr (,ﬂc“sx}/dﬂ
* am Blsin (any (Pt+8)/d) — & SIn (anv(pel - 5;)/cl.)]

1

+

L3

Bl
afo

.%rd'} [.’l 1M La.ﬁrS,;’cL):l
- %%Y E'aﬁl'" (_3.“!‘8,/(‘1,) = 4 Cos ‘g_n’-r(‘) s”-‘(’a-rrr(s‘l/d‘)]

2 [acos anyp sim@ir§, jd) ]

+

P-a)d. .. ~-a)d
%]E 8in (amrd./d) + Q'-L%,i}— cosamv $1amrd,/y)

Similh.?'ly

]

5, 4
! I = fP.sm (@mrx/d)dx fpSlﬂ(J"T”‘/d)dlv
5 o -2,

Pd'a;. d‘;”d"sz. da
+
& dvd f&sm anrx/a) dx.
!Fism @rnrx/d)dx ﬁﬁfs’,'“ (anvx/d)dx + dMJ} /)

peled, el-pcl +3, i
+ f'R sim L:.n'rx,-‘d)cli + JRsm(anrr/d) dx. '
d~ 81, ’ d—pd—b,_

"ip% co:@.‘r‘[r&,/d) — cos ©° ¢ cosally — co5 (1'**(‘-*‘8-)/4:.{)]
5 %‘1%‘5 [u:os (afiv (pd-8,)/d) — cos@nydje) + cos (2 (cl-pd -8y)/d)

- cos (amy(pd +8,)/d + cos (anv(d-3)/d) - cos(anr (dpes&)/d)] |
r % [cos (arr (pel +82)/d) — cos (anv (pel-8,)/cl) + cos(anir (lAd +8)/d)

- cos (amr (d-pd-8y)/d) ]

Pd.
T [cos (anrd,[d) — con [21‘11‘5./(1)_]
= ?T'z%r [cos (any (pcA-8y)/d) — cos (anr 8§,[d)+ cosany cos (2 (pel+ 3,)/d)
*+ Simanr sm{anr(pd&ﬁ;)/d.) —Costam(f:d.fﬁl)/d + cos(anrd,/d)

= Cos anv cos (2 l'tf{pd-'l-ﬁ;,)/d) - $in 20y sin(2ny (m‘-"‘sz.)/&).]
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= f..% [cos[;mv( pd+8,)/d) = cos (amv(pel-B,)/d +cos Jn1'co's;(.znr(/.zd~5,_){é0=
*+ S any s (aiiv (pd-82) Jeb) ~cosamr cosamy(pel+d,)/d)
- Sin afiy smiiv (pd«8)/d) ] ‘

- 82 [cos (anv (- &5)/d) = cos@nyd,|d) + cos(amr (poked,)/cl) _
~ cos(an¥ (pck +5,)/) + cos (anv8,Jat) - cosenn(pel +5)/el) ] |
- B [eos (2fiv (A +&)]d) - cosanv(pe-3)) /&) + ces(anr (pol- 8,,)/d_)
~ cos (2ny (pets §,)/d)
= 0

Now, if we assume that (P-Q): (Q-R) and & = S,

I (P-a)d 2(P-Q)d
T v

e St @rrd/q) cos attre sin@ird,/d)

. (P-0)d

e sin@rvdi/d) { - a.cos.:mr/a}
end I, = 0
Eony < .5
i,e. F-ayd”

2
ﬂ-;?, Sin‘(.;mvé.(a) {l - a-coa:.myo}

‘For the purposes of calculation, this reduces to
5m‘(..mv8.;d_) i
| 7 (1- .a.m.',.::rrr/a)

; If we take a CHy, CO, or chain oxygen as occupying
ione unit of length and allow one helf unit for final |
iﬁydrogens, we have for a molecule of formula
- 0 0
| [1] = |
| CHy CH,- 0-8 -(CH),r &-0-CH;CH,

d*n«-g

distance from end of molecule to centre of carbonyl
|

igrOuP = 4 units

n+9

P
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Calculations,

GHPOC(CH);COOGH, n=11 d=-20 p=0°20 2nrp-rx72

sin*andyy

T afrp  xcosamvp I-2COSATD  (f-2cosamip) - I 1 5 O
11 72" 062 068 014 100 014 2

144° -162 262 690 9775 674 100
3 216 -162 262 690 9%6 645 96
4 288° 062 038 014 883 012 2
5 360° 200 -1:00 1:00 82 082 12
6 432° 062 088 014 74 010 2

]

GHPOC(CH),COOCH, n =12 d=21 =019 2nrp -r«68%

1 68 ou3 027 007 100 007 1
. 2 137" -146 246 610 978 596 81
3 205% -180 280 780 946 738 100
4 274 o014 086 074 896 (%66 9
5 342fF 191 - 091 083 838 (B9 9
0411 “326 -026 007 766 005 1

GHPOC(CH).COOCH, n=16 d-25 p=-016 2Nrp=-T~57

1 57 107 - 007 0005 100 0005 O
& 115° -084 184 338 987 334 39
3 172f -198 298 890 962 856 100
4 230° -129 229 520 924 481 56
5 287 080 040 016 879 014 2

6 345° 193 - 093 828 071 10
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P= 0-14 _2urp = rxﬁo%’

GHPOC(CH)3C00CH, n =20 4 =29

T OATYP  RcOSAMYP  1-2cos2Yp  (1-2e0s2mmp) w’l—ﬂt_:m L e
1 508 @7 -o027 007 100 007 1
2 101" -088 1:38 190 988 188 24
3 151% -1776 216 760 970 "7 96
4 202° -185 285 810 943 763 100
5 252% -060 160 256 91:0 287 31
6 303" 109 - 009 00l 870 (001 0
OHPOC(CH).COOCH, n=-28 d=37 p=04108 2mrp- r«39°
1 39" 154 - 064 029 100 0R9 3
2 768° 042 068 084 992 084 4
& 117 -001 191 65 980 358 44
4 156" -183 283 807 964 718 96
5 195° -193 293 859 942 809 100
6 234" -1a8 218 &75 9177 486 54
GHDOC(CH);COOCH, n = 32 d=41  p=0e098 2Mp - r~35
1 35" 164 - 064 041 100 041 5
“ 70° 068 082 010 995 010 1
3 105" -0862 152 261 985 228 27
4  140° -153 253 640 972 622 "3
5 175° -199 299 894 9555 854 100
6 210° -173 2n3 5 933 685 81
7 245° .085 185 B42 912 32 36
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Comparing the observed and calculated results we find

‘that the agreement is satisfactory.

Table (II) - Relative Intensity.

n=11 n-=12 n-=16 n =20 n =28 n =32

Order oﬁ&calc.ohsgalc.ob&calc.obacalc.ob&calo.obsnale.

1

2
3
4
5
6
7

Note:

10 2 o SR EIET & < M o AR ¢ RSN R ST
100 100 100 81 60 39 20 2¢ - ¢ - 1
100 96 100 100 100 100 100 96 50 44 50 27

10 2 10 9 50 56 100 100 100 96 100 73

10 12 - 9 10 2 20 31 100 100 100 100
L e e S S S e B4 SO0 B

The observed values for the 28 and 32 esters
are only very roughly approxiﬁate as the photo:
:graphs obtained were not very good. I con:
:clude from the above data that-the structure
attributed to the diethyl esters is the correct

one.
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Mono-Ethyl Esters - GHOOC(CH);COOH.

The case of the mono-ethyl esters presents an
entirely different aspect to the preceding. As was
mentioned above, I concluded from the X-ray investi:
,:gation that there are two molecules between neighbour:
:ing reflection planes. The distribution of scatter:

:ing matter may be represented thus:-

P

< d- —

Fig.(III).

In the calculation of the relative intensities of the
various orders in this series, I will make use of the
following notation:-

d = combined length of the two molecules.

8 - length occupied by end hydrogen atom.

8, = B iy " garboxyl group.

28, e 12 " carbonyl group, and the
centre of this group is distant pd from the end of the

molecule,

Let f(x)=P from x=0 to x= §
Let/
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Let f£(x)=Q from x= 8, to x=pd- §and from
x=p4+ 8, to x d/g- 5,
£(x) =R from x=pd- 8. to x=,pd+§,
£(x)= 8 from x=9/,- §, to x =4/,
from formula (2), the amplitude is proportional to:-
f f(X) cos (xmrx/d) dx

i.,e. it is proportional to:-
pd-3, ds-8s

fpcos (awyx/d) dx  + Qcosznvrx/d)dx  + Qeos (amrx/d) dx
o 8, ct+d,

,[ﬁg.os (amrx/d.) dx + _[;:_szos (amrx/d) dx.

‘St Pd" 4, -8
el o :'?wd'.'r[Sin (:.rrrx[cl)] + .?I%r I-jin ““"‘/"')]5, [sm (:.rnrx!d)] 7

F‘ 2 Az
+ % [Sm {mrx;dﬂ + %%‘- [sm (,ulrxjd)] oh-3

e :_1?1‘ [sin (gnréqd.)]

- —

2“‘\'[5“\ (amy(pd-§)d) = Sin(afvd,/d) + Sm (anv(%-5,)/d) - Sm(-‘lrrr(peh&‘][dﬂ
¥ :%l'_sm(anr(pmag;d) - SIn(.mY(ch—SL}{dJ]
* Sl @arsya) - sim (anren-8,)/a) 1
oL %\" Lsin (:.lrrS.{d}]
+ %‘%‘-[-zms amyp sm (anvd/d) - sim@ird/d) +~ sm (,Zfr‘r(df:."sg)fd.)]
+ 2 [aces amyp sim (:.wr«s_,_/d.}:{
+ Bl sin v - s (aﬁv’(dﬁ.'s.s)/d.)]
oC {%‘Yé sm(anvdi/d) + {E—';%)ri acosanvp sm(&ﬂrélfd}+%%d55n(ﬁ1’-u“*55f00)
Now when vy is odd
Amplitude

s a) el -5)d
o (P—QL am(.:mré /d) + (Ei"‘)“' 2.C051|lfp$tn(zur5dd)+(amr S (anrd;/d)
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and when r is even

amplitude. Jel
[ - -s 6
o« P;ﬁ»d' Sm(anvé,[d) + (nglat acos anrp 5‘“(1"-‘51!d)'@:;_ﬂr s (2 vds/ct)

If we assume that (P-Q) = (Q-S) =(Q-R) then the

amplitude is propértional to
(P;:r}‘i [5111 :.ﬂr&/d. - 2cC6511tY0 sim (:.r.nr&]d) * Sm (:I.ﬁr&s,fd)]

according as r is odd or even;

and putting S‘ s g, = 33/; we have:-

P

amplitude o« %%)ﬁ Smanvd, /d) [l-a’-wﬁ any x 2eos CJ“"S'M]

according as r is odd or even.

Since in these compounds ‘g‘/d is very small, we may
put 2 cos (anrSfd) = 2

Hence amplitude « (E‘-;%‘- Sin @26rd, [d) {z,azce:..mrp}

when r is odd

(E;i%%é Sim@avdifa) {1 + :.ccs:zﬂv/o}

when r is even, so that the intensity is proportional

Sm*(aw v, /d) 2
to L‘;:—(— (S—Qcomﬂrp) when r is odd

sm*(anvd,)d) when r is even.

Y:L

In caleulaping the relative intensities, I will neglect

Sm?* (,.‘l.nré.]c\.’
-.rl.

(1 + 2cosanvp)?

the factor It involves & gradusl
decrease in the values given below as r increases.

If n is the number of CH, groups in the principal
chain and we take a CH,, CO, or chain oxygen atom as
%Ccupying one unit of length and allow one half unit

for fingl hydrogen, the total length of the molecule
is/
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|
is n+6, and since d now represents double the length

' of the molecule d = 2n+12, &,= % and pd = 4.

Hence P ’i%:ia

Calculations.

GHQOC(CH) ,CO0E n =12 d-86 &/d-1/pp p=0-111

r 2Wrp  2cos2nrp JT ¥ Lo
1 40° 153 147 216 10
2 80° 085 135 182 8
3 120° -1:00 400 1600 70
4 160° -1-88 088 on7 3
5 200° -1:88 488 2381 100
6 240° -1:00 000 000 0
7 280° 085 265 %02 28
8 320° 153 253 641 24
9 360° 200 100 1:00 3

GHOOC(CH) COOH n-16 d-44 &a=1/gg p=0.091

1 33° 168 132 174 7
2 66° 081 181 328 14
3 99° - 081 31 1096 45
4 132° - 134 034 012 2}
5 165° -192 492 2440 100
6 198° -190 090 081 3
7 231° -126 426 1820 75
8 264° -021 221 1:46 6
9 297° 091 210 440 18

It is seen that the even orders are very weak compared
With the odd orders, as is actually found by experi:
iment, Such & distribution of intensity is of common

Occurrence, and is shown by the fatty acid series and
the/
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tge alcohols which were investigated by Shearer.
The agreement between observed and calculated
' results is good, as is shown by the following table:-

Table (III) - Relative Intensity.

n = 12 n =16
Order obs. calc. obs, cale.
1 20 10 ? 7
2 10 3 8 10 14
3 20 70 60 45
4 10 3 0 1
5 i 100 100 100 100
6 0 0 X 3
7 20 28 55 75
8 10 24 0 6
9 0 3 10 18

Note: 1In the 16 ester the first order reflection was
obscured by the blackness produced on the plate
by the undeflected X-rays.

The assumption, based on the results of the measure:

‘mént of the spacings, that there are two molecules

between successive reflecting planes and that these

two molecules are oppositely oriented leads to inten:
81ty distributions which are in good agreement with
those actually found, thus affording strong evidence

in favour of Shearer's theory.
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Following the completion of the work on the
dicarboxylic acids and their esters, it was suggested
that I should study the crystal structure of some
acids of a different type. Up to the present I have
investigated series of compounds in which the distance
between the terminal carboxyl groups has been in:
icreased, in going up the series, by the introduction

of CH, groups, one at a time. In this later work

it was thought to expand the molecule laterally in:

:stead of longitudinally, i.e. to increase the size
of the molecule without altering appreciably the
distance between the terminal carboxyl groups. With
this object in view I prepared & number of mono and
di-alkyl malonic acids.

COOQH COCH

CH,- (CH),;%‘;-(CH,_),;‘ CH, CH;(CH),: El}-H

COO0H COOH
where m and n have the values 0,1,2,3,4,and 7.
All the acids were prepared by the same general method
With modifications in certain cases. The method
employed was the well known 'Malonic Ester Synthesis'
Which was devised by Senrnd

The details are as follows:-

Sodium ethoxide was first prepared by dissolving
Bodiufl/

‘Annalen, 1880, 204, p. 134.
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sodium in absolute alcohol in the proportion 23 grams
Na to 250 grams alcohol. Whilst the product was‘
still slightly warm one molecular proportion of
diethyl malonate was added. After a time a white
crystalline body (sodium ethyl malonate) separated
out and the whole solidified. To the solid mass
was added excess of alkyl iodide. The mass softened
and soon completely licuified with evolution of heat.
The product was heated on a water-bath and became
turbid from the separation of NaIl in the form of a
fine powder. When the liouid ceased to be alkaline
the reaction was complete (about 14 hours). The
aleohol was distilled off from a brine-bath. On the
eddition of water to the residue the Nal dissolved
and an oil separated out. This was extracted with
ether, dehydrated over CaCl, and distilled.

CH, (COOC4Hys ), + NaOC,Hs = CHNa(COOC,Hs ), + C,HsO0H

CHNa(COOC,H;), + RI =CHR (COOC4H;), + NaIl
R represents an alkyl radical.
Hydrolysis., The esters prepared as above were
hydrolysed with strong agueous KOH., The product was
diluted with water neutralised with conc.HCl. and the
free acid precipitated as the calcium salt with a
Strong solution of CaCl,. This was filtered off,
dissolved in conc. HCl. and the free acid extracted

with/



61./

with ether. The ether extract was dehydrated over
anhydrous Na,S0,, and the ether evaporated off leaving
the acid in the form of a syrup which solidified when
cooled. This was redissolved in water, boiled with
animal charcoal to remove colouring matter, and
evaporated to & syrupy consistency. The colourless
acid erystallised on cooling. The acids were purified
by repeated crystallisation from benzene, ligroin etac.
until they gave & sharp melting point,

The dialkyl malonic acids were prepared by the
same method, the starting substances being sodium
ethoxide, & mono-alkyl malonic diethyl ester and an

alkyl iodide.

~C00C, Hy _—~000C, H;

R-CH + C,H,ONa =~ R-C-Na + C,H,0H
NC00C, Hy S =000C.H;
,C00C, Hy " ’/'00004 Hs

R-C-Na +R'I = R-C-R + NaI
~C00¢, Hy S~ cooc, H,

Following is a list of the acids prepared together

with their melting points:-

| Acid M.P.C.

| Methyl Malonic Acid 131-2
Ethyl " " 112
Dimethyl " L 192

n-Propyl " " 94°5

Isopropyl/
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Acid. M.B.C.
Isopropyl Malonic Acid 8645
Methyl Ethyl " I 118+5

n-Butyl 4 it 101.5
Isobutyl i i 1055
Diethyl i & 127
Methyl Propyl" ¥ 101.5
Ethyl Propyl " Y 114
Dipropyl " s 155.5
Ethyl Butyl " " 114

n-Heptyl " i 96425
Dibutyl i " 160

In addition to these I have been able to investigate
Specimens of mono and di-octadecyl melonic acids
through the kindness of Mr. N. K. Adam.

Mono-octadecyl malonic adid 121-122-3

di-octadecyl malonic acid 95-5

The acids containing a methyl group were the

most difficult to prepare. The methyl group did not
enter readily into the molecule, and only & partially
methylated product was obtained. For example, in
Preparing methyl malonic acid from diethyl malonate
and methyl iodide, the final product before
hydrolysis consisted of a mixture of malonic ester

and metlhyl malonic ester in which the first of these

was /
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was in excess. The two esters could not be separgted
'by fractional distillation as their boiling points
'were practically identical. The reason for the non-
entrance of the methyl group into the molecule seemed
' to be that the heat produced by the ineipient action
of the CH,I on the malonic ester expelled the remain:
ting CH,I from the flask in spite of the fact that
the reaction was performed under reflux. Methyl
iodide is of course extremely volatile. To ensure
a fully methylated product the ester was treated
several times with excess of methyl iodide. This
method proved satisfactory.

In evaporating off the ether from the acid in the
final stages of the preparation, care had to be taken
not to overheat, since alkyl malonic acids tend to
decompose into fatty acids with evolution of CO,.

Methyl Iodide was prepared by the double decom:
‘position of Potassium Iodide and dimethyl sulphate.

(CH,), 80, + 2KI 2 2CH,I « K, 50,

- Ethyl, Propyl, and Butyl iodides were prepared from
the alcohol, red phosphorus, and iodine - the usual
laboratory method.

U-heptyl iodide was prepared by passing pure dry
hydriodic acid into n-heptyl alcohol.

The melting points of the pure compounds were

determined/
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determined with accurste thermometers.

In the section dealing with the dicarboxylic
acids I mentioned malonic acid and succinic acid.
These two, and particularly malonic acid, show little
resemblance in their X-ray photographs to the other
members of the dicarboxylic ascid series. The malonic
acid photograph shows 20 lines of different intensity.
It is obviously impossible by an examination of this
plate to say which line corresponds to a certain
atomic distance in the ecrystal. Only & complete
analygis of the malonic acid crystal could enable us
to determine its exact internsl arrsngement. If we
represent malonic acid, as & member of the dicarboxylic
acid series, thus:-

COOH

c,

EOOH
We would expect its crystal structure to resemble
that of thé other members of the series. We can be
reasonably certain, both from X-ray results and also
from the physical and chemical nature of the substance
itself, that it does not have the sabove structure.
Its melting point does not lie on the curve for the
0dd dicarboxylic acids. The two carboxyl groups are

only/
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only separated by one CH, group, hence we would expect
that any attractive force which one carboxyl group
may exert on the other will be much stronger than in
_the case of the higher dicarboxylic acids. This
:attraction will tend to deform the molecule from the
' structure of the dicarboxylic acid series. In ad:
idition, when malonic acid is heated it decomposes,
one of the products of decomposition being carbon
suboxide C,0, . This involves the splitting off of
two molecules of water. For this to take place the
molecule would require to be compact and something

of this nature é

il
¢
o oH
H-C-H

\\\g,oﬂ

Q
in three dimensions., Considerations such as these

show the futility of trying to correlate spacings
obtained from the photographic plate with atomic
distances in the crystal. Although malonic acid is
not comparable with the dicarbomylic acids, I thought
I might be able to obtain some idea of its structure
by pomparing its X-ray photograph with those of some
closely related compounds such as tartronic acid
(Hydroxy malonic acid), methyl malonic acid, and
dimethyl melonic acid. In the following table I
give/



give the spacings calculated from the lines obsetrved
on the photographs of each of these substances.

To the eye their photographs do not resemble that of
malonic acid in the slightest. The introduction of
& simple group into the malonic acid molecule seems
to destroy its structure completely. Neither do the
three last-mentioned substances resemble each other

to any great extent.

EH}{ZOOH CH,_CCOH HO, £OOH CH,, COOH
¢ g

COOH H” ‘cooH H COOH cH, COOH
5 71 AU 5 14 5 45 6 62
5 25 4 65 5 24 % 00
5 12 Z 46 Z 41 Z 97
Z 79 4 40 Z 77 Z 72
4 44 4 02 S 44 4 45
4 29 3 69 3 36 Z
4 18 3 53 3 24 3 88
3 97 3 32 3 04 3 41
3 85 G Z 99 % 06
3 M 2 84 2 99
3 60 2 1% 2 84
3 56 2 69 2 7
3 32 2 64
3 00 2 48
2 86 2 31
2 78
2 73
2 70
2 53
2 35

The strongest lines are underlined.

As will be seen from these values, there is very
little similarity emong the four substances.  Among
80 meny lines it is impossible to pick on any one and

ettribute/



67./

attribute it to a certain atomic distance in the .
orystal. A spacing of about 4-4 LU seems to be

common to all four substances.

I will now consider the mono-slkyl malonic sacids,
teking as my example propyl malonic acid.
COOH
CH,-cHa-CH&-EH
éOOH
Whet will be the effect of the introduction of a
Propyl group into the malonic acid molecule? First of
all, the distance between the two carboxyl groups
has not been materially affected. They are still in
& position to attract each other, hence it seems
reasonable to assume that the molecule will be of
this nature.
,LO00H
CH4 CH,- CH,- CH
COCH
in three dimensions.
Now if we replace one of the carboxyl groups by
& hydrogen atom we obtain the molecule
CH, CH, - CH, CH, COCH
This is obviously a member of the fatty acid series,

namely, Valeric Acid. The lower members of the

3
fatty acid series were investigated by Gibbs, who
found/

1
: J.C.S, 1924, vol. 125, p.2622.
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found that they have the crystal structure character:
iistic of the higher members of the series, examined
by Mtiller (loc.cit.). In the fatty acid series,
successive reflection planes are separated by the
length of two molecules which are oppositely oriented

thus: - CHg

The molecules are held together by the attraction of
the chemically active carboxyl groups. Propyl
malonic acid as we formulate it on paper differs only
slightly from valeric acid, and we might expect that
its crystel structure would be similar and its priﬁ:
icipal spacing would be very nearly equal to that of
Valeric acid, assuming that both compounds have the
Same chain arrangement. Further, in virtue of the

two carboxyl groups attached to the end carbon atom
in/
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in propyl malonic acid, we might say that the_at:
itraction of one molecule for a second molecule would
be even stronger than in the case of the fatty acids.
On the other hand the two carboxyl groups in one
molecule may hutually satisfy each other and so
guccessive refleétion planes will be separated by the
length of one molecule only,

The results of the X-ray investigations of the

r-mono-alkyl malonic acids are as follows:-

Acid M.P.T. dAu.  d, d, d, d,
4-09

C,H,CH(COOH), 112 7.36 4.00 4-42 2-94 4-31
4.02

C,H,CH(COOH), 94°5 8+70 3-93 4-42 2.93 4-31

C, H,CH(COOH), 1015 9.83 3-99 4-44 - 4-33

C,B,CH(COOH), 96+25 12-78 4-16 - - 467

C,H,CH(COOH), 121-122-5 25-59 4-25 369 - =
Many lines other than those given above were
obtained on the plates but these are the most promin:

ient, In every case the d, line is the strongest.

The 4, specing increases with the number of CH, groups
Present, and the increase per CH, group is 1-0-1-34U.

I submit, therefore, that this spacing is a measure

0f the length of the molecule, and that there is only
IOHe molecule between successive refleqtion planes.

This receives support from a comparison of the d, values
8lven asbove with the d, values of the corresponding

fatty/
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fatty acids.

Acid d, d, d, d,
CyHs -+ CH,+ COOH 9-65 4-09 3:65 3-45
CoH,- CH,* COOH 10-16 = = “ :
C:Hy CH,- COOH 14:60 4-14 3+65 347
¢, H,z CH,* COCH 22-90 4-22 3-7T1 3.48
C,oHgy CH,» COOH  aboutd3+30 - = -

It would appear that the malonic acids have a differ:
ient chain arrangement from the fatty acids. It is
possible that the mutual attraction of the two carboxyl
groups at the end of the malonic acid molecule tends
to cause the hydrocarbon chain to straighten out as
compared with the fatty acid chain, in the low members
at least.” As the substituent group becomes greater
the molecule will adopt the.characteristic chain
structure. This would account for the diminution
of the valuelof %% as we move up the series. It
would seem that my suggestion that the two carboxyl
groups mutually satisfy each other is correct. This
brings us to the question of the nature of the ;hemical
activity'of & carboxyl group. The carboxyl group
is termed an unsaturated group, or, in other words,
the valencies of the constituent atoms of a carboxyl
group are not completely satisfied. Hence in the
fetty acids one molecule is attached to the contiguous

molecule/

or inclinal’.nm;. of chain [6 novmal fo cleavage planes is smaller,and
incveases as we Qe up rhe serics .
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molecule by these partial valency forces, or, to use
a8 more modern expression, the molecules are held to:

igether by the forces of residual affinity.

. (o T 0 B——"9
: : e 7 ---ljo - 6———}‘(:
| ~oH HO “oH HO

| In the malonic acids where there are two carboxyl
groups attached to one carbon atom we would expect

something of this nature:-

P R

¢

£ /[0

B e — o 0 i |

N N
“NoH Nox

I do not suggest that these formulae depict what
really takes plasce, but I have formulated them on
the lines of the recent ideas of chemists. Formulae
of this type, however, serve my present purpose,
Which ig to attempt to give an explanation of the
fact that in the fatty acids there are two molecules
and in the malonic acids only one molecule between
Successive reflecting planes. It seems reasonable
to conclude that the terminal carboxyl arrangement
in the malonic acids will be different from that in
. the fatty acids.
The d,, d3, 45, and dg spacings remain constant
' in the lower members. The photograph of octadecyl

| malonic/
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malonic acid is much simpler than the lower members

of the series and its side spacings differ frbm those

of the lower members, This is not surp_rising, since

we would expect the chain to undergo a quite apprec:
:iable change in passing from the lower members of a

gseries to the higher members. In the following

graph, the 4, valmges are plotted against the total

numher of carbon atoms in the molecule.

Spacing (d) AU

10

10 a0 25

Total No. of Carbon Atoms
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The X-ray photograph of dioctadecyl melonic acid
'is almost identical with that of mono-octadecyl
;malonic acid. The d,spacing is exactly the same,
BBat tue side spacings wre slightly different. Also
the distribution of intensity in the several orders
of reflection from the long spacing planes in the two
photographs is slightly different. It would appear
then that in the dioctadecyl malonic acid molecule the
two C,H,, groups are paresllel to each other, thus:-

CHy CH,"CHy -m--mmemmmemmm oo “CH,- CHy ,COOH

CHy* CH,* CHj =----emeecmmccean- -CH,- CH{ “COOH

In the consideration of other possible structures
I will tske as my example dipropyl malonic acid.

COOH
CH,» CH,~ CH> é * CH,* CH,- CH,
éOOH

The molecule as given above is a normal hydrocarbon
with a chain of 7 carbon atoms in which the two
hydrogens attached to the central carbon atom are re:
tplaced by carboxyl groups. If this were the struet:
ture of the molecule in the crystelline state, then
the spacing associated with the length of the molecule
vould be compsarable with that of n-heptane
CH,- CH,* CH,* CH, CH,* CH,» CH,.  The higher members of
Tthe hydrocarbon series have been investigated by
Miller (loc.cit.) who found that successive reflection

planes/
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iplanes are separated by the length of one mblecule
!and that the increment in d, for the addition of one
iCH4 group was on the average 1:3 ﬁU. n-Heptane,
:being liouid at ordinary temperatures, was not one of
lthose investigated. From the d, spacing of the
Iihigher members, however, we can arrive at a rough idea
of what the d, spacing of heptane should be - about
iD= a1 AW, As the results will show, there is no
spacing in the dipropyl melonic acid crystal as large
as this, Further, on this reasoning, dioctadecyl
malonic acid should have a d, spacing of about 50 AU
- which is not observed. Hence this cannot be the
structure of the dialkyl malonic acids. The presence
of the two carboxyl groups attached to the same carbon
atom would, I think, preclude the possibility of suqh
a structure. The two carboxyl groups in virtue of
their residual affinity will attract each other.
What will be the effect of this attraction on the re:
imaining two valencies of the carbon atom to which they
are altached? My suggestion is that the structure of
dipropyl melonic acid will be of this nature:-
CH,
SOH,
“NCH, _COOH
>0y
_~CH, COOH
Cﬁch,
and /
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' and since the length of dioctadecyl malonic acid is

ecual to that of mono-octadecyl maslonic acid, I would
add that the angle between the alkyl groups will

diminish as their volume increases. For example,

idiethyl. dipropyl, eand dibutyl melonic acids may be

represented thus:-

Dielhyl. Dipropyl Dibulyl.
(The carboxyl groups are marked in red and the alkyl
groups in black).

In the following table are given the principal

:apacings for the disubstituted malonic acids in which

the two alkyl groups are the same:-

Acid dy d,
(Dimethyl malonic acid 4:97  4+45)
Diethyl " " 6:02 5-30
Dipropyl oy P 7:90 650
Dibutyl I 9.21 772
Dioctadecyl " g 25+59 -

The d, speacing for dipropyl melonic acid was very
faint. Apart from this one exception the d, and d,
lines are of almost equal intensity in every case.

It will be seen that both spacings increase as we go

up the series, and, further, they increase by an amount

Which/
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which leads me to conclude that they are directly connect:
:ed with the length of the molecule. It is impossib1e|
to say with certainty what crystal spacings d, and d, }
really represent, but it is reasonable to assume, in f
virtue of the magnitude of the d, spacing, that 4, is &l

measure of the total length of the molecule.

? i

1 ]

| I

| l

| 1

| 1

T dj._hl
The interpretation of the 4, spacing is a matter of coni
:siderable difficulty, for we do not know the nature of|
the packing of the atoms in the crystal molecule, nor do

|

we know the angles between the four groups attached to |
the central carbon atom (marked in red). The increase!
in d, from diethyl to dipropyl malomnic acid is 1-2 AU
and from dipropyl to dibutyl 1.22 iU, hence from the
equality of the two values d, may be connected with the
length of the alkyl group. The increase in d, as we
80 up the series is not constant, This is what we

Would expect if my suggestion that it represents the

length of the molecule is correct, for in the lower

dialkyl malonic acids the angle between the alkyl groupé
! i
Will vary from compound to compound. Also, from the |

ﬁtructures I have given to the three dialkyl acids
(page 75) we would expect that the difference in d,

between mono and di-ethyl melonic acid would be greater

;than/
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than that between mono and di-propyl malonic acids,
which in turn would be greater than that between mono

and di-butylmalonic acids. This is actually what is i

found.
Acid o Al difference

Ethyl Malonic Acid 7.36) 150 |
Diehyl " " 6-02)

: Propyl 7 " 8+70) ;

| Dipropyl " n 7+90) 0n80

.:' Butyl " 5 9.83) 0-63

'- Dibutyl " L 9+20) i

%The d, spacing, characteristic of these low members of .
'the series of dielkyl melonic acids, has disappeared byl
the time we reach dioctadecyl malonic acid, ig which the
angle Wetween the alkyl groups seems to be prsctically

zero, i.e. from the equality of the d, spacings of mono

end dioctadecyl malonic acids. |

To summarise the preceding, in the dialkyl malonic|
acids successive reflection planes are separated by the

length of one molecule. In the higher members of the i
series the two alkyl groups are parallel to each other |

|
but in the low members they diverge. The smaller the |

alkyl groups, the greater the angle between them.

. I heve prepasred several di-alkyl malonic acide in
'Which the two alkyl groups are different, and investigaﬁed
‘them by means of X-rays. In the following table the

results of this investigation are given, together with

|
I .
ithose/ ‘
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those of the dialkyl malonic acids in which ﬁoth alkyl
groups are the same. I have included the ﬁrincipal
spacings of methyl malonic acid whose photograph

| resembles the members of this series. If we regard it
a8 methyl hydrogen melonic acid it may be included under
the heading of disubstituted malonic acids. These

acids seem to fit into the scheme outlined above.

Acid. a, Au d, |
| Methyl Melonic 465 4 +40 '
| Dimethyl 1 497 4445
| Methyl ethyl " 5+50 4.95 |
| Methyl propyl" 5+84 495 |
| Diethyl ¥ 602 530 |
. Ethyl propyl " 6 +40 5-78 |
' Ethyl butyl " 694 6-17 3
| Dipropyl i 7-90 6450
i Dibutyl b 920 772

As before the angle between the alkyl groups will vary |
| with their respective volumes. The side spacings
obtained from the plates, as would be expected from theI
nature of the substances, show little regularity, and
no advantage could be obtained by their inclusion in
this thesis. |
I do not think I would be justified in attempting
& further discussion of the meaning of the d, spacing.

The informetion obtainable from the photographs of the

low members of the dialkyl malonic acid series is not
\sufficient to permit me to arrive at a definite con:

|tcelusion. We can be reasonably certaiy, however, that!

14 /
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{d; line from the other lines on the plate, and it is

|
|alkyl groups are different.

79./

d, and d, are connected with the length of the molecule
and the results obtained 2re in agreement with what was
suspected from the examinetion of dioctadecyl malonic |
acid, namely, that successive planes are sepsarated by
the length of one molecule.

A similar situation was experienced by Gibbs in
his investigation of the lcwer members of the fatty

acid series. He found itdifficult to distinguish the

guite possible that the d, values given for the lowest
members of the series are not really a measure of the
length of the double molecule.

Before leaving this problém, I would refer to an
interesting point. If we consider the melting points
0f the dialkyl melonic acids, it will be seen that the
acids in which the two alkyl groups are the same, have

much higher melting points than those in which the two

|alkyl groups are the same will be symmetrical in char: |

|iacter, while the others will be in a distorted con: |

The acids in which the twg

idition. This lends support to the view that the melt:

| +ing point is determine&f%y the forces within the mole:

‘cule and the forces between molecules.
I have investigated two branched chain mono-alkyl
malonic acids - namely isopropyl and isobutyl malonic

acids -/
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|

]acids -
COOH CH, __COOH |
/
R om. cH-CH; GH |
cf, = "~COOE oE, ~CooH |

It might be considered that these two substances bve: 1
:longed to the serieg of mono-alkyl malonic acids and

|

that 4, for isopropyl and isobutyl malonic acids would |
be less than for the corresponding n-propyl and n-butyll

acids. This is not the case, however. The photograp?s
iof the two iso-acids do not resemble those of the mono—?

'alkyl acids in any way. Neither do they resemble eachi
other, In the isopropyl malonic acid photogreph there |
are four distinet orders of reflection from the principal
Sspacing planes, and their intensities follow the order

1st » 2nd » 3rd » 4th. These lines correspond to a spacing

in the crystal of 10490 iv. The 4, spacing of normal

propyl malonic scid is 8-70 EU, hence it would seem thar
if 10.90 AU is a measure of the length of the chain,it |
represents the length of two molecules. The prinoipal|
|line on the isobutyl mslonic acid plate corresponds to |
& spacing of 4.64 Au. These two results, while convey:

ting little in themselves, establish the fact that the

structure of the crystals of the iso-compounds is very |

|
different from that of the notmal compounds. |




The Distribution of Intensity in the X-ray Spectra
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of the Mono and Di-alkyl Malonice Acids.

In the succeeding pages I will apply Shearer's
Theory of Intensity Distribution to the mono and di-
alkyl malonic acid series. These series are different
from any that have been previously investigated. In
their distribution of scattering power they resemble ‘
the fatty acids with the difference that,in the present

problem,successive reflection pleanes are separated by

the length of one molecule only.

e 84,——-" !

s

|

i

E |

e d > ;
HeCH;CHy CHyCH; m-m=mommmmmmmmmm CH(COOH),

(Fig. 4.)

}The distribution of scattering power in both series may

' be represented as in the above diagram. The only

difference in the two series, i.e. mono and di-alkyl
acids, will be the value of the ratio %E%
Let 4 represent the total length of the molecule
p 31represent the length occupied by end hydrogen atom
X Sarepreseﬁt length occupied by the 2 COOH groups.

The method of procedure is the same as in the case

of/
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of the dicarboxylic acids and their esters. We have
to evaluate the two integrals given previously.

1= J;f(x)cos(zn'rx/d)dx

jf(!)sln(zﬂ'rx/d)dx I
let f(x) = P from x =0 to x=£>. |
" f(x)=Q " x=810x= d-9,

" Plx) » R " xmi-Stox= @

) a3, d
I= j cos (amrx/d)dx 4 LD. cos (amrxfd)de  + fR cos (amvx/d) dx .
-]
= ‘%*‘; Sin L:m‘r&;d) + I ad = Sin(amr( 6ly¢) - 5m (;ﬂﬁg‘/d]_. v Sin(aity (c-8y)/d)
= B
T~ S [ﬂ-l"f&/d’ = """ am (-'T-Tfslj'd) - _.“fb Sin (am ¥§ ;'cL) . 2“\_ 5‘“(;“\«84‘:1,

Q&‘E‘?f‘— Sm (Sl.nr&/d,) = @:&—4

any . S (anrd,/d)

-3, o
fPﬁm (anrx/cl)dyx + fasin (amrx/cl) dx + fﬂ sin (2pvx/d) dx.
-8,

= o Y
= Tamr cos(;‘“rs‘/d‘) % .‘:cr}\ 0 ﬁ"%’ C“S(ﬂm’(d*aﬂfd) - _%"’:.-COS(MTal/d)

i e?%f = i’%’{ cos (anv(d-82)/d)

- P
v cos (2nvSfa) + Fh — 8 cos(amrayt) + L eos (anvdijel)
Rel Rol i
~zm * Zay €05 (28, /d) - S 1,%%, |

= (Y:;T—?%i (l~¢os (aﬂr&./d)) + @—&)g'(l - cos(zzlrrél/c{))

anr

It now remains to decide the relative values of P-Q
and Q-R, and also of & and &,
Consider first an acid such as octadecyl malonic
acid - ,COOH
H-CHyCHz----m-eomommm- CH; CH, HOOH |
P-Q = 1-14 = 13
Q-R = 14-90 = 176

The excess of scattering matter at the one end of the |

molecule/
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For purposes of caleulation this reduces to

If we allow 1 unit for a CH, group, & unit for final

hydrogen, and 2 units for the terminal double carboxyl

83,/

molecule is about 6 times the defieit at the other.
In the dicarboxylic acids, the length of the terminal

carboxyl group was made equal to 1} units. This value,

of course, is quite an arbitrary one.
Let us assume that in the present problem 5(P-Q)=

(@-R) and 8. = 4
Then I,-= %[&m@nv&f&) -5 Sm(snréuu)]
1

I, - (-‘limi[__g - cos (anvdifd) ~ 5coscsrrr8./¢)]

anr

To simplify the working I will substitute x for 2mré/a

then 8nrd/d = 4x.
_a:\.dx
I; = (EI;?'?}T [Si"n"x - 10 Sinx SiN4x + .;ssm"s,n_-]

. (P-oyd?

=3
Is = Ayl [36 ~ ldeos K ~ B0 cOSAX + cos?x +a5co5%4x + (O €oOsX cosz.u]

p-ayd’
It+I2= LZ}T(’!%: O - (2cosX - BOcosax + 10(cosX cosAK — SINXSINAX )

(p-a)*d*

ANIVE [ﬁl = ldcosR - 60 consx + 10 ca.s.sx]

—m\al:
‘%ﬂ. [bi — B ecosk ~ 30 co34X + Scos SK]

"

Intensity is proportional to I, « I; , i.e.

Intensity « @é%?;é' [51 -6 cosx - 30cosak +5cossx]

31 - 6 coslanrd/d) - 30 cos(sm&{d) + 5 cos (0Nd/d) i

‘,2.

group/ !



2rrd)fd = r=8° 22"

1 g’ 22
f_ 2 16" 44
'3 25 6
i 4 33" 28’
5 41° 50'
s 50° 12

grrd/a =r<33 28

593"
5746
52434
5006
4+472

5-842

84,/

Octadecyl Malonic Acid CH¢(CH),CH(COOH),d -
10mrd/d = r=41° 50

25403 313
11-75 055
- 542 =9~18
- 20-78 -4-88
~ 2927 =437
-28°04 =307

10rrd&/d = r=85°" 40,

T amrd/d 6 cosanrSjd  30cosEMYd/d ScosoTrdjd, L

1 17°8 5734 10°+98 038 1467
2 34° 16 4-959  -21-96 -4-94 10+76
3 51° 24 B+n44 -27-05 -1-13 591
4 68 32’ 2+196 2+16 477 1+96
5 85" 40 0-454 28+63 185 0-15
6 102° 48" -1-329 18+80 -4+50 0-25

1
13,

0o

576
S+ 51
8-09
2°62
206
148

group, then for Heptyl Malonic Acid CH;(CH)sCH(COOH),
d = 108 ¥d =1/5), 2008/d - r<17°8, 8mrd/a - r.68° 32

Lo,

100
73
40
13

8- Yas

100
93
82
70
55
39

]

Comparing these calculated results with the results

:Observed from the plates, it is seen that the Buccessivé

lorders are in the correct order of intensity, if not Ofi

the exact relative magnitude.

tiently good, however,®’to justify the structure which

I have attributed to the acids.

|
The agreement is suffic:
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diagram (Fig. 4.) will represent the distribution

acids, but the ratio P-2:9-R will be different.

Heptyl Malonic Acid. Octadecyl Malonic Acid.
Order. Obs. cale. obs. calec.

1 100 100 100 100

& 40 73 90 93

3 9 40 70 82

4 - 13 30 70

5 = s 10 855

6 - - 10 39

Consider, now, dioctadecyl malonic acid. The sam

of

scattering power. The relation between S, and O

will be practically the same as in the mono alkyl malonic

The

| first part of the calculation is the same as before,

'and we obtain

P-Q

: @-R)d
I,- ('3:;%51" sin(anrd,/d) -

(‘::'_Tr)":_ S M (20rd,/d)

I, - @8 oq i) + &R (1- cos ani/a))

|let us assume that 2(P-Q) = (§-R) and &,= ad,
J

then I, = %}@E [sin (anvd/d —a_sin(ST‘r‘é.(ct)]
1= %%m [6 - cos (AUrd/d) ~ L eas (anv, /d)]
o= @%‘: [Sm‘x — Asmx SIMAX + 45m* 4-::]
I; = @T‘.??%‘—i[y - 6¢osx — — lACOS4XK + COS X+ 4eas™AX + 4 coS5X cosA.xJ
.I L e %1[‘4 ~Bcosx - Ixcosax + 4 (eosx cosqx —amxm:upc)]

|
| = (P~
TATL ET =3 cosx — Bco3ax + 2 cos SKJ

| Intensity is proportional to I's+ I, i.e.

i -Q)*d*
| Intensity o %3?: [7‘—5cosx - 6Cos AX +;e.cn55x]

‘For/

|
c
|

|
[
ic
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For purposes of calculation this reduces.to -

7- 3cos@nvd/d) = 6cos(8nrd/d) + 2cos (1onvd/d)
e i

If we attribute the same values for final hydrogen,
CH,, and terminal double carboxyl group as in the

previous case, we have for dioctadecyl malonic acid

CHg (CH,)
>y (coom),

CHy (CH)Z

d = 21%, &8/d= Vas 2nrd/d = r~8°22, 8mrd/d - r~33° 28,

10nrd/d - 41° 50.

r d“‘”ﬁs-/d 3 cosanrd, 4 Bcos8Mdyd 2cosionvdyq L e
| g 22 2-969 5<01 149 0511 100
2 1644  2-873 235 0-22 0-499 98
3 25" 16 2-717 1-09 1-27 Q¢ 456 89
4 33' 28  2-503 415 1-95 0°419 82
5 41° 50° 2236 585 1-75 0355 69
6 50" 12 1-921 5+61 068 0-278 54

Comparing observed and calculated results, the
agreement is again found to be satisfactory.

Dioctadecyl Malonic Acid.

Order. obs. calc.

i | 100 100
2 100 98
3 90 89
4 80 82
5 - 69
6 - 54
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General Conclusion.

The results of the X-ray investigation of these

five series of compounds have yielded additional support

to our general conceptions of the nature of aliphatic
organic compuounds, While the experimental method which!

has been used shows strikingly that these aliphatic

compounds exist in the crystal in the form of long chain%,

it does not tell us the exact structure of the compounds.

We do not know the structure of the chain of CH, groups, nor of the
terminal groups. Different series would appear to have

different chain structures, but it is difficult to see

why two compounds of different series, both consisting

in the main, of & chain of carbon atoms, should differ

s0 appreciably in their chain structure. From a review:

of my own work and thet of others, I consider that, in

gpite of the observed differences in %%’ for different

it |

series, there is one general type of chain which is com: |

:mon to 811 series., I do not think that the tetrahedral

angle is rigorously preserved in these compounés but thht

the angle between the lines Joining the centres of adjac:

Eent atoms will vary progressively along the chain, the

S ; . !
Yariation being very gradual. A possible reason for
|

this is given in the text (page 27.). On this view the

increment in 4, per CHagroup{rsﬁu) in the hydro-carbon
beries is not so strange as was thought at first.
In addition, the idea, coneeived by Muller and Shearer,

that/
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General Conclusion. Contd.

that the inclination of the molecules to the cleavage
planes is different for different series, seems to me

to be an excellent one, A combinstion of these two

ideas would seem to gover the observed facts in all the
series of long chain compounds so far investigated.

The case of the fatty acid esters is not quite comparable
since the chain of CH, groups is broken by the insertionl
of an oxygen atom. In this series the acid part seeuns
‘to have a different chain arrangement from the ester part
end it is most reasonable to attribute this to the oxygeh
atom in the chain.

The interpretation of the photogrephs of the low
members of a series is much more difficult that that of |

the higher members owing to the incresased complexity of

the photographs and a departure from the structure char:

sacteristic of the higher members of a series. This |
is particularly the case with the lower members of the

Eialkyl malonic acids which contain two hydro-carbon
chains. -The main interest in the two series of malonic
acids is the fact that we have molecules possessing chemt

tically active terminal groups, and yet successive reflec:

ttion planes are separated by the length of one molecule

only.
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Summarx.

Five series of compounds have been investigated
' by X-rays; in the series of normal saturated dicarbox:
:ylic acids successive reflection planes are separated
by the length of one molecule. In the dietheyl esters
of these acids there is only one molecule between suc:
:cessive reflection planes, while in the moneethyl
esters the distance between successive reflection planes
corresponds to the length of two molecules. In the
series of mono and di-alkyl malonic acids successive
reflection planes are separated by the length of one
molecule. The first mentioned series and the last
two are of particular intgreat in view of the fact
that though they possess chemically active terminal
groups, they consist of momo-molecular layers.
An explanation of this is given. From the X-ray
results an approximate structure has been attributed
to each series. Shearer's theory of 'Intensity
Distribution' has been applied to each series in turn,
on the basis of these structures. The intensity
distribution among the several orders of reflection
from the d, planes, thus calculated, has been cOmpéred
with the intensity distribution actually observed from
the plates, and the agreement is found to be satisfact:
:ory, thus confirming the structures postulated.

An attempt has been made to explain the different

increment/
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increment in d, per CH,group, observed from series to
series. It is concluded that all series have the
same type of chain but no two substances belonging to
the same or different series have exactly the same
chain; also that the angle which the chain of carbon
atoms mekes with the normal to the cleavage planes is
approximately constant for any one series but is

different for different series.

CGlgooe:- (em) ~ COa e, Hy

3 5
HOOC - (€Hy)g" 00 C HY
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