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I. INTRODUCTION 

Normal aliphatic long-chain compounds crystallise as piles of unimolecular layers 
with the carbon chains in parallel, upright or tilted position. Their X-ray powder 
diagrams show two sets of interferences, one at normal and one at small diffraction 
angles. The former depend on the side spacings between the chains, the latter on 
the thickness of the layers and, hence, on the length and nature of the chains and 
their angle with the basal plane. The latter interferences are, therefore, of great 
importance in the identification of n-aliphatie long-chain products, in particular for 
accurate chain length determinations. In the field of natural waxes they have led 
to a better definition of products isolated from the waxes, as may appear for example 
from the extensive researches on plant- and insect-waxes by CHIBNALL, PIPER et al. 1. 

An X-ray diffraction study of waxes scraped from plant surfaces 2 has shown 
that many of these waxes, without any chemical pretreatment, produce X-ray inter- 
ferences at similar small diffraction angles. Fairly accurate estimates of nature and 
chain length of the main long-chain constituents of such waxes could be made from 
these interferences. The value of this result ties in the fact that taking an X-ray 
diagram is a rather simple procedure which requires no more material than a fraction 
of a milligram. Chemical analysis of such small quantities of wax would be impossible, 
and if a sufficiently large quantity were available the procedure would still be compli- 
cated. 

The long spacings in the plant waxes mentioned above normally indicated either 
a long-chain primary alcohol, a paraffin or a ketone resp. secondary alcohol as the 
main constituent of a wax. Evidence was produced that these compounds are present 
in the waxes in the rhombic modification, i.e. with the carbon chains perpendicular 
to the lattice planes with long spacing. 

With two of the waxes studied, however, none of the above-mentioned types 
of long-chain compounds could fit the long spacings observed. It  was, therefore, 
suggested that in these cases an ester is the main constituent of the wax. This was 
supported by the fact that a chain length could be deduced which indicated a possible 
wax ester. However, there were two uncertainties in these calculations. First it was 
presumed that with esters in waxy mixtures the packing of the chains is also rhombic. 
Then, we were forced to use long spacings of rhombic wax esters which were based 
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on theoretical estimations checked only with some empirical data on the long spacings 
of certain ethyl esters a. No empirical data were available on the long spacings of 
true wax esters (C40-C(;4) and very few on the long-chain esters of the lengths C24-C~ ~ 
(SHEARER 4, KOHLHAAS'5). 

The purpose of the present work was, therefore, threefold. 
In the first place we wished to determine the relation of the long spacing to 

the chain length in the esters of saturated long-chain alcohols and acids. This could 
be done by synthesising a number of these esters and checking their measured long 
spacings with the calculated ones. As available time was limited, it was impossible 
to synthesise the long-chain alcohols and acids longer than C22 which are required 
for the preparation of true wax esters. Therefore, only esters from shorter alcohols 
and acids, most of which were commercially available, and esters from the alcohol 
resp. acid fractions of a natural wax with some of the shorter acids resp. alcohols 
were prepared. 

In the second place we wished to find out whether in natural waxes with a high 
ester value the ester component is present in the rhombic modification and whether 
long spacings observed in such waxes would enable us to determine the chain length 
of the ester component. This could be done by first calculating the chain length from 
the observed long spacing, using the relation between these values as determined 
for ester chains in rhombic packing in the first part of the work. Then this chain 
length had to be compared with the sum of the chain lengths of the alcohol and 
acid fraction obtained by saponification of the wax. A reasonable harmony would 
be indicative of a rhombic ester packing and, at the same time, would confirm the 
analytical value of the long spacings. In view of this end we examined the long 
spacings of four plant waxes with a high ester content, as well as the long spacings 
of their saponification products. 

Finally, on the basis of the experience gained in the preceding work, we have 
made an attempt to define the ester fraction in some waxes with a supposed high 
ester content from their X-ray long-chain interferences alone. 

The chemical work was mainly done by C. SCHAMHART. 

II. CALCULATION OF CHAIN L E NGT H--L ONG SPACING RELATIONS 

In order to deduce a chain length from the long spacing measured in a n-aliphatic 
long-chain compound it is desirable to have a general formula available for the chain 
length-long spacing relation in the homologous series in question. In the present 
study we need such formulae primarily for the wax alcohols, fatty acids and esters. 
For the alcohols and acids they can be deduced from empirical long spacings given 
in the literature; for the esters they can be calculated from the relations found for 
the foregoing compounds. 

Of particular importance are the relations for chains placed in vertical position 
with reference to the lattice planes with long spacing, because long-chain alcohols 
from natural waxes, unless very pure, crystallise in tile rhombic modification. 
Probably, the same may be said of the wax esters, although, the ethyl esters normally 
crystallise in a monoclinic form, i.e. with tilted chains a. The wax acids also show 
the rhombic packing, at least if obtained by saponification from a wax ester as the 
non-fractionated acid compound, which will be demonstrated. Pure fatty acids are: 
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known to accept  a monoclinic form. Under  cer tain cond i t ions  
spacings have also been observed in some pure members  of this series ~. 

The formulae required for deducing 
chain lengths can be evolved as follows. 

For  long-chain compounds  in which 
there is a single layer  of molecules be- 
tween the la t t ice  planes with long 
spacing (e.g. paraffins, ketones  and sec. 
alcohols), the long spacing m a y  be re- 
presented  b y  the following general  
formula  

d m a  I b (~) 

in which .m is the number  of carbon 
a toms of the compound  in question, a 
is the C C dis tance in the chain direc- 
tion, and tJ is the dis tance between 
the te rmina l  C a toms  of adjoin ing 
chains in tha t  d i rect ion;  el. Fig. Ia*. 

For  p r ima ry  alcohols and  f a t t y  
acids, which crystal l ise  in double- layers  
we get  respect ive ly :  

d 2 m a  I b [ c (z) 

and d - - 2 m a  t b ! e (3) 
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in which c and c represent  the  d is tances  
between tile C a toms  at  respec t ive ly  
the CH2OH and COOH ends of the  
chains;  c/. Fig. Ib .  

The long spacing for esters m a y  be 

Fig i. Diagrams of ~z-aliphatic long chain mole- 
cult.'; in vertical position between the net planes 
with long spacing, a. odd-number paraffins, b. 
even-number fatty acids, c. even-number esters. 

represented  by  

d = ma i t~ I p (4) 

if it is p resumed tha t  the  oxygen  a tom tha t  forms the ester l inkage is bui l t  in l ike 
a carbon a tom of the  chain,  as is shown in Fig. Ic, and  p is the  pa r t  con t r ibu ted  
to the spacing b y  this oxygen atom. The values  of a, b, b + c, b + e and b + 75 have 
now to be ca lcu la ted  from empir ica l  data .  

The value of a, or the  C-C dis tance  in the chain direct ion,  is no rma l ly  given as 
1.26 A in the  l i tera ture .  Other  values are:  1.27 A (M{)LLER 8, KOHLHAASS), Z.3 A 
(MALKINg). We have de te rmined  the d is tance  from the empir ical  long spacings for 
a number  of long-chain paraff ins l°and from the long spacings for p r ima ry  alcohols 1°, 11. 
These long spacings are ment ioned  in Table I. If  the paraffin spacings are p lo t t ed  
in a g raph  agains t  the  number  of C-atoms,  a line corresponding to an increment  of 
1.27 A per C-atom appears  to fit these plots  best. If  the  alcohol spacings are p lo t ted  
in a graph a line corresponding to 2.54 A increment  of the spacing per C-atom is 
in best  correspondence with the posi t ion of the  plots.  Since the  alcohols crystal l ise 
in double  layers  the l a t t e r  value  corresponds to twice the  increment  of the chain 

"* ([ in ~[2i~. I a a n d  C d o e s  n o t  c o r r e s p o n d  to the c Sill /~ v a h l e  of the l l r l i t  ce l l ,  ;Is t h e  l e n g t h  o f  
t h e  u n i t  ce l l  ill o d d - n u m b e r  p a r a f f i n s  a n d  e v e n - n u m b e r  e s t e r s  c o m p r i s e s  t w o  m o l e c u l e s 8 ,  a. 
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length per cart)on atom, and, therefore,  1.27 A is shown again as the value of a. 
Therefore,  we have  based our fur ther  calculat ions on this value. 

' 1" . \  l g l . F  1 

RHOMBIC LONG SPACINGS ()F I}ARAFFINS (~l), PRIMARY AI.C{)HOLS ( l ) ) A N D  bAl"I'h" ACIDS (C) 
XVI'I'H I)ATA ON 'I 'IIF INTERCHAIN DISTANCES IN TItE CHAIN DIRECTION 

tt h c 

~ d m;. 1.27 ~1 11~ • 1.27 lit d 2tJb, 1.27 d 2111 1.27 i;l d 21~11; , 1.27 d 2111, i,. 

I I 15. 9 14.O 1. 0 12 34 .8  30 .5  :t"3 I I 30.  I 27. 9 2 . 2 *  

15 21.O '9"O5  ~ '95  14 39"7 35 .6 4 "l ' 3  35"5 33 .o 2 ' 5 2  

~7 2 3 . 6  2 1 . 0  2.O 16 44"9  4 ° . 0  4"3 ' 4  37 35 .0 I ' 4  
18 25.  3 2 2 . 9  2. 4 18 50 .2  45"7 4"5 15 4 ° . 0  3 s ' l  1"9 
1{) 21).2 2 4 . I  2.1 I() 5 2 . 8  48 .2  4 ,6  IO 4 '  "" 4 ° . 6  11.0 

2o  27. 4 25. 4 2 .o  _' 1 57 .4  53"3 4" I 17 43 .2 43 .2 o 
21 28. 7 2 6 .  7 2.0  25 08.  5 63.  4 5.1 IS  46.~) 4.5.7 0 . 9  
23 3 , . 0  2 9 . 2  1 .8"  20 7o..5 ~ ~ 0 0 . 0  4 .5  "5  03  .1' 6 3 . 4  ° . 4 ~  
24 3 2 . 6  30..5 2 . i  27 7 3 . 0 * *  6 8 . 6  4"4 27 6 9 . 0  6 8 . 6  0 . 4 .  
21> 35 .2  3 3 . 0  2.2 28 7.5-4 7 t . I  4 .3  31 S° ' - t  78"7 1"7 
27 37 .I 34 .3  2 . 8 '  2{) 7 8 . 0 * *  73 .6 4"4 32 S2 .o  81.  3 0. 7 
2{) 3 8 . 8  3(}.8 2 .0  
3 ° 4 0 . 0  38.  1 I.  9 43"5 2. l 
3 1 4 1-6 39 .4  2.2 a \ ' . :  4 " 3 5  a v . :  o .  7 

32 4 2 . 7  4 0 . 6  2.1 

34  45-3  43  .2 2 . i  
35 46-7  44 .5  2 .2  
60  78 .2  76 .2  2 .0  

30 .75  
a v .  : 2 . 0 5  

m i n d i c a t e s  n u m b e r  o f  c a r l ) o n  a t o m s  in  t h e  c h a i n .  
d i n d i c a t e s  l o n g  s p a c i n g  in  A.  
* v a l u e s  n o t  u s e d  in  t h e  d e t e r m i n a t i { m  o f  a v e r a g e s .  

** s p a c i n g s  t a k e n  f r o m  P I P E R  el  a l .  u .  

The dis tance  b between the t e rmina l  carbon a toms  at  the CHa ends of the mole- 
cules under  considera t ion is assumed to be the  same for the several  types  of molecules. 
I t  m a y  be ca lcu la ted  from column 4 in Table  Ia. In  this  column the b value  for each 
of the members  of the  paraffin series is ment ioned.  These b values are found as the  
differences be tween  m x 1.27 and the empir ical  spacings from column 2. The average,  
2.o5 A, is t aken  as the  correct  value for b. 

Inser t ing  a and b, as de te rmined  above,  in (I) yields for the rhombic  

p a r a ~ n s :  d r h - -  m X 1.27 t 2 .05  ( t a )  

In  the  same manner  as b in (I), (b + c) in (2) is ca lcula ted  from column 4 in 
Table  l b .  Thus we find for the  

a l c o h o l s :  drh - - 2 m  ;< J . 2 7  ! 4.3,5 (2a)  

Rhombie  long spacings for cer ta in  long-chain f a t t y  acids are given in Table  I c. 
They  have  been t aken  from a tab le  wi th  long spacings of f a t t y  acids given b y  
TRILLAT l°. The value (b -~ e) in (3) is ca lcu la ted  again in the same manner  as for 
the  paraffins f rom column 4 in Table  Ic. The dispersion of the values in this co lumn 

R e / e r e n c e s  p .  4 4 .  
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is fairly wide. The values for the even-number  acids ('1~, C ts and (';~.,, however, a~rv~' 
very well. \Ve have, therefore, taken these as representative,  lZurther, we arc justifi~'d 
in doing this as only even-nmnber  acids are found in natural  waxes. Thus we find 
for the 

~all)' acids: r /rh 21/: . 1 . 2 .  '>.7 (3 ;I) 

It is remarkable that b } c is smaller than /). *' must, thcrchn:c, bc ncgati\'e, l'his means that 
tlne carboxvl ends o1: adjoining chailns in the (t(lOH d~)ublc I~l)'er must I)~, very densely packc, I. 

With  the data  evolved from the above it is now possible to calculate a theoretical 
chain l eng th - long  spacing relat ion for the esters, since the values of a and b in the 
esters may  neither be expected to be different from those in the paraffins and /5 
may  be calculated from the atomic diameter  of oxygen. The atomic diameters of 
C and 0 are 1.54 A and 1.32 A respectively 12. If the angle between the oxygen bonds 
is assumed to be near ly equal to tha t  between the carbon bonds in the chain, we find 

p = 1.32 a / L 5 4  ~ r.o9 A. Thus we find for the 

e s t e r s :  : t r l  n l~t ~: I._' 7 ! 3 . 1 5  (4~)  

The only data  available of rhombie long-chain esters are the spacings of the 
ethyl esters with 19, 20, 21, 22 and 23 C atoms which, after melt ing on a glass strip, 
were main ta ined  at a temperature  of a few degrees below the re.p2. These spacings 
and those calculated for the same esters from (4a) are compared in Table II,  where 
it can be stated that  the correspondence is very satisfactory. There is no reason to 
suspect that  true wax esters, if in the rhombic form, will show a s tructure essentially 

different from that  of the ethyl esters, and therefore it is presumed that  (4a) will 
also apply to the former. In  the next  section this is investigated. 

T.\ BI.F l l  

E X P E R I M E N T A L  AND THEORP2TICAI. RItOMF, I( I.ONG SI ' . \ ( ' INGS IN CI']I('I'AIN I";THYI. t'2S'FI~;Rb 

~ l 9 2 o  " l  2 2  2 I 

d.exp.  2 7 . I  2S.()  2~).,S 3 1 . 3  3 - ' . 4  
d.calc. 27.3 -'8.55 29.S r' 3E.J 3_'.3 r' 

The ethyl esters normal ly  occur in the so-called /3 form with ti l ted chains a. The 

form with vertical chains changes into the/3 form on further cooling. 
I t  seemed interest ing to invest igate  whether the long-chain esters prepared by us, 

if not showing vert ical-chain spacings, would possess spacings corresponding to a 
same angle of tilt  as tha t  of the ethyl esters in the/3 form. Therefore, we determined 
the chain l eng th - long  spacing relation in the/3 ethyl esters. The spacings under lying 
this de terminat ion  are those given by Mall(IN 9 which, in part,  have been taken from 
FRANCIS et al. 7. They are ment ioned in Table I I I ,  column 2. If they are plotted against  
the carbon content  it appears tha t  a line corresponding to an increment  of I . I3  A 
per C atom is closest to these spacings. (Some dispersion, however, exists.) For the 
even ethyl esters the mean value of b -t- ]5 is 2. 9 A and  for the odd ones 3.2 A, as is 
seen from column 4, Table I I I .  Thus we find for the 

even-~zumber etkyl ester's: d/~ m . i.t 3 I '-9 (.~a) 

and for the 

odd-number elk),/esicrs: dl~ m L.u 3 i 3.z (5|0 

l:,/erences p. 4./' 
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T A B L E  I I I  

LONG SPACINGS OF ~ ETHYL ESTERS AND CAI,CULATION OF D : /~ 

d-m;< 1.i.{ d m< 1.o8 
m d I n N  I . ~  3 m <  f . o 8  - -  

even odx/ evrn odd 

18 23 'O 2O'3 2"7 ~9"45 3 .65 
19 24"8 2 1 ' 5  3"3 20.5 4"3 
20 25 .8  22 .6  3.2 21.6  4.2 
21 27 .0  23.7  3.3 22.7 4 .3  
22 27 .9  24.8  3 - '  23"8 4. t 
23 29 .4  26 .o  3-4 24.S 4 .0 
24 29 .9  27.2 2.7 25.9  4 .o  
25 31 .5  28-3 3 .2 27 . °  4-5 
26 32.2  29 .4  2.8 28. I 4. 
27 33 .6  30.5  3 . t  29.2 4 .4  
28 34-5 31 .6  2.9 3 ° .2  4.3 
29 35 .7  32 .8  2.9 3 t . 3  4 .4  
3 ° 36-7 33-9  2.8 32-4 4.3 
31 38"1 35 "1 3 "1 33.5  4 .6 
32 38 .8  36 .2  2.0 . . . .  34 .6  4.2 
34 4 1 . i  38 .4  2. 7 a v :  3.2 36.7  + 4  
36  43-5 40 .7  2.8 38 .9  4 .0  
38 46 .3  42-9 3.4 4 L I  5.2 
4 ° 48.  [ 45 .2 2.9 43.2  5, I 
48 57.5  54 .2 3.3 5 I ' s  5"7 

av .  : 2. 0 

The angle of tilt, fl, is given by the C-C distance in the chain direction (I.27 A) 
and the increment of spacing per C atom for chains tilted at an angle fi (1.I3 A) 
as sin fl = 1.13/1.27. Hence, fi = 62.5 °. 

I t  m u s t  be noted, that for the lower/3-ethyl es te r s ,  i.e. t h o s e  f r o m  C19-Ca2 , w h e n  t h e i r  s p a c i n g s  
are plotted against the carbon content, the plots s h o w  b e t t e r  c o r r e s p o n d e n c e  t o  a g r a p h  w i t h  
a n  a s c e n t  of  i . o 8  A p e r  C - a t o m ,  t h a n  t o  o n e  w i t h  1 .13 A a s c e n t  p e r  C - a t o m .  T h e  p l o t s  fo r  t h e  
h i g h e r  members of t h e  ser ies ,  h o w e v e r ,  s h o w  a n  increasing deviation from t h e  e x t r a p o l a t i o n  of  
t h i s  g r a p h ,  a s  a p p e a r s  f r o m  T a h l e  I I I ,  c o l u m n  7- T h i s  p h e n o m e n o n  s u g g e s t s  t h a t  in  f a c t  t h e  
chain length-long spacing relation in t h e  e t h y l  e s t e r s  under consideration is not exactly linear, 
i.e. in t h e  l o w e r  m e m b e r s ,  /3 m i g h t  b e  s l i g h t l y  s m a l l e r  t h a n  62.5  ° and in t h e  h i g h e r  m e m b e r s  
s l i g h t l y  greater. 

i l i .  T H E  L O N G  SPACINGS IN A S E R I E S  OF S Y N T H E T I C  L O N G - C H A I N  E S T E R S  

I.  Mater ia l  

Because of the difficulties of obtaining alcohols and acids longer than C22, at f i r s t  

only esters with radicals up to C~2 were prepared. Later other esters were prepared 
by combining certain of the above shorter products with the unfractionated alcohol 
and acid fraction from a natural wax. The esters of the first type will be discussed 
in the present section, the others in section IV. 

The commercial products used were the C12, C1~ , C16 and Cls alcohols, obtained 
from I.C.I., Billingham and palmitic acid (85%) and stearic acid (87%) obtained 
from L. Light and Co. Ltd, Colmbrook. Furthermore, a sample of pure stearic acid 
w a s  prepared from linseed oil and a sample of erucie acid from rape oil. The latter 
Re/ere~zccs p. 44. 
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t )roduet was used as the  bas ic  subs t ance  for the  p r epa ra t i on  ()f bvhvnic  (('~2) acid 

and  docosanoI.  F u r t h e r  h e p t a d e c a n o i c  acid was prel)arvd from ('1~, alcohol.  

For  these  p r o d u c t s  t he  long spac ings  as measu red  f rom the i r  d i a g r a m s  and the  

theore t i ca l  long spac ings  ca lcu la ted  f rom the  fo rmulae  de r ived  in the  p reced ing  

sect ion or k n o w n  f rom the  l i t e ra tu re ,  are g iven  in Tab le  IV. In  add i t ion ,  the m e l t i n g  

po in t s  d e t e r m i n e d  or k n o w n  f rom the  l i t e ra ture ,  are  m e n t i o n e d  in this table .  It  will 

be seen t h a t  the  m e l t i n g  po in t s  are  m u c h  more  sens i t ive  to  impur i t i e s  t han  the  long 

spacings.  Th is  is e v i d e n t  in pa r t i cu l a r  on compar i son  of the  d a t a  for the  two  samples  

of s tear ic  acid. I n  on ly  two  of the  o the r  samples ,  n a m e l y  h e x a d e c a n o l  and pahn i t i c  

acid, there  is a difference of some  i m p o r t a n c e  b e t w e e n  the  m e a s u r e d  long spac ing  

and  t h a t  c a l cu l a t ed  or  g iven  in t he  l i t e ra tu re .  

'I' \lgI.E IV 

I)ATA ()F P R O I ) U C T S  U S E D  1N "l'Hlg S Y N T H E S I S  OF I~2STERS 

~hs. c . h  lit .  .!~v. ll[. 

Dodecanol 34.7 34.85 34 ,ST 24." 23 .gw 
Tetradecanol 39.9 39.05 39.7 T 35.2 37.6w 
Hexadecanol 45.4 • ,  44.95 44.9 T 48.6 49.3 W 
Octadecanol 5 o. i 5 o. t o 5o.2 T 57.8 5&5 w 
D()cosanol 0o.3 60. e 5 00.o 7-'.3 w 

] )ahnitic (C,6) acid 38.5 39.1F (1{) 
Margaric (Clv) acid * * * 38.7 ~ 38.0 M (C) 
Stearic (Cls) acid 39.8 39.8F (C) 
Stearic acid *** 39.8 39.8F (C) 
Behenic (C22) acid* ** 48.3 48.3 F (C) 

• The spacings are derived from the X-ray diagrams presented in Fig. _' and 3. 

qelting points 
55.7 62.5 F 
60.2 0o.q P" 
05 . o ()9.31' 
09.3 00.31~ 
77.8 70.7 R 

* *  3 weak reflections in the diagram, corresponding to 42.2 A (B spacing -- 41.35 ,\T), indicate 
that part of the alcohol is crystallised in the B form. 

* * *  Samples prepared or isolated during present work. 
( ) Letters in brackets denote crystal forms. 
"l': T R I L L A T  TM, F :  F R A N C I S ,  C O L L I N S  AND P I P E R  7, 3 i :  I~]ALKIN 9, ~V: \ V A R T H  TM, R :  ]{ALSTON 20. 

The theoretical rhombic long spacings of the fatty acids have not been mentioned because 
apparently the acids had assumed the B or C form. 

.~ Two weak reflections in the diagram, corresponding to the 3rd and 5th order of a 4;.25 A 
spacing, probably indicate that part of the C17 acid has assumed the rhombic form. 

T h e  X - r a y  d i a g r a m s  of t h e  a lcohols  and  acids  are  shown  in Figs. 2 and  3. 
Es t e r s  were  p r e p a r e d  (by w a y  of t he  acid  chlor ide ,  see below) f rom p a l m i t i c  acid  

w i t h  e thy l  a lcohol  a n d  the  C12-Cls alcohols,  and  f rom s tear ic  acid  w i t h  t he  C l z C l s  
and  C2= alcohols.  F u r t h e r ,  the  es ters  h e x a d e c y l  h e p t a d e c a n o a t e  (C16-C17) a n d  oc ta-  
decy l  h e p t a d e c a n o a t e  (C18-C17) were  p r e p a r e d  in t he  s a m e  manne r .  The  t e t r a d e c y l  
s t e a r a t e  was  p r e p a r e d  in two  samples ,  one f rom the  connnerc ia l  and  one f rom our  
own p r e p a r a t i o n  of s tear ic  acid, a n d  the  docosyl  s t e a r a t e  f r o m  our  own  s tear ic  acid. 
F u r t h e r ,  e t hy l  s t e a r a t e  and  a second  sample  of h e x a d e c y l  s t e a r a t e  were  p r e p a r e d  

in t h e  d i rec t  manne r .  
A s u r v e y  of these  es ters  and  the i r  m e l t i n g  po in t s  m a y  be  found  in Tab l e  V, 

c o l u m n s  z-4 .  The  me l t i ng  po in t s  in c o l u m n  5 are  those  found  in t h e  l i t e ra tu re .  Fo r  

Re~ere*aces p. 44. 
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c e r t a i n  o f  t h e  e s t e r s  n o  m . p .  w a s  f o u n d  in  t h e  l i t e r a t u r e .  C o n s i d e r a b l e  d i f f e r e n c e s  

b e t w e e n  t h e  v a l u e s  in  t h e  c o l u m n s  4 a n d  5 a r e  o b s e r v e d  o n l y  fo r  e t h y l  p a h n i t a t e  

a n d  d o d e c y l  s t e a r a t e .  I t  is s u p p o s e d  t h a t  in  b o t h  c a s e s  o u r  n u m b e r s  a r e  o n  t h e  l ow  

s i d e  o n  a c c o u n t  o f  i m p u r i t y .  0 n  t h e  o t h e r  h a n d ,  b y  c o m p a r i s o n  w i t h  t h e  o t h e r  

n u m b e r s ,  t h e  v a h l e  m e n t i o n e d  b y  W A R T H  19 fo r  d o d e c y l  s t e a r a t e  s e e m s  t o  b e  t o o  h i g h .  

TAt3LE V 

M E L T I N G  POINTS AND LONG SPACINGS OF P R E P A R E D  E S T E R S  

! 2 

/l~tdc. t~1at 

2 I 6 

I 2 I() 

J4 i 0  
10 1() 

I() 1() 

2 I,S* 
12 JS 

14 18 

14 I S *  
l() 1S 

I() I ~ * ' * *  
iS iS 

22  IN* 

22  18" 

~() 17 
18 ]7 

4 5 6 7 S 9 lo  
~u.p. C Long sp.cings in A 

olis. lit. o[l~. talc. (A) Ca[£. (l:O diff. 

I S 23 24.4 F 4 I. ] 23.o 5 26.05 23.2 o. l 5 
2 I I - ' ° 'q5  - o . o  

28 39.4 4i 1-: 6 38.8 38.7 34..5 I o.E 
3o 46.0 48 R 5 37.o 41.2 36.8 t 0.2 
32 5 I'O 51.6w 5 4 : 2  44.3 } 39.4 ~ : 1.S 

54 I,: 
32b 5 40.7 44.3ii 39.4.~ L 1.3 
34 57.3 55 w S 46 .l 46.4 41.3 0-3 
2o 33.7 34 "°I: 4 25. 3 28.0 25. 5 0.2 
3 ° 4.5.3 4( ) W ~) 36.S 41._, 36.8 o 
3" 5 ° .0 8 I j 43"5 43.7 39 .0 o.2 

3 I t 39.3 t o.3 
32 52.o 8 43.5 43"7 39 .0 o.2 
34 56.2 55 W 7 4z .4  46.7 ~ 4r.6~ -o.-' 

56.3W 
34 56.2 7 4r.8 46.7 ~ 41.6~ ] 0.2 
36 ~)o.3 5'S.5 W 7 43.7 48.7 43.6 q o. l  

02 W 

4 ° 0 4 . 5 * * *  1~}  {.50.253.9 .53-9 48"1 , 2 . I 0  

4 ob  6 7  ***  6 ,  /54.  3 53-9 48.1 + ° ' 4  
7/ 1.50"7 + 2.6 

33 56.3 7 40.7 45.o 4 ° .2  t- 0.5 
35 (i~ .I 6 46-7 47.5 42.4 - - o . 7  

* ()~vn p repa ra t ion  of stearic acid. 
** direct  esterification. 

*** no sha rp  m.p.  observed.  
b recrysta l l ised from benzene.  
.~ spac ings  increased above  the  theoret ical  va lue  wi th  0. 5 A (A form) and  0. 3 A (B form), 

because  the  hexadecano l  used had  a s l ight ly  h igher  spac ing  t h a n  is normal ;  c/. Table  IV. 
l:or F, R and  w el. legend to TaMe IV; K: K O H L H A A S  5. 
N u m b e r s  in italics have  reference to t i l ted-chain  spacings.  
Fu r the r  exp lana t ion  in the  text ,  sect ions I I I ,  2 and  3. 

I t  m u s t  f i n a l l y  b e  n o t e d  t h a t  w e  h a v e  n o t  t r i e d  t o  e n s u r e  h i g h  p u r i t y  o f  t h e  

b a s i c  m a t e r i a l s  n o r  of  t h e  p r e p a r a t i o n s ,  b e c a u s e  t h e  l o n g  s p a c i n g s  a r e  o n l y  s l i g h t l y  

s e n s i t i v e  to  i m p u r i t i e s ,  a s  is i n d i c a t e d  i n  T a b l e  IV .  

2. E x p e r i m e n t a l  

a. P r e p a r a l i o n  o/ non ~ommercial  products  o/ Table  I V  

S lear ic  acid was isolated from h y d r o g e n a t e d  l inseed 1ill. The  following procedure  was r e c o m m e n d e d  
to us  by  Dr. J. UHLENBROEK of the  L a b o r a t o r y  of Organic  Chemis t ry  of this  Univers i ty .  35o g 
hy l l rogena ted  l inseed oil were hea ted  for 2o hours  on reflux wi th  4.5 litres absolu te  m e t h a n o l  
in the  presence of dry  HCI. T he  m e t h y l  s t ea ra te  was washed  wi th  NaCI and  Na~CO a solution,  

Re/erences  p. 44. 
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dr ied  in b e n z c n i c  s o l u t i o n  o v e r  NaeSO 4 a n d  f r a c t i o n a t e d  to  a s (d id i f i ca t ion  p o i n t  of 37.('  ( -  
Yie ld  105 g. S~q~mif icat ion l'oll{}wed b y  a d d i t i o n  {>1" i6o  ml 35 % K O t l  and  E6o ml (_, . ) 0 0 %  
e t h a n o l  u n t i l  t he  ~h 'ohol  was  e \ ' a p o r a t e d .  The  f a t t v  ac id  was  l i b e r a t e d  flTOln the  s o a p  w i t h  ]o % 
1t2S()4, w a s h e d  w i t h  d i s t i l l e d  w a t e r  and  dr ied .  Y ie ld  175 g s t ea r i c  ac id  w i t h  s.p. (>9.2 ' C. 

]frucl'c acid  was  p r e p a r e d  in e s s e n t i a l l y  t he  s a m e  m a n n e r  f r o m  r a p e  oil. T h e  y ie ld  tlT{itll 
3 ~itres r a p e  oil was  .125 g c r u d e  e ruc ic  acid.  T h i s  was  d i s so lved  in 850 ml e t h a n o l  96 %. Af t e r  
coo l ing  for 4 h a w h i t e  c r y s t a l l i n e  m a s s  of e ruc ic  ac id  h a d  formed.  The  a m o u n t  w a s  ca. 2oo g, 
and  t h e  s.p. 3_,.8' C. Af te r  24 h a f u r t h e r  q u a n t i t y  of r2o g w i t h  s.p. 3 2 . 2  ' C had  c r y s t a l l i s e d  ou t .  
The  f o r m e r  f r a c t i o n  was  r e c r y s t a l l i s e d  f rom e t h a n o l  and  t h e n  y i e lded  i8o  g e ruc ic  ac id  w i t h  
s.p. 33.2 ' C. The  s econd  f r a c t i o n  was  p u r i f i e d  a c c o r d i n g  to  t he  m e t h o d  of BERTRAM 18 w i t h  m e r c u r y  
a c e t a t e .  The  y i e ld  w a s  2 0 g e r u c i c a c i d  w i t h  s.p. 33.38 C (l i t . :  3 3 . 5  C). 

t~ehe*lic a ( id  was  p r e p a r e d  f rom e ruc ic  ac id  a c c o r d i n g  to t he  d i r e c t i o n s  g i v e n  in Vet ,  EL TM 

b y  h y d r o g e n a t i o n  in t h e  p r e s e n c e  of R a n e y  n i cke l  c a t a l y s t .  
The  docosa~z~l was  k i n d l y  p r e p a r e d  for us  in the  I , a b o r a t o r y  of O r g a n i c  C h e m i s t r y  of t h i s  

[ l n i v e r s i t y .  
Heptadeca~o ic  acid  was  p r e p a r e d  f rom h e x a d e c a n o l  a c c o r d i n g  to  t he  f o l l o w i n g  p r i n c i p l e :  

( } t l t ( ) H  : 2 1 ' }  31~r 2 >{)R1Br ~ 2HaPO:~ 

R I B r  I K( 'N  - - - ÷  R I C N -  K B r  

R I C N  q 2 H o e  (KOH)+ R 1 C O O H  q N H a }  

The  b r o m i d e  w a s  p r e p a r e d  as  d e s c r i b e d  b y  VOG~;L la, t h e  ac id  a c c o r d i n g  to  t he  d i r e c t i o n s  g i v e n  
b y  J.  R .  R U H O F F  14 for  t r i d e c a n o i c  ac id .  

b. i ° repara l io~  o~ esters 

T h e  e s t e r s  w e r e  p r e p a r e d  a c c o r d i n g  to  t h e  m e t h o d  of BR1GL a n d  FUCHS 17 in  w h i c h  e s t e r i f i c a t i on  
is e ~ e c t e d  b y  t h e  r e a c t i o n  of t h e  ac id  c h l o r i d e  w i t h  t h e  a lcoho l  in t h e  p r e s e n c e  of qu ino l ine .  

T h e  ac id  ch lo r ide s  were  p r e p a r e d  a c c o r d i n g  to  t he  d i r e c t i o n s  g i v e n  b y  VOGEL la. 
The  e s t e r s  were  o b t a i n e d  b y  a d d i n g  d r o p w i s e  t h e  ac id  c h l o r i d e s  (2 15 g) d i s s o l v e d  in  ch lo ro -  

form ( l o - 2 o  ml) to  a c h l o r o f o r m  s o l u t i o n  (20 ml)  c o n t a i n i n g  t h e  a l coho l  a n d  qu ino l ine ,  w i t h  
s t i r r i n g  a n d  cool ing .  T h e  ac id  c h l o r i d e  a n d  q u i n o l i n e  were  a d d e d  in excess  of 4 ° r ee l  %.  A f t e r  
s t a n d i n g  one  to  t w o  d a y s  in a c losed  f l a sk  t he  c h l o r o f o r m  w a s  e v a p o r a t e d  a n d  t h e  q u i n o l i n e  
r e m o v e d  b y  a d d i n g  5 ° ml  4 N H C h  M e l t i n g  t w i c e  in w a t e r  t r a n s f o r m e d  t h e  excess  ac id  c h l o r i d e  
in to  acid.  The  ac id  w a s  r e m o v e d  b y  d i s s o l v i n g  in  5 ° 20o n i l  96 Ob e t h a n o l  a n d  b o i l i n g  w i t h  Ca 
a c e t a t e  for s o m e  t i m e  on  a w a t e r  b a t h .  T h e  a l coho l  w a s  e v a p o r a t e d ,  a n d  t h e  e s t e r  e x t r a c t e d  
w i t h  c h l o r o f o r m  f r o m  th e  Ca  a c e t a t e  a n d  Ca s o a p  of t h e  excess  ac id .  T h e  e s t e r s  w e r e  r e c r y s t a l l i s e d  
t w i c e  froi-f~ a b s o l u t e  a lcoho l .  

E t h y l  s t e a r a t e  w a s  p r e p a r e d  by  h e a t i n g  2o g s t e a r i c  ac id  (own p r e p a r a t i o n )  w i t h  5o ml  
a b s o l u t e  a l coho l  in t he  p r e s e n c e  of d r y  HCI  for 14 hours .  T h e  y i e l d  was  15 g e t h y l  s t e a r a t e .  
\ s econd  s a m p l e  of h e x a d e c y l  s t e a r a t e  was  a lso  p r e p a r e d  in t h e  d i r e c t  w a y .  

c. X - r a y  ~mlhod 

The  X r a y  d i a g r a m s  were  m a d e  on f la t  f i lm w i t h  a s p e c i m e n - f i l m  d i s t a n c e  a d j u s t e d  a t  8o ram.  
The  co l lm~ator  was  a t o t a l l y  r e f l ec t i ng  s l i t  c o l l i m a t o r  w i t h  t he  s l i t  w i d t h  i n c r e a s i n g  in  t h e  d i r e c t i o n  
of t he  s p e c i m e n  a c c o r d i n g  to  t he  p r i n c i p l e  d e s c r i b e d  b y  L E L y  a n d  VAN RUSSEL TM. W e  used  t w o  
g lass  bars ,  i o  c m  l o n g  a n d  4 × 3 . 5  m m  cross  sec t ion .  One  of t h e  faces  o f  i o o  × 4 m m  o f  each  
b a r  is c a r e f u l l y  po l i shed .  The  b a r s  a re  m o u n t e d  w i t h  t h e  p o l i s h e d  s ides  f ac ing  e a c h  o t h e r  b e t w e e n  
t w o  g lass  p l a t e s  of t h e  s a m e  l e n g t h  a n d  ca. L 5 × 7 m m  cross  s e c t i o n ;  t h e  w h o l e  is m o u n t e d  
in a b ra s s  t u b e .  

V a r i a t i o n  of t he  s l i t  w i d t h  a t  b o t h  e n d s  is a s i m p l e  p r o c e d u r e .  S l i t  w i d t h s  of 125 F a t  the  
n a r r o w  end  a n d  20o t~ a t  t h e  wide  w e r e  f o u n d  to  be  v e r y  s u i t a b l e  for p r e l i m i n a r y  i n s p e c t i o n ,  
or o b t a i n i n g  a s u r v e y  of a se r ies  of s p e c i m e n s .  W i t h  a r o t a t i n g  t a r g e t  t u b e  o p e r a t e d  a t  4 ° k V / i o o  
m A  t h e  e x p o s u r e  was  ca. io ' .  A b e t t e r  r e s o l u t i o n  of c lo se ly  s p a c e d  l ines  was  o b t a i n e d  w i t h  t h e  
s l i t  w i d t h s  of t he  w e d g e  a d j u s t e d  a t  25 # a n d  I45 u.  T h e n  t h e  e x p o s u r e  u n d e r  t h e  s a m e  c o n d i t i o n s  
w a s  ca. 35'- The  d i a g r a m s  r e p r e s e n t e d  in  Figs .  2 0 a re  t a k e n  w i t h  t h e  l a t t e r  s l i t  a p e r t u r e s .  

A b e a m  s top,  ~ m m  wide,  w a s  p l a c e d  a t  25 m m  d i s t a n c e  f rom the  f i lm. S p e c i m e n s  were  
i m m  ti~ick b y  o. 5 ra in  w i d e  a n d  6 m m  long.  T h e y  w e r e  m a d e  b y  p r e s s i n g  a s m a l l  s a m p l e  of the  
m a t e r i a l  to  be X - r a y e d  in to  an  o b l o n g  o p e n i n g  of t h e  a b o v e  d i m e n s i o n s  in t he  s p e c i m e n  holder .  
Th i s  s p e c i m e n  ho lde r  is a s m a l l  ce l lu lo id  disc,  i m m  t h i c k  b y  ca. 7 m m  d i a m e t e r .  

Before p l a c i n g  t h e m  in t he  s p e c i m e n  holder ,  some  s a m p l e s  ( the  f a t t y  ac ids  a n d  e s t e r s  dis-  
cus sed  in sec t ion  I I I )  w e r e  m e l t e d  on  a c o p p e r  p l a t e  w h i c h  was  t h e n  r a p i d l y  coo led  d o w n  on  ice. 
Th i s  w a s  n e c e s s a r y  to  o b t a i n  a su f f i c i en t ly  s m a l l  c r y s t a l l i t e  s ize  for  p r o d u c i n g  h o m o g e n e o u s l y  
b l a c k e n e d  d i f f r ac t i on  b a n d s .  D e s p i t e  t h i s  p r e c a u t i o n  s o m e  s p e c i m e n s  g a v e  r a t h e r  c o a r s e l y  
s p e c k l e d  bands .  

Re/erences  p .  44. 
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F i g .  2 .  X-ray diagralnS ( ) f  alcohols. 
Q for easier  compar ison ,  in P'igs. e 0 the  third order interferences are m a r k e d  with a b lack (lot. 
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Fig. 3. X- r ay  d i ag rams  of fa t ty  acids. 
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I:ig. 5. X- ray  d i ag rams  of es ters  wi th  an alcohol or acid radical  longer  t h a n  C=2. 
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The technique of X-ray  pho tography  usually applied in tile s tudy of long spacings of fatty 
and waxy materials, i.e. the technique in which X-rays fall at grazing incidence on a specimen 
pressed or melted onto a glass moun t  which is slowly rocked through a small angle, has certain 
advantages  over the method we used. \Vith the latter method, however, the side-spacing reltections 
s tand out more clearly. Since we also wanted to observe possible variations of these and since 
the  method applied sufficed for our purpose, we did not  use appara tus  with a ro( king mech :raisin. 

3. Results 

In Fig. 4 the X-ray diagrams of the prepared esters are presented, and in Table V, 
column 7 the long spacings calculated from the diagrams are summed up. Further, 
in the next two columns of Table V, the theoretical long spacings as calculated from 
the relations (4 a) and (5a), derived in section II  for esters with vertical chains 
(A form) and esters with tilted chains (B form) are given. As seen from the diagrams, 
some esters exhibit a double set of reflections corresponding to two long spacings. 
In such cases the two spacings are mentioned in column 7, and a bracket denotes 
that they belong to the same ester preparation. The upper spacing is the one belonging 
to the strongest set of interferences. The numbers in colunm 7 are printed in italics 
if they correspond better with the theoretical B spacing than with the A spacing 
for the ester in question. The numbers in column 6 denote for every spacing the 
order number of the reflection of highest order visible in the original diagram, in 
column IO the differences between the long spacings found and the theoretical long 
spacings are mentioned; differences between B spacings are printed in italics. 

From a comparison of the observed long spacings in column 7 and the theoretical 
long spacings in columns 8 and 9 it is at once clear that in general there is close 
correspondence of the empirical spacing with either the calculated A or B spacing. 
With 14 of the 21 spacings in column 7 the difference does not exceed I ° ;  of the 
empirical spacing, c/. column IO. It appears, therefore, that the esters under con- 
sideration may assume a form with vertical chains (A form) or one with tilted chains 
(B form). Both forms may occur together in the same specimen, although this is 
seldom observed. In the B form the tilt is the same as in the/?-ethyl esters, as the 
theoretical B spacings are based on MALKIN'S data for the/? ethyl esters of long chain 
fatty acids (section II). Further, we may conclude that in most cases the 13 form 
is present, whereas only four esters show the rhombic form. There is no indication 
that the occurrence of the rhombic form is restricted to either the longer or the 
shorter chain lengths. 

4. Discussio~ 

The data recorded in Table V give rise to several questions and remarks, which will 
be briefly discussed in the following. 
a. Is the appearance of the rhombic form in certain esters to be regarded as a feature 
of these particular esters or is it due to impurity, i.e. would it appear in any of the 
other esters by contamination with adjoining homologues as has been observed xxith 
n-long chain alcohols n? It  is noted that the two samples of tetradecyl stearate, 
although prepared separately and from different stearic acid samples, both show the 
A form, and the two samples of hexadecyl stearate prepared in a different manner 
and from different stearic acid samples, both show the B spacing. This suggests that 
the first possibility is true. 

We have tried to gain some further evidence concerning this problem by mixing 
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solne of the esters. The mixtures investigated and their spacings are summed u I) in 
Table VI. It  appears from this table that (I) in none of the proportions applied did 
the mixtures of two long-chain esters both accepting the 13 form (c/. the mixtures 
of hexadecyl pahnitate and hexadecyl stearate) accept the A form, (2) if dodecyl 
pahnitate (A form) is added to dodecvl sternate (B form) in a proportion i :8, the 
mixture still accepts the B form. The same Js true if tetradecvl stearate (A form) is 
added to tetradecyl palmitate (13 form) in a proportion I:I ,  or octadecvl palmitate 
(A form) to octadecyl stearate (B form) in a proportion ~:I .  

T : \ B I . E  \:1 

LONG SP\CINGS IN MIXTURES OF CERTAIN O1 > TItF E.%TERN MI£NTIONI~.'I) IN T:kB[A£ V 

Lo~l~ spc, ings in A 
Mired cshrs ~tmt rglticls . . . . .  

,,bs. c~dc. (A) catc. (B) 

('~e (;t6 38 .8*  38.7  3 4 . 5  
4:  I ** 36 .8  39 .25  35 .0  
T:I 37 .8 4° 'O5  3 5 7  
I ; ,~ 3 0 .'~" 41.0.5 36 .6  

()12 (]'t8 36,~' 41 .2  36 .8  ' 

C H  Ci6 37 .r* 41.2 36.X 

4 :1  3 's'-I 41-75 37.,3 
I: I 39..~ 42 .55  37"9 
r :0 43 .3  43 .55  38 .9  

C1~ CI~ 43.5  43"7 39 .0  

( ; t l ;  ('1,; 4 T M  44.3  .39"4 
4 :~ 4 l.'~' 44 .75  39 .7  
t : l 4 2 . 3  45-4 4 0 . 3  
1 : 9  41 .7  46.1 4z.* " 

Ct6 Ct~ 4z , ' ,  ' 46 .7  4 L 6  

CJs  ()l~ 40"1 46"4 41"3 
4 : J 4 6 . 2  4e,.85 4 L 7  
l :L 46.6' 47 .6  42.,5 
~ : 9 " *  45 .9  48 .0  4 3 . 4  

Cl~ C l s  4,3'7 t-8.7 43 .6  

* S p a c i n g s  of  u n m i x e d  e s t e r s  a r e  t i le  s a m e  as  in  T a b l e  V, a n d  a r e  r e p e a t e d  h e r e  fo r  e a s i e r  
c o m p a r i s o n  w i t h  t h e  s p a c i n g s  of  t h e  m i x t u r e s .  

F o r  s i m p l i c i t y  t h e  c a l c u l a t e d  s p a c i n g s  of t i le  m i x t u r e s  a r e  d e t e r m i n e d  b y  a s s u m i n g  t h e  
s p a c i n g s  t o  i n c r e a s e  l i n e a r l y  w i t h  t h e  m e a n  c h a i n  l e n g t h  in  t h e  m i x t u r e .  H o w e v e r ,  c o n s i d e r i n g  
t h e  d a t a  of  I)IPER C[ HI) l, gl for  m i x t u r e s  o f  l o n g  c h a i n  p a r a f f i n s  a n d  p r i m a r y  a l coho l s ,  t h i s  as -  
s u m p t i o n  is p r o b a b l y  i n c o r r e c t .  

O b s e r v e d  s p a c i n g s  p r i n t e d  in i t a l i c s  c o r r e s p o n d  b e s t  w i t h  t h e  H s p a c i n g s ,  t h o s e  in c o m m o n  
t y p e  w i t h  t h e  A s p a c i n g s  c a l c u l a t e d  fo r  t h e  m i x t u r e s  in  q u e s t i o n .  

** l ) e n o t e s  m i x t u r e s  w i t h  l o n g  s p a c i n g s  s l i g h t l y  c lo se r  t o  t h e  t h e o r e t i c a l  I3 t h a n  to  t h e  A 
s p a c i n g ,  b u t  w i t h  s i d e - s p a c i n g  i n t e r f e r e n c e s  w h i c h  d o  n o t  p o i n t  t o  a B f o r m .  

These examples may show that even very strong contamination by an adjoining 
homologue normally crystallising in the A form does not necessarily give rise to the 
appearance of the A form in esters normally crystallising in the B form. 

The spacings of the mixtures again suggest that the appearance of the vertical 
chain position in certain of the esters is a feature of these particular esters. 
b. Why do two esters in Table V, namely hexadecyl palmitate and docosyl stearate 
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show a difference between theoretical and empirical long spacing tha t  is much higher 
than for the others ? We have tried to reach a more nearly correct long spacing with 

these esters by slow crystallisation. They were dissolved in warm benzene, which 

then was slowly evaporated. After this t rea tment  the hexadecyl palmita te  had indeed 
a somewhat shorter spacing, bu t  still ~.3 A longer than  the theoretical B spacing. 
The docosyl stearate showed again two spacings, bn t  they had become each ca. o.5 A 
longer, and the set of interferences belonging to the A spacing had now become the 
stronger one (c/. Fig. 4). We have not been able to explain satisfactorily the rather  
great difference between experimental  and  theoretical long spacings in these two 
esters. 

Nevertheless, one might think of the occurrence of a deviating tilt of the chains; the docosyl 
stearate exhibits ~ i orders of sharp hmg-chain reflections, pointing to good crystallisation, and 
there is no reason for appreciable contamination by longer or shorter chains, because the basic 
substances were of reasonable purity. Further the value mentioned by SHEARER 4 for the long 
spacing of hexadecyl palmitate (4o.4 A) is also notably longer (r. 3 A) than the theoretical value 
calculated from (5a) section lI (39.1 A), while his values for ethyl pahnitate, octyl palmitate 
and ethyl stearate are in satisfactory correspondence with the theoretical long spacings (differences 
respectively o, -I 0.2 and - o.3). The long spacing measured for hexadecyl palmitate by KOHL- 
IIAAS5 (38.9 A) is close to the theoretical value. However, it refers to single crystals of the highest 
possible purity. 

C. F ina l ly  it may  be remarked tha t  inspection of the side spacings in Fig. 4 reveals 
a difference between the esters with long spacings corresponding to the vertical  chain 
posit ion and  those with long spacings corresponding to the t i l ted position. The la t ter  
almost always (the exception is docosyl stearate) give a more or less dist inct  reflection 
close inside the most intense side spacing reflection. Certain esters, e.g. ethyl pa lmi ta te  
and ethyl stearate, give two such reflections. The reflection, apparent ly ,  enables us 
to establish, wi thout  measuring the long spacing, tha t  an ester is present  in the 
B form, at least for the range of chain lengths  considered. 

The spacing corresponding to this reflection is 4.27 A (sin 0 value = o.18o5). These values are 
liable to slight variation. Probably we are dealing here with (ri2). The reflection (t t2) was 
observed by KOHLHAAS 5 on rotation photographs of a single crystal of t{exadecyl palmitate as 
a strong spot with sin 0 = o.18oo. It may be noted that a similar reflection also distinguishes 
the fatty acids and alcohols with tilted chains from those with vertical chains; c/. Fig. 3 and the 
diagram of octadecanol with a tilted chain fraction in Fig. 2. 

We may  conclude from this section tha t  certain of the esters investigated, at  least 
if not of the highest possible puri ty,  crystallise with their  chains in vertical position 
to the basal planes, whereas others show a t i l ted chain position. In  both the form 
with vertical and that  with ti l ted chains, the chain l eng th - long  spacing relation is 
the same as in the ethyl esters with either the vertical or t i l ted chain position. 
Generally, an ester with the ti l ted chain position requires the presence of a fairly 
high amoun t  of an adjacent  homologue with the vertical  position before the mixture  
has vertical chains and  vice versa. The esters with t i l ted chains may  generally be 
recognised by  one or more side spacing reflections tha t  are not  present  in the diagrams 
of those with vertical chains. 
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3{i l). R. K R E G E R ,  C. SCHAMIf . \RT  VOI.. 1 9  (I()51) 

IX:. THE I N V E S T I ( ; A T I O N  OF CERTAIN N A T U R A L  W A X E S  W I T t t  .\  t t l G H  E S T E R  ( ' O N I E N I  

I. Material 

The two waxes with a supposed high ester content  ment ioned in tile in t roduct ion.  
and  which gave rise to the present  research,  had  both been collected frmn species 
of Musaceae, namely  Streh:lzia reginae and a 31usa spec. present  in the botanical  
gardens  of the Univers i ty  of Leiden, ind ica ted  as Musa paradisiaca. A rede termi-  
na t ion  of the  l a t t e r  species has revealed tha t  this  name was incorrect  and tha t  we 
were deal ing with  a specimen of Musa brachycarpa Backer.  

Only small  quant i t i es  of these two waxes were avai lable  and therefore we could 
not  check our earl ier  X - r a y  resul ts  2 with an X- ray  inves t igat ion of the saponif icat ion 
produc ts  of the  same waxes. However ,  three other  Musa wax samples  were avai lable  
in sufficient quan t i ty ,  as well as a wax sample  with high ester content  or iginat ing 
from linseed. 

One of the Musa waxes was a sample  of wax from Musa zebriu.a van Hout te ,  
present  in the  collection of this  labora tory .  Another  sample  was k ind ly  placed a t  
our disposal  by  Dr. A. J. ULT~E, Delft.  The sample,  in all p robabi l i ty ,  also belonged 
to Musa zebrina. In  the  following we will d is t inguish these samples  as Musa zebrina 
I and  I I  respect ively.  The th i rd  sample  was collected front the s tems of 3[usa balbi- 
siana, which bear  a th ick wax layer. The species is present  in the green houses of 
th is  labora tory .  The wax  layer  was scraped from the stems. 

The linseed wax was sent  to us b y  the Uni lever  Research Labora to ry ,  Zwijn- 
drecht ,  b y  the k ind  col labora t ion  of its d i rec tor  Dr. H. A. BOEK~;NOOGEN. This wax 
separa tes  in small  quant i t i es  in l inseed oil and  p r o b a b l y  originates  from the seed 
coat. Also the resul ts  of chemical  analysis  of the wax, the me thod  of saponif icat ion 
and the saponif icat ion produc ts  were p laced  at  our d i sposa l ' .  

Es ters  were p repa red  from the f a t t y  ac id  fract ion of l inseed wax with  dodecanol ,  
oc tadecanol  and docosanol.  The alcohol fract ion of l inseed wax was esterified with 
stearic acid and behenic acid. 

The method  of esterif icat ion was essent ial ly  the same as described in section 
I I I ,  2b. 

Fur ther ,  we made  improved  d iagrams  of the  two waxes from 3[usaceae s tudied 
earl ier  and examined  the wax from Musa chinensis, present  in the botan ica l  gardens  
at  Delft. The l a t t e r  wax was not  avai lable  in sufficient q u a n t i t y  to inves t iga te  the  
saponif icat ion products .  

2. Constants o/the waxes and saponiFcation procedures 
l;or t h e  3qusa eebrina w a x e s  t h e  f o l l o w i n g  c o n s t a n t s  w e r e  f o u n d  : 

51. zebrina 1 31. zebri~za II 

a c i d  v a l u e  1. 9 2.8 
e s t e r  v a l u e  85. i 85.2 

T h e  e s t e r s  w e r e  s a p o n i f i e d  b y  h e a t i n g  t h e m  for  7 h o u r s  m a m i x t u r e  of  e t h a n o l  96  °o a n d  b e n z e n e  
1 :1  w i t h  a l c o h o l i c  K O H  s o l u t i o n .  A f t e r  d i l u t i o n  of  t h e  b o i l e d  m i x t u r e  w i t h  w a r m  w a t e r ,  t h e  
a l c o h o l  a n d  a c i d  w e r e  o b t a i n e d  in  t h e  u s u a l  m a n n e r  f r o m  t h e  s e p a r a t e d  b e u z e n e  a n d  w a t e r  l a y e r s  
r e s p e c t i v e l y .  I n  t h e  s e p a r a t i o n  t h e  f o r m a t i o n  of a s o a p  e m u l s i o n  g a v e  s o m e  t r o u b l e ,  a n d  n o  
q u a n t i t a t i v e  r e s u l t s  w e r e  a c h i e v e d .  T h e  a l c o h o l  a n d  a c i d  f r a c t i o n s  w e r e  rec rys ta l l i se~ l  f r o m  
p e t r o l e u m  e t h e r  6o 8o. 

* F o r  t h i s  m a t e r i a l  a n d  d a t a ,  a n d  fo r  p e r m i s s i o n  t o  p u b l i s h  t h e  l a t t e r  w e  a re  h i g h l y  i n d e b t e d  
t o  Dr ,  H .  A. BOEKENOOGEN a n d  h i s  c o l l a b o r a t o r s  of  t h e  U n i l e v e r  R e s e a r c h  L a b o r a t o r y .  
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The  Musa balbisiana wax was saponified according to the  m e t h o d  descr ibed below for 
linseed wax, bu t  pe t ro leum e ther  6o -8o was used ins tead  of benzine and  pe t ro l eum e ther  4 ° 60. 
Cons t an t s  of the  wax  were not  de termined .  7oo mg  of wax  was saponif ied in 14 ml o. 5 N K O H .  
The  yield was ca. 3oo m g  f a t t y  acid f ract ion and  32o m g  alcohol fraction.  On accoun t  of the  
compa ra t i ve ly  diffuse long-chain  interferences of the  alcohol f ract ion it was supposed  t h a t  the  
la t t e r  sample  con ta ined  ester.  Therefore,  it  was saponified for ano the r  2. 5 hours  and  t rea ted  
fu r the r  in the  same  manne r .  Yield: 265 ing alcohol fract ion.  

For  the  following da t a  of the  l inseed wax  and  the  me thod  of saponif icat ion we are indebted  
to Mr. J. B, A. STROINK Of the  Uni lever  Research  Labora tory ,  Zwijndrecht .  

The  w a x  was prepared  f rom a concen t ra te  in linseed oil by  repeated  crys ta l l i sa t ion  f rom 
p e t r o l e u m  e ther  4 ° 6o. 

Yields af ter  
Cons t an t s  of the  wax:  saponif ica t ion and  ex t rac t ion :  

acid value  0. 7 unsaponif iable  m a t t e r  48.4 % 
o /  ester  va lue  89.7 f a t t y  acids 54 .1 /o 

acetyl  va lue  I2. 5 glycerol 1.95% 
iodine va lue  0.35 

Cons t an t s  of 
unsaponif iable  m a t t e r :  Cons t an t s  of f a t ty  acids:  

acid value  1. 5 acid value 157.8 
acetyl  value  134.5 acetyl  value  o.o 

"lt~ese d a t a  yield the  following rough analys is  of the  wax:  

free f a t t y  acids 0. 5 % 
free alcohols 8.o % 
glycerides 18.5 % 
wax  ester  + hydroca rbons  73.o % 

The  saponif ica t ion va lue  ca lcula ted  f rom this  ana lys is  is 89.8 which cor responds  sa t i s fac tor i ly  
wi th  t h e  expe r imen ta l  value  of 9o. 4. 

Me thod  of saponif icat ion and  ex t rac t ion :  
5 g of wax  is saponified wi th  ioo ml o. 5 N alcoholic K O H  on reflux for 9o'. T h e n  the  liquid is 
tral~sfused into a s epa ra to ry  funne l  wi th  ioo ml  w a r m  benzine  6o-9o. The  con ta ine r  is r insed  
wi th  w a r m  e thanol  and  ioo ml warm benzine.  These  l iquids and  w a r m  water  are added  to the  
c o n t e n t s  of the  sepa ra to ry  funnel .  The  e thano l -wa te r  layer  is d rawn  off and  the  benzine  layer  
b r o u g h t  into a second sepa ra to ry  funne l  con ta in ing  ioo ml  w a r m  water .  The  e thano l -wa te r  layer  
is shaken  twice wi th  ioo ml  wa rm benzine  and  the  wash  benzine passed  into the  second s e p a r a t o r y  
funnel .  The  benzine is t hen  washed  wi th  5 ° m l  0.5 N alkali in wa te r  and  nex t  with w a r m  wate r  
con ta in ing  some  e thano l  unt i l  t he  wash  wate r  is no longer alkaline wi th  phenolph tha le in .  

The  e thano l -wa te r  layer  and  all t he  wash  wa te r  are collected in the  first s epa r a to ry  funne l  
and  hydrechlor ic  acid is added  in order  to decompose  the  Soaps. The  f a t t y  acids are ex t r ac t ed  
by  th ree  wash ings  wi th  pe t ro leum e ther  40-60. The  collected pe t ro leum e ther  solut ions  are washed  
wi th  wa te r  to r emove  HCh 

By  evapora t ion ,  resp. cooling, the  benzine  yields the  wax  alcohols wi th  paraffins,  the  
pe t ro l eum e ther  yields the  f a t t y  acids. 

3. Discussion o/results with saponi[ied and prepared waxes 

I n  T a b l e  V I I  c o l u m n s  4 - 7  t h e  X - r a y  d a t a ,  o b t a i n e d  i n  t h e  s a m e  m a n n e r  a s  d e s c r i b e d  

in  s e c t i o n  I I I ,  3, a r e  c o m p i l e d  o f  r e s p e c t i v e l y  t h e  Musa a n d  l i n s e e d  w a x e s ,  t h e i r  

s a p o n i f i c a t i o n  p r o d u c t s ,  t h e  e s t e r s  p r e p a r e d  w i t h  t h e  l i n s e e d  a l c o h o l  a n d  t h e  l i n s e e d  

ac id ,  a n d  o f  t h e  t h r e e  w a x  s a m p l e s  t h a t  w e r e  n o t  s a p o n i f i e d  a n d  a r e  d i s c u s s e d  i n  

t h e  n e x t  s e c t i o n .  T h e  c o r r e s p o n d i n g  X - r a y  d i a g r a m s  a r e  p r e s e n t e d  i n  F i g s .  2 ( a l c o h o l s ) ,  

3 ( f a t t y  a c i d s ) ,  5 ( p r e p a r e d  e s t e r s )  a n d  6 ( w a x e s ) .  

Explanation o/ Table VI I .  I n  c o l u m n  4 t h e  o r d e r  n u m b e r  o f  t h e  h i g h e s t  o r d e r  l o n g -  

c h a i n  r e f l e c t i o n  v i s i b l e  o n  t h e  o r i g i n a l  d i a g r a m  is  g i v e n .  C o l u m n  5 s h o w s  t h e  l o n g  

s p a c i n g  f o u n d  f r o m  t h e  l o n g  c h a i n  r e f l e c t i o n s .  I n  s o m e  of  t h e  d i a g r a m s  o f  p r e p a r e d  
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TAI3LI~  \:11 

I)ATA OF NATIVE \VAXI£S, OF TItEIR SAPONIFICATION PRODUCTS, OF 1.'SYI,H~S PRb;PAIZI~21) \VITH SOI~[l~; 
OF THE LATTER, AND DATA OF OTHER NATIVE \VAXES THAT \VERE NOT SAPONIFIEI) 

E x p l a n a t i o n  is g i v e n  in  t h e  t e x t .  

z 2 ; 4 5 '~ 7 6' 9 

Mdting point ~C Ahohol 
Material n L o ~  slY. A m m~dc ~ ac 0 Acid 

obs. theor. 

\ V a x  M u s a  z e b r i n a  I 4 72.6  54-7 55.7  0 .44  
a lc .  80. 3 86 5 82. i 3o .0  
ac .  72 ,0  80 5 64.5  25 . r  

W a x  M u s a  z e b r i n a  I I  3 73 .8 55 .O 50-O o.445 
a lc .  8i  .2 86 7 S~ .7 3 ° . 4  
ac .  73 .2 85 5 67.  3 26.2 

W a x  l i n s e e d  5 O0.7 50.1 51 .,~ 0 .47  
a lc .  8L .3 8o.3  5 73. i 27 .0  
ac .  72 .6  79 5 63 . t 24.8  

W a x  M u s a  b a l b i s i a n a  3 (12.2 46.6  47 ,o  o .46s  
a lc .  67 .5  76 .0  5 65.3  24.2 
ac .  69 .0  76 .0  5 58..5 22.8  

P r e p a r e d  e s t e r s  : 
C12 a l c . - l i n s ,  a c i d  53 ca. 60 4 5 ° . 0  36 .9  36 .9  
C l s  a l c . - l i n s ,  a c i d  58 .0  ca. 7 ° 3 56.3  41-8 42 .8  
C~2 a l c . - l i n s ,  a c i d  7 ° ca. 74 3 6~ .7 46 .2  46 .8  
l i n s .  a l c . - C l s  a c i d  68 .6  73 4 59.7 44 .1 45 .o  
l i n s .  a l c . - C 2 2  a c i d  60?  ca. 76 i i 6o ,6  51 .o  (B) 49 .0  

\ V a x e s  o f  : 
31 usa brachicarpa 

M u s a  c h i n e n s i s  

S t r e l i / z i a  reginae 

4 0o .8  45-5 

5 72.2 54.5  

4 O5.3 48.3  

3 o 
24 t 26  

3 ° 
20 

26 ~ 28 
24 + 26 

24 
22 ~ 24 
+ 

0 .36  ,=~z 
0.445 ~ ~ ,o .~ ~ ~: 
0 .49  ~ ~ 
0 .38  -~ ~ ~ 

° ' 4 3  ~ ~ o  

+ 

> ° 4 4  2_ 

3 0 - 2 8  
> o ' 4 3  I 2 4 - 2 6  

[ 3 ° 28 
~--~ o ,38  [ i 8 - 2 o  

esters there are weak long-chain reflections visible belonging to unidentified im- 
purities; they are lost in reproduction. 

In column 6 the number of carbon atoms in the chain is given as calculated 
from the measured long spacing using the rhombic relation drh = m × 1.27 + 3.15 
derived in section II and checked in section III. In one case, however, indicated 
with (B), the relation for tilted chains has been used because the former led to an 
improbable result. It is evident that the values found for m represent mean chain 
lengths because we are not dealing with pure compounds. 

In column 7 the chain lengths of the esters are given as obtained by adding 
the numbers of carbon atoms of the component alcohol and acid mentioned in 
column 6 or - - in  the case of the Cx2-C2e components of the prepared esters--known 
otherwise. 

The theoretical melting points in column 3 are not given as such in the literature. 
As regards the alcohols and acids, the melting points mentioned are those of binary 
mixtures of n-primary alcohols and of n-fatty acids with the same mean chain lengths 
as found for our own products. They have been derived from the melting point graphs 
for binary mixtures of even-number adjacent homologues given by PIPER et al. n. 
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The theoretical melting points of the prepared esters are based on the melting 
points of wax esters given by W,~RTH ~9. However, the esters in question, with one 
exception, do not occur in WARTH'S table. Therefore we have taken the melting points 
of esters with the same chain length but other alcohol and acid radicals or have 
estimated them by intrapolation. 

Columns 8 and 9 will be explained later. 

I t  is remarkable in Table VII that in most cases the chain lengths measured on the 
esters in column 6 are slightly smaller than those obtained by summation of the 
lengths of the component radicals in column 7. The difference might be due to the 
fact that in mixtures of long chain compounds consisting of adjacent homologues, 
there is no linearity between the long spacing and the mean chain length. As has 
been shown by PIPER et al. 11, 21 for binary mixtures of adjacent odd-number paraffins 
and even-number alcohols, the increment of the long spacing in mixtures with a 
proportion of the longer chain up to about 70% is more than proportional to the 
mean chain length. Beyond this proportion the mixture shows the long spacing of 
the longer chain, which is even exceeded between 9 ° and IOO %. Therefore, calculation 
of the mean chain length of a mixture on the basis of linearity will generally result 
in a chain length that is too long, i.e. the proportion of the longer chains will be 
overestimated. This fault is doubled by summation of the chain lengths found for 
alcohol and acid fraction to obtain that of the ester. In the direct calculation of 
the chain lengths of the esters the fault is made only once. 

In M u s a  zebrina I and II a further cause of the difference observed has probably 
to be sought in the purification of the saponification products by recrystallisation. 
In this procedure a greater proportion of the shorter chain lengths than of the longer 
ones remains dissolved in the solvent. Therefore, a higher proportion of the longer 
chain lengths will be found in the purified alcohol and acid fractions than in the 
non-purified fractions. 

This  was  demons t r a t ed  as follows: 280 mg f a t t y  acid ob ta ined  by  saponif icat ion of 700 mg wax  
from M u s a  z e b r i n a  I for 4 hours,  and  t r e a t i n g  fur ther  as ind ica ted  for l inseed wax, was remel ted  
th ree  t imes  over  boi l ing wa te r  and  then  recrys ta l l i sed  twice  from a solut ion ca .  I : IOO by  weigh t  
in p e t r o l e u m  ether  6o-8o on s t and ing  a t  room tempera tu re .  Thus  ca .  135 mg purif ied f a t t y  acid 
was  obta ined ,  and  7 ° mg was  ob ta ined  by  evapora t ion  of the  r ema in ing  and combined  pe t ro leum 
e ther  por t ions .  

This  process was  repea ted  using 280 mg f a t t y  acid from M .  b a l b i s i a n a ,  from which two 
f rac t ions  of 115 mg were obta ined.  Mel t ing  points,  long spacings  and cor responding  numbers  
of ca rbon  a toms  of the  t o t a l  f a t t y  acids and  the  f ract ions  are men t ioned  in Table  V I I I .  

T A B L E  V I I I  

EFFECT OF PURIFICATION ON TOTAL FATTY ACID FRACTIONS 

'.11. zebrina I M.  balbisiana 

m.p.  °C l.s. m m.p.  'C l.s. m 

Tota l  f a t t y  acid 7 t.3 
Rec rys t a l l i s ed  f rac t ion  72.7 
Res idue  from e v a p o r a t e d  so lven t  69.8 

62.5 24.3 68. 5 58.5 22.8 
63.8 24.8 70.0 60.0 23. 3 
61.o 23. 7 67. 3 57.3 22.3 

For  co lumn head ings  see exp lana t ion  of Table  V I L  

Taking into account the above considerations, Table VII shows a satisfactory 
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correspondence between the chain lengths obtained for a wax by summation of the 
chain lengths found for the saponification products and the chain lengths measured 
on the whole wax. Also, the chain lengths of the prepared esters are in satisfactory 
agreement with the summed chain lengths of the component alcohol and acid 
fractions, except that of the ester of linseed alcohol with C22 acid. 

The above general agreement is reached on the assumption that the chains are 
vertical to the basal planes. The conchlsion is therefore justified that wax esters of 
the types in question, i.e. with both radicals or one radical longer than C22 , tend to 
crystallise in the rhombic form. 

A further conclusion is that the fatty acid fractions of the Musa and linseed 
waxes have also assumed the rhombic form because if the long spacings of these are 
interpreted as spacings of forms with tilted chains, they yield a much longer chain 
length, and the summed chain lengths of alcohol and acid will then become too long. 
Fat ty  acids normally assume the tilted-chain B or C form. 

We cannot explain the long spacing of the last of the prepared esters. Its devi- 
ating value is the more remarkable because the number of long chain reflections in 
the diagram is very high and, therefore, the ester appears to be very well crystallised. 
A similar case of an ester yielding a great number of long chain interferences in the 
diagram, but with a spacing too long to be regarded as a B spacing and too short 
for an A spacing, was encountered among the esters of Table V in the case of docosyl 
stearate. In both cases the long spacing lies nearer to the theoretical B than to the 
A spacing, though the side spacings do not point to the B form (c/. section III ,  4). 

None of the samples examined is of high purity, as may be seen from the 
generally considerable difference between the observed and theoretical melting points. 
That the long spacings nevertheless give good results as to the constitution of the 
esters, again demonstrates that the long spacing of a wax is a much more valuable 
constant than its melting point, even though for purity control the determination 
of the melting point is indispensable. 

4. Application o~ results/rom previous sections to diagrams o~ non-saponified waxes 

a. Nature and chain length o~ main constituent 

In the following, using the results from the previous section, we discuss what details 
about the three non-saponified waxes result from their X-ray data. The types of 
compounds that might occur as main constituents are paraffins, ketones or secondary 
alcohols, primary alcohols or wax esters, these normally forming the main constitu- 
ents of plant cuticle waxes. 

As regards the 3Iusa waxes, it is seen from Fig. 6 that the long chain inter- 
ferences do not show a regular decrease in intensity from the lower to the higher 
orders as do those of the n-long chain paraffins. Therefore, paraffins have to be 
excluded as main constituents. The interferences of the Strelitzia wax show a rather 
regular decrease. But the long spacing, if belonging to paraffins, ketones or sec. 
alcohols, would correspond to a mixture of C3~ and C37 chains, as may be calculated 
from (Ia) in section II, taking into account that even-number members of the 
homologous series in question do not occur in plant waxes 1, or do occur but in small 
amounts ~3. These lengths have only once been observed in plant waxes 1. Generally 
the chains are shorter. It is therefore very improbable that one of these products 
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forms the main  cons t i tuen t  of Strelitzia wax. I t  is stil l  more improbab le  for the  wax 

of M. chinensis, because its long spacing is still  longer. 
The long spacings of M. brachyearpa wax would correspond to a mix tu re  of C3a 

and C35 chains if t hey  belonged to a ke tone  or sec. alcohol. Evidence  exists indeed 
for the  occurrence of C33 ketone or sec. alcohol in cer ta in  waxes 2. I t  is unlikely,  
however,  t ha t  we are deal ing wi th  these substances  in the above  Musa waxes, f irst ly 
because there  is no evidence of their  presence in the other  Musa waxes, and  secondly 
because they  are ra re ly  found of this  length. Paraffin, ketone and sec. alcohol are 
therefore  exc luded  a,s main  cons t i tuen ts  in each of the three  waxes. 

The remain ing  possibi l i t ies  for the  cons t i tu t ion  of the three waxes are tha t  t hey  
conta in  alcohols or esters as their  main const i tuent .  We suppose tha t  in M. brachy- 
carpa and M. chinensis wax the intensi t ies  of the  second orders would be higher  if 
ma in ly  wax  alcohol were p r e s e n t - - c / ,  the d iagrams of Musa and linseed alcohol 
fract ions in Fig. 2 - - ,  while in Strelitzia wax the intensi t ies  are i rreconcilable with 
the  presence of alcohol as main  cons t i tuent  because the  second order is s t ronger  than  
the third.  Most probably ,  therefore,  the waxes consist of esters. This is suppor ted  
b y  the fact  t ha t  the  Musa waxes inves t iga ted  in more deta i l  have been shown to 
consist  ma in ly  of wax ester. In  tha t  case the mean  chain length  of the esters, when 
ca lcula ted  from (4a) in sect ion 2, is as indica ted  in column 6 of Table VII .  

b. Position o/the ester group in the chain 

Fina l ly  we wan t  to examine  whether  the intensi t ies  of the long-chain reflections 
enable  us to make  suggest ions concerning the  chain lengths  of alcohol and  acid radical  
of the  esters. 

The in t ens i ty  d i s t r ibu t ion  among the successive orders of long chain reflections 
in ketones  and wax esters is dependen t  on the posi t ion of the carbonyl  group in the 
chain.  The re la t ion has been s tud ied  b y  SHEARER 22. I t  was shown tha t  if d is the  
long spacing and ~d the d is tance  of the  centre of the  ca rbonyl  group from the neares t  
end of the  molecule, the reflections wi th  order  numbers  n/~ disappear .  Hence, if 
is ½ or 1/3 or ¼ etc. the  orders  2 n, or 3 n, or 4 n etc. disappear .  

I t  is n o t e d  t h a t  for  s i m p l i c i t y ,  in  t h e  c a l c u l a t i o n  of (2, t h e  l e n g t h  in  t h e  c h a i n  d i r e c t i o n  o c c u p i e d  
b y  t h e  h y d r o g e n  a t o m s  a t  t h e  e n d s  of t h e  e s t e r  c h a i n  is t a k e n  as  b e i n g  e q u a l  to  t h a t  of h a l f  a 
c a r b o n  a t ( r e .  Hence ,  if  m is t h e  n u m b e r  of c a r b o n  a t o m s  of t h e  e s t e r  a lcohol ,  n t h a t  of t h e  e s t e r  

m +  2 
acid, and Lhe ester oxygen atom is taken as a carbon atom, ~ is found as or as 

n m + ~ + 2' 
- - .  T h i s  is e a s i l y  seen  if t h e  e s t e r  is w r i t t e n  as  fo l lows :  
r e @ n + 2  

0 

H ( C H 2 ) m ' 0 ' C ' ( C H 2 ) n  I ' H  

T h e n  we f ind  on  t h e  a l coho l  s ide  of t h e  c e n t r e  of t h e  c a r b o n y l  g r o u p  a l e n g t h  ( 1/2 + m + [ + 1/2 ) C 
a n d  on t h e  ac id  s ide  ( ~  + n - - i  + ~ ) C .  F o r  (m + 2) < n t he  f i rs t  r e l a t i o n  for  o h a s  to  be  used,  
for (m + 2) > n t he  s econd  one.  

The above  effect is c lear ly  demons t r a t ed  in our d i ag ram of the  ester of C12 alcohol  
wi th  " l inseed acid" ,  where ~ is abou t  1/3 and,  accordingly ,  the  th i rd  order  long chain 
reflection is ve ry  weak.  I t  is fur ther  demons t r a t ed  in the  d iag ram of t e t r adeey l  
pa lmi t a t e  in Fig. 4, in which e = o.5 and the even orders are a lmost  ext inguished.  
I t  will be observed,  however,  t ha t  also in dodecyl  pa lmi t a t e  and  t e t r adecy l  and  
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octadecyl  s tearate ,  with o .... 0.47, order  2 is very weak, whereas in hexadecyI 
s tearate ,  again with 0 0.5, it  has a clearly higher intensi ty .  F rom an ext inguished 
second order  we m a y  not,  therefore,  conclude to a (" ..... () p()sition exac t ly  half way  
down the chain,  and in case of a c lear ly  visible second order this  posi t ion can not  
be excluded.  Considerat ion of the  higher even orders is required for more conclusive 
evidence. 

Since in our d iagrams  of na t ive  Musa waxes only the  second and th i rd  order  
long chain reflections s t and  out  sufficiently clear for a comparison of intensit ies,  we 
have to confine ourselves to the  in tens i ty  re la t ion of these. In  order  to come, despi te  
the  above  discrepancies,  to an es t imat ion  of the  posi t ion of C = O on account  of 
the  intensi t ies  of these two reflections, we have been guided b y  the following reasoning.  
If  order  2 is ext inguished or weak and order  3 is s t rong for o = 0.50, whereas the  
reverse is the  case for O = o.33, t hey  will be about  equal ly  s t rong at  the  in t e rmed ia te  
value of ~, i.e. for 0 = °.4 zS. On compar ison  with  the in tens i ty  re la t ion for Q = 0.38 
in SHEARER'S Fig. 6 (SHEARER, loc. cit.), this  seems to be not  far beyond  the t ru th .  
Therefore, if order  2 is weaker  than  3 we must  select a value of o.5o > q > o.4 za 
for the  posi t ion of the  carbonyl  group and if order 3 is the weaker  one a value of 

°.4 Is ;> e > 0.33*. 
This m a y  also be checked on some of our own diagrams.  Of pa r t i cu la r  impor tance  

in this respect  are the  d iagrams  of l inseed alcohol s teara te  and l inseed alcohol doco- 
sanoate ,  wi th  resp. ~ = o.38 and  9 - -  o.43. I t  will be seen tha t  in the  former order 2 
is s t ronger  than  3, whereas  in the la t te r  (and in docosyl  s teara te ,  also wi th  Q = o.43 ) 
i t  is s l ight ly  weaker,  in accordance  with our assumpt ion.  I t  is fur ther  clear t h a t  in 
l inseed wax the difference be tween orders  2 and 3 is grea ter  than  in the Musa  zebrina 
waxes, because of the  higher  ~ value of the  former. On the other  hand,  in M. balbisiana, 
where the ~ value is still  higher, the difference is near ly  the same as in the  31. zebrina 
waxes. The l a t t e r  case again demons t ra t e s  t ha t  not  too much value should be 
a t t a c h e d  to differences in the  in tens i ty  re la t ion of orders  2 and 3 when 2 is con- 
s ide rab ly  weaker  than  3. 

I t  m a y  be concluded t ha t  the  ra t io  of the  intensi t ies  of orders 2 and 3 of the  long 
chain reflections in waxes  wi th  a high ester conten t  permi t s  a t  least  a rough es t imat ion  
of the posi t ion of the  C = O group in the cha in '  If  order 2 is cons iderab ly  weaker  
than  3, we find Q > ~-,o.43, if i t  is s l ight ly  weaker  to s l ight ly  stronger,  ~-~o.43 > 

> ~ o . 3 8 ,  and  if i t  is cons iderably  stronger,  o < ~-o.38.  The chain lengths  of 
alcohol and  acid  radical ,  however,  remain  unknown as long as no indica t ion  from 
other  sources is ava i lab le  abou t  which of the two is the  longer. 

In  order  to reach an es t imat ion  of the  posi t ion of the C O group for the  las t  
three waxes of Table  VI I  we have assigned a ~ value to each of them on the basis  
of the  ra t io  of the intensi t ies  of i ts  second and  th i rd  order  interferences.  On account  
of this  value and considering tha t ,  according to the  experience with  the Musa  zebrina, 
l inseed and  Musa  balbisiana waxes, the alcohol will p robab ly  be the  longer com- 
ponent ,  an a p p r o x i m a t e  chain length composi t ion for alcohol and acid m a y  be 
sugges ted  as ment ioned  in column 9. 

* F o r  t h e  s a k e  of  b r e v i t y  v a l u e s  of  U < 0 .33  a r e  n o t  t a k e n  i n t o  c o n s i d e r a t i o n  s ince  t h e y  d o  
n o t  o c c u r  a m o n g  t h e  p r e p a r e d  e s t e r s  e x a m i n e d  h e r e  a n d ,  b e c a u s e  of  t h e  r e s u l t s  w i t h  t h e  s a p o n i f i e d  
w a x e s ,  n e i t h e r  a r e  t h e y  e x p e c t e d  t o  o c c u r  in  t h e  n o n - s a p o n i f i e d  s a m p l e s .  
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S U M M A R Y  

In order  to inves t iga te  t he  re la t ion of the  chain  length  to the  long c rys ta l - spac ing  in wax  esters,  
t he  X - r a y  long spac ings  have  been s tud ied  in esters  syn thes i sed  f rom some of the  Cla C22, s a tu -  
r a t ed  s - f a t t y  acids wi th  n - p r i m a r y  alcohols in the  range  C12-C22, and  in m i x t u r e s  of such  esters.  

Cer ta in  of the  esters  were found  to show a vert ical  chain  posi t ion wi th  reference to t he  
lat t ice p lanes  wi th  long spacing,  whereas  in o thers  the  cha ins  a s s u m e  a t i l ted posi t ion.  In  t he  
la t t e r  case, wi th  few except ions ,  the  t i l t  was found to be the  same as t h a t  known for the  e thy l  
esters.  

An  ester  a s s u m i n g  the  t i l ted cha in  posi t ion requires  a h igh  c o n t a m i n a t i o n  by  one wi th  
ver t ica l  cha ins  in order to obta in  a m i x t u r e  wi th  ver t ical  cha ins  and  vice versa.  

Certa in  p l an t  waxes  wi th  a high ester  con ten t  as well as thei r  saponif icat ion p roduc t s  have  
been  e x a m i n e d  in order  to inves t iga te  whe t he r  ana ly t ica l  va lue  m a y  be a t t r i bu t ed  to the  long 
spacings  observed  in such  waxes.  

Us ing  d a t a  ob ta ined  by  the  s t u d y  of the  syn thes i sed  esters,  evidence could be p rov ided  
t h a t  the  long spac ings  are indica t ive  of the  m e a n  cha in  length of the  ester  c o m p o n e n t  of the  
wax.  The  ester  cha ins  in t he  na t ive  waxes  have  the  ver t ical  posi t ion with reference to t he  lat t ice 
p lanes  wi th  long spacing.  

Us ing  the  d a t a  and  exper ience  ga ined in the  inves t iga t ions  m e n t i o n e d  above  and  app ly ing  
,~HEARIER'S d a t a  on t he  i n t ens i t y  d i s t r ibu t ion  a m o n g  the  long cha in  in terferences  as connec ted  
wi th  t he  pos i t ion  of t he  ca rbonyl  group in ke tone  and  ester  chains ,  sugges t ions  have  been m a d e  
concern ing  t he  cons t i t u t i on  of the  cuticle waxes  f rom three  M u s a c e a e  by  eva lua t ion  of the i r  
X - r a y  d i a g r a m s  alone. 

R ~ S U M g  

D a n s  le b u t  de rechercher  la re la t ion en t re  la longueur  de chaine  et la g rande  p6riodicit6 cristal l ine 
des  es ters  de cire, les g randes  p6riodicit6s r 6 n t g e n o g r a p h i q u e s  d 'es te rs  synth6t i s6s  d 'ac ides  gras  
n o r m a u x  sa tu r6es  de CI, 5  ̀C22 et d 'alcools  p r imai res  n o r m a u x  de C12 5  ̀C22 on t  6t6 6tudi6s, ainsi 
que les g randes  p6riodicit6s de que lques  m61anges de ces esters.  

Pour  cer ta ins  de ces es ters  il r6su l ta i t  que  les cha ines  son t  perpendicula i res  aux  p lans  r6ti- 
culaires  5  ̀g rande  p6riodicit4, t and i s  que  pour  d ' au t r e s  les chaines  son t  obliques. Dans  ce dernier  
cas, 5  ̀ qne lques  except ions  pros, l ' incl inaison observ6e est la m6me  que celle connue  pour  les 
es ters  6thyl iques .  

Un  ester  possddan t  une  posi t ion de chaine  oblique exige une  c o n t a m i n a t i o n  i m p o r t a n t e  pa r  
un  ester  5  ̀cha ines  ver t icales  pour  donner  un  m61ange avec des cha ines  ver t icales  et vice versa.  

Certa ines  eires v6g6tales  5  ̀t eneu r  61ev6e en esters,  ainsi  que  leurs p rodu i t s  de saponif icat ion,  
on t  6t6 examin6es  darts le b u t  de rechercher  quelle va leur  ana ly t ique  peu t  6tre a t t r ibude  aux  
g randes  p6riodicit6s q u ' o n  observe  dans  de telles cires. 

A l 'a ide des r6su l ta t s  ob t enus  dans  l '6 tude  des esters  syn th6 t iques ,  les au t eu r s  on t  pu m o n t r e r  
que  les g randes  pdriodicitds fourn i s sen t  la longueur  m o y e n n e  de chaine  des es ters  dans  la circ. 
Les  cha lnes  d ' es te r  dans  les cires na t ives  son t  ver t icales  pa r  r appor t  a u x  p lans  rdt iculaires  5. 
g randes  p6riodicit6s. 

Les  au t eu r s  on t  recherchd quelles conclus ions  re la t ives  5  ̀la cons t i tu t ion  des cires cut icula i res  
de trois  M u s a c e a e  p o u v a i e n t  6tre tir6es de la seule 6 tude  de leurs d i a g r a m m e s  aux  r ayons  X, 
en u t i l i san t  les r6su l ta t s  et l ' exp6rience recueillis a u x  cours  des recherches  d6crites p lus  h a u t  et  
en a p p l i q u a n t  les r6su l ta t s  de SHF.ARER sur  la d i s t r ibu t ion  d ' in tens i t6  pa rmi  les in te r fdrences  de 
cha ine  longue en rela t ion avec la posi t ion du groupe carbonyle  dans  les chaines  de c6tones  et  
d 'es ters .  
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ZI 'S \MMt ' ;N FASSI~N(; 

Ihn (lie Beziehungen zwischen der Kettcnltin;~e und dcr lunM('n Nctzcl)ellel]a/)st~ln,I ill \ \ 'a¢hs- 
estern festzusteIlen wurden (lie r6ntgenogl-afisch erhaI tenel  langel~ Netzcbenenal,stiin(le in 
synthetischen Estern, hergestellt aus einigen (ler gesttttigten CI~ ~ ("12 t>|:ettsfiureu un<t ~ prinliLreN 
CI2 C22 Alkoholen, un te rsucht  un(l dieselben Abst~inde in Mischungen s~flcher Ester. 

Bei einigen Estern wurde ein senkrechter Kettenstan(1 in Bezug auf die Basisct)ene gefunden, 
w~hrend (lie Ketten anderer Ester  eine schiefe Stellung einnehmen. In letzterem I:alle wurde 
mit wenigen Ausnahmen festgestellt, (lass <lie Neigung dieselbe war, als diejenige, (lie fiir Ethy!-  
ester bekannt  ist. 

Einem Ester  mit schiefer Kettenstel lung muss eine grosse Menge eines Esters mit senkrechten 
Ket ten beigemischt werden, um eine Mischung mit  senkrechten Ketten zu erhalten und um- 
gekehrt. 

l~2s wurden bes t immte  Pflanzenwachse mit hohem Estergehalt,  sowie deren Verseifungs- 
produkte  untersucht ,  um festzustellen, ob man  den in solchen \Vachsen beobachteten langen 
Netzebenenabst~inde irgendwelche analytische Bedeutung beimessen daft. 

: \uf Grund yon Ergebnissen, welche beim Studium synthet ischer  Ester  erhalten wurden, 
konnte  gezeigt werden, class die langen Netzebenenabst~inde der inittleren Kettenl~inge der Ester-  
komponente  des untersuchten  Wachses entspreehen. Esterket ten in nat iven Wachsen nehmen 
eine vertikale Stellung in Bezug auf die Basisebenen ein. 

Mit Rticksicht auf den Ergebnissen und I~;rfahrungen der (,bigen Stu(lien, und (lurch .\n- 
wemlung von SHEAREE'S Befunde bezflglich tier intensit/~tsverteilung bei Langketteninterferenzen 
in] Zusammenhang  mi t  der Lage tier Karbonylgruppe  in Keton und Esterketten,  wurde unter-  
sucht, welche Angaben tiber die Zusammensetzung der \Vachsfiberz/ige dreier Musaceae sich aus 
der ausschliesslichen Auswer tung ihrer R6ntgendiagramme ergeben. 
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