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INTRODUCTION

The linear relation obtained when the log retention times for methyl esters of certain
unsaturated fatty acids possessing the same number of double bonds, but different
chain lengths, are plotted against the number of carbon atoms in the fatty acid
chain has been shown!:? to be correlated with the end carbon chain (the number of
carbon atoms from the center of the double bond farthest removed from the carboxyl
group to and including the terminal methyl group*). This relationship may depend on
the contribution made by the end carbon chain to some form of modification of the
vapour pressure, since saturated esters having the same overall chain length dlsplay
increasing retention times as either the alcohol or acid moiety is shortened?, and this
correlates with vapour pressure changes known for this type of esters. In octadecenoic
acid esters this also appears to be the case, since as the double bond moves from the
central g-position towards the carbo'cyl end® or towards the terminal methyl end$.?
the retention time increases. It is therefore instructive to compare the effect of the
end carbon chain with that of what we may call the carboxyl end chain (the1 number of
carbon atoms from the carbox.yl group to the first carbon atom of the first double
bond, inclusive), and to examine the variables which may affect these relationships.

LINEAR LOG PLOT RELATIONSHIP

On the basis of the propoaed linear relation it would at first appear that the role of
the carboxyl end chain is a neutral one, the addition of two carbon atoms (for pairs
of commonly occurring fatty acids of even chain lengths) contributing the same effect
independently of the actual size of the carboxyl end chain. This appears to be the casc
for the range covered by the lmearly related pairs with carboxyl end chains as short
as 5and 7, or aslong as g and 11, or even 11 and 13 if the unknown listed by FARQUHAR
et al.8 with a retention time relative to stearate of 4.38 is the 1r3,16-docosadienoic ester.
Although for esters of saturated acids the log of properly corrected retentlon times
when plotted against the number of carbon atoms in the chain usually gives a straight
line over a wide range of chain lengths? 10 , there is some indication that for the shorter
chain lengths this line may inflect ,upwards as the chain length decreases!.12, In

* One more carbon atom than as originally defined!.
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the latter instance!2 the average line for the points representing dodecanoic, tetra-
decanoic and hexadecanoic esters is parallel to the lines joining the unsaturated ester
points, and both converge with the line joining the points for octadecanoic, eicosanoic
and docosanoic esters as the chain length increases. Cn the other hand in the data of
FARQUHAR ¢f al.® at three temperatures all the saturated ester points from dodecanoic
to eicosanoic fall on a straight line, while the unsaturated lines and the saturated line
become more convergent as the operating temperature decreases. Depending on
operating conditions, it is therefore possible that the contribution of the carboxyl
end chain may reflect a modification of retention time paralleling that observed with
certain of the shorter chain saturated acids, the precise range of chain lengths and
slope of the line of these acids being influenced by many operating variables. This
could explain why the unsaturated ester lines appear to be parallel to each other as
the range of saturated acids corresponding to the carboxyl end chains is fairly narrow
and therefore would give a nearly linear log plot. Moreover since the linear log plot
usually relates only pairs of acids the error associated with any slight change in the
slope of the log plot of the lower saturated fatty acids will not seriously affect the
apparent parallel linear relatlonshlp between such pairs as the carboxyl end chains
vary in length. Unless this range is co-linear with the higher saturated fatty esters
the latter line will not be parallel with the unsaturated acid lines.

SEPARATION FACTORS

In a study of the separation factors of acids of the same chain length three main
types of separation factors have been established?®. In type I separation factors the
end carbon chains are fixed and the separation factors may be grouped on the basis
of the three-carbon ratios of the carboxy! end chains commonly occurring in natural
lipid systems (Table I). These separation factors may not be completely 1ndependent
of the length of the end carbon chain, with some indication that as the latter in-
creases, for a given fatty acid chain length, the type I separation factors also increase
for those pairs with the same carboxyl end chain ratio. This also corresponds to fewer
double bonds, but the type II separation factors (see below) indicate that the number
of double bonds should be relatively unimportant.

In comparing the separation factors for the pairs of acids which may be linearly
related by the log plot relationship it is seen that as the fatty acid chain length in-
creases (or the respective carboxyl end chains are eachincreased) thereis some evidence
of diminution in the separation factors, particularly in the case of the more reliable
EGA data. This supports the contention that the magnitude of the carboxyl end
chains may affect the parallel linearity of the log plot relatlonshlp

In addition to the separatlon factors for the adjacent palrs of acids listed in -
Table I very good agreement is observed in those based on pairs differing by two
double bonds but having the same end carbon chains. Thus for a 4/10 carboxyl end
chain ratio the EGA values are r.21 and. r.22. For the 5/11 carboxyl end chain ratios
the EGA values are 1.24 and 1.24, and the EGS values are r.31 and 1.31.

In type II separation factors (Table II) the chain length and carboxyl end chain
are fixed 'and the separation factors’ may be grouped on the basis of the end carbon
chain ratios. These factors are of a higher order of magmtude than the type I factors
and correspondingly more accurate. The correlation is very good, independent of the
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TABLE I

TYPE I SEPARATION FACTORS BASED ON THE RATIOS OF CARBOXYL
END CHAINS WITH FIXED FATTY ACID CHAIN LENGTH AND END CARBON CHAINS

Polyester )
Carboxyl End ° : o
cn?i’czzjiln Faity acid ca’r’bon EGA (197°) EGS (205°)
ratio chain . .
7ia 0 Se/;z:%:on Y181 S:j}::;z:;on

22:6 4, 7, 10, 13, 16, 19 3 7.75 6.20 '

417 22:5 7, 10, 13, 16, 19 3 7.00 1.10 5.47 I.13
22:5 4,7, 0,13, 16 6 6.09 —

4/7 224 7,10, 13,16 6 5.50 I.1I —_ —
20:5 5,8,11,14,17 3 3.85 3.34

5/8 20:4 8, 11,14, 17 3 3.5I 1.I0 3.05 1.10
20:4 5,8, 11,14 6 3.04 2.58

5/8 20:3 8, 11,14 6 2.76 1.10 2.32 1.11
18:4 6,9, 12,15 3 1.97 1.83

6/9 18:3 9,12,15 3 1.72 1.14 1.56 1.17
18:3 6,9, 12 6 1.54 I.41

6/9 18:2 9, I2 6 1.34 1.15 1.21 1.17
18:2 6,9 9 I.zg9 I.18

6/9 18:1 o) 9 I.12 1.15 1.00 1.18
16:3 6,9, 12 4 —_— 0.925

6/9 16:2 0, 12 4 _ —_ 0.773 1.10
16:2 6,9 i _— 0.730

6/9 16:1 9 i —_ — 0.612 1.19
22:5 2, 10, 13, 16, 19 3 7.00 —_—

7/10 22:4 I0, 13, I6, 19 3 6.40 1.00 —_ e
22:4 2, 10,13, 16 6 5.50

7/10 22:3 10,13, 16 6 5.00 1.10 —_ —
20:4 8,11, 14,17 3 3.51 3.05

8/11 20:3 Ir, 14,17 3 3.I0 1.13 2.54 1.20
20:3 8,11, 14 6 2.76 ) 2.32

8/11 20:2 11, 14 6 2.45 1.13 1.97 1.18
20:2 8, 11 o) ‘2.32 ‘ —

8/r1 . 20: 1 11 9 2.02 1.I5 — —_

chain length and number of double bonds, and the types follow closely those found
in naturally occurring lipid mixtures. :

The type III separation factors (Table III) are based on pairs of acids w1th the
same chain length and the same number of double bonds. The correlation between
these factors apparently depends on the respective pairs of acids being linearly
related by the log plot system. The type III factors can be obtained by dividing the
applicable type 11 factor by the appropriateaveragetype I factor (inverting the carboxyl
end chain ratio, but not the numerical value). The most highly centralized systems
of polyethylenic unsaturation have the lowest type III separation factors (¢f. ref. 14),
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TABLE I1

.TYPE 11l SEPARATION FACTORS BASED ON THE RATIOS OF END CARBON
CHAINS WITH TIXED FATTY ACID CHAIN LENGTH AND CARBOXYL END CHAINS

Lolyester
End EGA EGS
Faity acid carbon
chatn Separation faclors Separation facters
7182 Y18t
e 3/6 6o 3lo o 36 6/y 3l9 47
22:6 4, 7,10, 13, 16,19 3 7.75 6.20
22:5 4,7,1I0,13, 16 6 6.09 1.37 4.64 1.33
22:4 4,7,710,13 9 5.10 1.19 1I.52 —_ — _—
22:5 7,10,13, 16, 19 3 7.00 -
22:4 7,710,I3, 16 6 5.50 1.27 _— —_—
22:4 I0,13, I6, I9 3 6.40
22:3 J0,13, 16 6 5.00 1.28 —_ —
20:5 5,8, 11, 14, 17 3 3.85 3.34
20:4 5,8,11, 14 6 3.04 1.27 2.58 1.30
20:3 45,8, 1r 9 2.53 1.20 1I.52 2.11 1.22 1.58
20:4 &8, 11,1417 3 3.51 - 3.05
20:3 8§, 11, 14 6 2.76 1.27 2,32 1.31
z20:2 8§, 11 o] 2.32 1.19 I.51 —_ — —_
18:4 6,9, 12,15 3 1.97 1.83
18:3 6 9,12 6 1.54 1.28 1.41 I.30
18:2 6,9 9 1.29 1.19 1.53 1.18 1,20 1I.55
18:3 9, 12,15 3 1.72 1.56
18:2 o9, 12 6 1.34 1.28 1.21 I.29
18:1 9 9 1.12 1.19 1.54 1.00 1.21 1I1.56
16:3 6,09, I2 4 —_ 0.925
16:2 6,9 7 —_— 0.730 1.27
16:2 9, 12 4 — 0.773
16:1 9 7 —_ 0.612 1.26

particularly evident in the case of the 6,9- and g,12-octadecadienoates. In this case

although the numerical index ratios of the two types of end chains are the same the

greater influence of the end carbon chains gives the necessary change in volatility to

ensure some separation. It must be presumed that the carboxyl end chain ratio
" contribution is reduced in effect by the ester linkage and alcohol moiety.

The gas-liquid chromatography of complex lipid mixtures such as marine oils
is greatly assisted by the use of these separation factors, supplementing in a more
precise way the linear log plot system. Thus a suspected component may be identified
by its various relations to any of several different acids which have been identified.
Alternatively the retention time may be predicted and the location on the chromato-
gram examined for a component. When even less information is available trial and
error procedures including several components may be necessary.

In the tabulated data drawn from that of FARQUHAR ¢f 2/.8 a number of component
fatty acids (in italics) have been identified through the use of these systematic sepa-
ration factorsl3, as well as by the linear log plot relationship2. In addition a few others
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TABLE I

TYPE III SEPARATION FACTORS WITH FIXED FATTY ACID CHAIN LENGTH AND NUMBER OF DOUBLE BONDS, COMPARING FOUND AND

CALCULATED VALUES °
EGA Polysster 7 EGS Polyester
Fally acid v, , » , ,
ype I11 Type L1 Type LI : Type 11
Tis%o (fo;nd) Type I Typel {cﬁlc ) 1801 (}OP:M) TypelI Typel {calc.)
2213 7, 10, 13, 16, 19 - 7.00 5.47 -
22:3 4,7, 10,13, 16 6.09 .15 3/6 127 7[4 L0 LI5 4.64 .18 36 131 7/4 I3 116
22:4 10,13,16,19  6.40 ' , —
2214 7, 10, I3, I6 3.50 1.16 3/6 1.27 10[/7 LI0O LIj — — — —_— - = -
2014 8,11,14,17 3.51 o . 3.05 IR o v
20:4 5,8, 11, 14 3.04 .13~ 3/6 127 8f3 o  rI5 2.58 L.18 3/6 r3r 85 rrr- ri8
20:3 11, 14,17 3.10 , 2.54 : , '
20:3 8, 11, 14 2.76 LI2 3/6 127 f8 i3 LIz 2.32 1.a9 3/6 3t 118 rig LIO
18:3 9, 12, 15 72 1.56 : ‘
18:3 6,9, 12 1.54 LI2 3/6 127 9/6 I3 110 .41 .11 3/6 13t 9/6 18  LII
22:4 7, I0, 13, I6 5.50 : : — '
22:4 4,7, 10, I3 5.I0 1.08 69 119 7/4 1o 108 — — — —— - — —
20:2 II, I4 2.45 —
20:2 8, 11 2.32 o3 6jo 119 11/8 1I3 LOj — - - - - — —
18:2 9,12 1.34 | ' r.21
18:2 6,9 .29 1.04 6/9 119 96 1I5 103 r.18 1.02 6/ 121 9f6 I8 1.02
18:2 II,14 I.45 - o -
18:2 8, 1r 1.33 1.09 4/7 123 1nj8 ri3 r1og — — — —_ - — —_
16:2 9,12 — 0.773 - o .
6,9 — — — —_ - — — 0.730 1.06 4f7 126 9/6 I8 1.06

10:2

SUYHLSH IOV ALLVA dILVANIVSENN JO NOILVOIJILNAQI
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have been listed with the retention time and structure both in italics, indicating
hypothetical acids with predicted retention times. These are included to complement
certain fatty acids of known structure which could not otherwise be included in a
partlcular table. The excellent correlation.of all of these acids and retention times in
the various types of separation factorstindicates the reliability of this systematic
approach to fatty acid identification. The data for the EGS polyester are drawn from
a preliminary identification study?? on the component fatty acids of seal blubber and
virtually all of the acids were tentatively identified by both the linear log plot and
separation factors. All the fatty acids employedin the EGS data (Tables, I, II and III)
have been associated with peaks excepting 6,9-octadecadienoic. An Aerograph A-go
was ernployed in these studies, still air bath temperature 205°, injection port temper-
ature 250°. Columns were copper tubing, 1/, in. O.D. and ro ft. in length, packed with
20 % commercial EGS on GC-22 “Super-Support Helium at go ml/min was em-
ployed as the carrier gas.

The type I and type III separation factors are particularly susceptible to small
errors in retention time. Thus the data of FARQUHAR et al.8 giving the temperature
variation of retention time for g,12,15-octadecatrienoic acid, in comparison for that
for 6,9,12,15-0octadecatetracnoic acid, suggests that r.72 at 197.5° is slightly high,
and a value of 1.70 improves the correlation for all three types of separation factors.
The retention time of 5.10 for 4,7,10,13-docosatetraenoate has bzen adopted instead
of the previous tentative identification!?® of this acid with a component with the value
- of 5.30, since the latter obviously does not fit the separation factors, and also since
there is reason to believe that this may be a heneicosapentaenoate tentatively identi-
fied in seal o0il'2, In the EGS series reasonable correlation is obtained excepting with
the 4,7,10,13,16,19-docosahexaenoate, for which it is difficult to determine a retention
time accurately owing to limitations of the apparatus. A value of 6.10 for the re-
tention time of this ester would give very satisfactory results with all three types of
separation factors.

The above data are all based on the normally occurring fatty acids related to
g-hexadecenoic, g-octadecenoic, 11-eicosenoic and 13-docosenoic acids. An opportunity
to extend this to other C,; monoethylenic acids and acids related to the latter is
provided by some hitherto unpublished information’ provided through the courtesy
of Dr. C. R. ScHOLFIELD. The relative retention times in Table IV represent composite

TABLE IV

. TYPE I AND TYPE 1I SEPARATION FACTORS FOR FATTY ACIDS
RELATED TO 9-, I12- AND I15-OCTADECENOIC ACIDS ON AN EGS POLYESTER

Tvpe 1 Type I1
Fatty acid Separation factors Fatty acid Separation factors
4T L4TE}
olrz rz2/rs . 9lz1s . 3l6 6/9. 3l9
18:3 9, 12,15 1.71 18:3 9,12,15 I.71
18:2 12, 15 I.43 1,20 18:2 0,12 1.28 1.34
18:1 15 1.10 1,30 1,56 18:1 9 1.00 1.28 1.71
18:2 9,12 1.28 18:2 12, 15 1.43
181 12 1.04 1.23 I18:1 12 . l.04 1.37

J.'Chromatog., 11 (1963) 185-194



IDENTIFICATION OF UNSATURATED FATTY ACID ESTERS 191

data from different analyses on an EGS polyester and therefore must be regarded as
only approximately correct, but general agreement is indicated between the pairs
in the type I and type II factors, while the type III separation factor for the 9,12~
and 12,15-0ctadecadienes calculated from the average of each (1.12) agrees with the
value found from the retention times (x.12). Although no direct comparison may be
made, this type IIL separation factor is much higher than the corresponding factor
(Table IIT) obtained on EGS polyester for the highly centralized 6,9- and g9,12-octa-
decadienes, agreeing with the view that the most highly centralized unsaturated fatty

acid ester structures have the shortest retention time and the lowest type III separation
factors.

VARIABLES AFFECTING SEPARATION FACTORS
In general the separation factors between unsaturated fatty acids are improved

slightly by a reduction in operating temperatures. This conclusion is based on the
temperature dependent datalisted by FARQUHAR ¢f 4.8 and other work5 (see Table V).

TABLE V
COMPARISON OF TYPE !l SEPARATION FACTOR PROPORTIONS OBTAINED BY DIFFERENT AUTHORS
Separation faciors Wash :
Temp. Polyester O Support Mesh -  Gas Ref.
3l9 . 3/6 6lo " Acid  Base
1.45 I1.22 1.18 205 BDS 5 Celite 545 40-60 Yes No He 16
1.45 1.24 1.17 203 DEGS 20 Celite 545 60-80 Yes No He 17
1.46 1.24 1.18 205 EGS 5 Chromosorb W 40--60 He 16
1.46 1.23 1.18 203 DEGS 20 Celite 545 60-80 VYes Yes He 18
1.48 1.26 1.18 @ 221 LLAC-2R-446 235 -Chromosorb W 30-60 He 19
1.48 1.24 1.19 200 Reoplex 400 30 Celite 545 60-80 Yes Yes He o
1.49 1.24 .20 205 BDS 7 Chromosorb W 40-60 He 16
1.50 1.26 I.19 197 Reoplex 400 18 = Celite 545 100—-120 Yes Yes Ar 8
1.52 1.27 I.20 177 EGA 2.3 Embacel 60-100 Ar 20
1.52 TI.27 I.20 1906 EGA - 13 - Chromosorb W  8o-100 Ar 14
1.53 1.26 1.21 205 REGS zo GC-22 60-80 He 12
1.5¢4 1.28 1.20 197 DEGS 20 Chromosorb 35-80 He 11
1.54 1.28 1.20 197  EGA 18 Celite 545 loo-~120 Yes Yes Ar 8
I.54 1.28 1.2zo0 184 . EGA 18 Celite 545 1oo-120 Yes Yes Ar 8
1.7 1.30 .21 173 EGA 18 Celite 545 100-120 Yes Yes Ar 8
1.58 1.31 1.2I 193 LAC-2R-728 30 Chromosorb 48-65 Ar 21
1.58 1.29 1.23 zo0 DEGS 20 Celite 545 48-85 Yes Yes H 10
1.59 1.30 1.22 180 LEGA 25  Celite 545 - 100-210 ' Ar 5
1.60 1.30 1.22 200 DEGS 20 GC-22 60-8o0 He 15
1.64 1.33 1I.24 180 DEGS 20 GC-22 60-80 He 15

This is the reverse of the usual criterion of the efficiency of polyester substrates, the
separation of the corresponding saturated and monounsaturated acid esters, which
normally improves as. the operating temperature is increased.

The type II separation factors are independent of carrier gas flow rate15 16 but
for a particular polyester on a particular support the variation with the ratio of
support to substrate is an important factor in most cases!®, This is shown in Fig. 1
where it is apparent that for the typz II 3/9 separation factor, under otherwise
identical conditions, a BDS polyester is less sensitive to concentration change on
Chromosorb W than on C-22 firebrick, and on both is less sensitive to change than is
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EGS polyester. The other type II separatlon factors appear to be roughly proportional
to the 3/9 ratio factor.

An attempt was made to determlne the genera.l influence of operational Vanables
on the type II separation factors by surveying the literature separations reported for
the series g-octadecenoate, g,r12-octadecadienoate, and 9,12,r5-octadecatrienoate
(Table V). Since the 3/9 end carbon chain ratio has the largest numerical value the

1.6|
1.5 .
14 L
130 BDS EGS
- c-22 C-22
o .2
sl
=
a .7}
)
w
1.6 L
[22]
5
.S | /'//OM
l.g L
L3 L BDS EGS
CHROM. CHROM.
|.2 1 (! 1 'W 1 1 L —W

o [} 10 15 20 0 5 10 15 20
% POLYESTER

Fig. 1. Variation of type Il separation factors (3/9 end carbon chain ratio) with concentration of
polyester for different polyesters and supports.

results have been arranged in order of increase of this value. The dependent values for

3/6 and 6/9 end carbon chain ratios seem to increase in proportion, and when plotted
an apparently linear relation is obtained (Fig. 2). Owing to the scale needed to express
the small quantities involved there is considerable scatter of points, especially for the
6/9 values, but the 3/6 values are moderately consistent. It is very difficult to assess
the merits of the data chosen, since there is little indication in the literature in many
cases of whether the data are based on corrected or adjusted retention times, or
whether the retention times were determined by the frontal tangent or half-base
width systems, or by the less desirable method of dropping a perpendicular from the
peak top. However, where several groups of ratios are taken from the -data of one
author® 15,16 the agreement with the plotted lines is very good. In general, however, it
appears that there is no general correlation in terms of polyester, percentage poly-
ester, support, support size, temperature or carrier gas. In the absence of any cor-
relating factor, the graph might be used as an approximate guide to determine any
two of the separation factors if the other is known, but this should be restricted to
the range of values plotted, since it has not been shown that a true linear relation
exists and extrapolation weould be dangerous.
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1.30

128

.26

.24

3/6 and 6/9

122
120

.18

116 s ! ) !

L 1 1
1494 146 148 150 152 I154 156 158 160 1462 164 .

3/9

Fig. 2. Plot of data (Table:V) relating type LI separation factors for methyl g-octadecenoate,
. g,12-octadecadienoate and 9,12,1 g-octadecatnenoate

The above discussion applies only to the type II separation factors, but clearly shows
that the complex interchange of variables, ‘while affecting the magnitude of these
separation factors, has a lesser effect on the proportional differences between sep-
aration factors of this type. This is in agreement with the proposed source of this
particular relationship, that of differences in volatility induced by the size of the end
carbon chain. The latter should not be influenced by polarity of the support for
example, yet this would have some effect on the carboxyl end chain, hence modifying
the relationship between the carboxyl end chain and the end carbon chain. This
would affect the magnitude of the type II separation factors, but would not necessarily
have a serious effect on the proportional differences which are due solely to the end
carbon chains.

It is therefore probable that derivatives of the unsaturated acids produced by
modifying the carboxyl group will have the same type II separation factors as the
corresponding methyl esters analysed on the identical column. The data for such a
comparison are not immediately available, but the separation factors for the dimethyl
acetals of the aldehydes corresponding to g-octadecenoic, g,12-octadecadienoic and
9,12,15-octadecatrienoic acids®?, respectively 1.25, 1.19 and 1.50 for end carbon chain
ratios of 3/6, 6/9, and 3/9, fit the plot (Fig. 2) derived from methyl esters very well.
Moreover the separation factor for g,rz-octadecadienyl acetate and g9- -octadecenyl
acetate?® on EGA at 184.8° is 1.2, the same as the value reported by the same
author® for the corresponding methyl esters on EGA at 184.5° under presumably
comparable conditions.

Considering the three types of separation factors in general as applied to fatty
acid ester separations, it is obvious that improvement in one separation between par-
ticular acids may hinder separation in other cases. Thus the type I and type 1I sepa-
rations are obviously slightly better with the EGS polyester on GC-22 (Tables I and II),
" but the type III separations (Table II1) for certain critical pairs such as the 6,9- and
9.12-octadecadienoates are apparently superior with the EGA polyester on Celite 545.

J. Chrvomatlog., 11 (1963) 185-194
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SUMMARY

Systematic separation factors may be established among various unsaturated fatty
acid methyl esters analysed by gas-liquid chromatography on polyester substrates.
These are apparently dependent on differences in the magnitude of the carboxyl end
chain and end carbon chain parts of the fatty acid chain.
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