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Abstract  

The correlation of s t ructures  of esters of cer- 
tain unsa tura ted  f a t ty  acids is possible through 
a linear relation when logarithms of retent ion 
time on polyester  substrates are plotted against  
the number  of carbon atoms in the f a t t y  acid 
chain. 

This correlation is independent  of any relation 
to the retention times of the esters of the satur-  
ated fa t ty  acids, and depends solely on the f a t t y  
acid chain length, the number  of double bonds, 
and the length of the end carbon chain. I t  ap- 
pears to depend on the influence of the la t ter  on 
vapor  pressure. 

A sound basis is thus provided for advocat ing 
a modified equivalent chain length system, vir- 
tual ly  independent  of t empera ture  effects, and 
based on certain commonly occurring monoun- 
saturated acids ra ther  than on the saturated acids. 

In t roduct ion 

T HE INTRODUCTION Of polyester substrates (1,2,3,4) 
has facil i tated the applicat ion of gas-liquid chro- 

ma tography  to the analysis of lipids. However  there 
is a new problem: identification of the mult ipl ic i ty  
of peaks corresponding to the methyl  esters of f a t ty  
acids for  which reference s tandards  are not imme- 
diately available. Recovery with subsequent struc- 
tura l  degradat ion (5,6) remains the final proof  of 
identity, as the comparat ive applicat ion of retention 
times (or volumes) is difficult because variables cannot 
be ful ly  reproduced by different workers. To assist 
in identification, the relation between retention times 
on two different substrates has been employed (7),  
or comparison, under  the same operat ing conditions, 
between a fresh and aged polyester column (8), 
essentially the same concept. Differences in operat ing 
tempera ture  are of limited application with esters of 
unsa tura ted  f a t t y  acids (9). I n  considering different 
isomers it has been pointed out (10) that  as the double 
bond systems in polyethylenic f a t t y  acids move away 
f rom the carboxyl group the retention time increases, 
while similar observations apparen t ly  app ly  to cer- 
tain monoethylenic esters (11). For  reasons discussed 
subsequently this rule must  be considered subject  to 
limitations. 

The effect of polyester interaction with ethylenic 
double bonds, in esters of f a t t y  acids with the same 
chain length, might  be expected to be proport ional  to 
the number  of double bonds, and on various small 
scale plots of log retention time against  a number  of 
double bonds may  seem proport ional  (2,12,13,14). 
Other plots (6,15) have suggested an inflection in 
similar lines joining the monounsatura ted  and poly- 
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unsa tura ted  acids. This is not unexpected as, in nor- 
real methylene- in ter rupted polyethylenic f a t t y  acids, 
there may  be some interaction between the double 
bonds themselves, and  hence modification of their  in- 
dividual  responses to polyester linkages. However, in 
a single a n a l y s e s  on any  polyester, no substantial  
correlation has been obtained with various detailed 
plots of log retention time for f a t t y  acid esters with 
the same chain length and differing numbers  of double 
bonds. With  esters of differing f a t t y  acid chain lengths 
and the same numbers  of double bonds, no adequate 
correlation has been shown except with certain mono- 
ethylenic f a t t y  acids, which have been joined by  ap- 
paren t ly  s t raight  lines (14,16,17,18). 

This repor t  shows that  the identification problem 
has appeared needlessly complex through the basic 
misapprehension tha t  the unsa tura ted  f a t ty  acids can 
be s t ruc tura l ly  correlated through the corresponding 
sa tura ted  acids, the number  of ethylenic double bonds, 
and their position relative to the carboxyl group. 
Actual ly  it may  be shown that  there is a sat isfactory 
relationship among the unsa tura ted  f a t ty  acids them- 
selves, independent  of the sa tura ted  fa t ty  acids, and 
based on the chain length, the number  of double bonds, 
and the position of the lat ter  relative to the terminal  
methyl  group. 
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FIO. 1. Example of method of plotting log r against number 
of carbon atoms in fatty acid chains. Lines from bottom plot 
esters of: saturated fatty acids; monounsaturated fatty acids 
(see text) ; 9,12-octadecadienoic acid; 5,8,11,14-eicosatetraenoic 
acid; 9,12,15-oetadecatrienoic acid; eicosapentaenoic acid; 
docosahexaenoic acid. 
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Procedure 

Certain data were examined through plots of log 
methyl ester r against number of carbon atoms in the 
fa t ty  acid chain (6,7,16,19,20,21,22,23,24), where the 
log r values for  the unsaturated fa t ty  acid esters were 
plotted on the same abscissa line as the saturated fa t ty  
acid (14,17,18). I t  was disclosed that  for  certain 
common fa t ty  acids, a s im i l a r  relationship existed 
among the various points independently of the poly- 
ester, worker, or operating conditions. Closer ex- 
amination indicated that this relationship was im- 
proved if the points were considered in relation to the 
line joining those points (gas-liquid chromatography 
data should proper ly  be presented in terms of cor- 
rected retention volume of carrier gas. The wide- 
spread use of time has led to the introduction of tR 
for retention time, and tR r for  adjusted (not cor- 
rected) retention time. Relative retention time or 
separation factor  is then t~l'/t~2' and denoted r (19). 
In  the present s tudy all data are based on retention 
time (adjusted) relative to methyl oetadecanoate 
(18:0) and simply denoted r when abbreviated.) 
representing the monounsaturated esters, instead of 
the line joining the saturated ester points. This is 
i l lustrated in Figure  1 by drawing lines through the 
various points parallel to the line joining 9-oetade- 
eenoic acid and 13-doeosenoic acid. This shows the 
typical  relationship between the lines through the 
points representing 9,12,15-octadeeatrienoate and 5,8, 
11,14-eieosatetraenoate, with the former line lying 
just  above the latter. I t  will also be noted that  the 
point for  9-hexadecenoate lies slightly above the ex- 
trapolation of the line joining 9-oetadeeenoate and 
13-docosenoate. 

In a number of these plots the points for  5,8,11,14, 
17-eieosapentaenoate and 7,10,13,16,19-docosapentae- 
noate appeared to fail  on a common line. The sole 
correlation in the s tructure of these acids, other than 
the number  of double bonds, is in the number of 
carbon atoms af ter  the center of the double bond far- 
thest removed from the carboxyl group;  in each case 
three, including the terminal methyl group. The 
comprehensive data of Fa rquha r  et al. (19) yielded 
another pair of l inearly related points: 9,12-octa- 
decadienoate and 11,14-eicosadienoate with, in each 
case, six carbon atoms af ter  the center of the ultimate 
double bond. 

End Carbon Chain. In  a prel iminary communica- 
tion (12) this correlating number  of carbon atoms, 
named the end carbon chain, was reckoned from, and 
including, the first methylene g roup  after  the double 
bond far thes t  removed f rom the carboxyl group. For  
purposes of biological comparisons, it is now con- 
sidered bet ter  to conform to the more usual system of 
double bond identification and group the f a t ty  acids 
by the number of carbon atoms af ter  the center of the 
ultimate double bond. This system is therefore em- 
ployed exclusively. A convenient system for  compar- 
ing correlated fa t ty  acids in the groups subsequently 
discussed, based on the carboxyl end of the acid ra ther  
than on the end carbon chain, is to consider tha t  as 
two carbon atoms are added to the chain length, the 
first double bond moves two carbon atoms fa r ther  
f rom the carboxyl group (e.g., 9-octadecenoate and 11- 
eicosenoate). The parallel probable first step in the 
biosynthesis of highly unsatura ted fa t ty  acids f rom 
essential f a t t y  acids is an interesting coincidence. The 
end carbon chain is, however, the correlating constant, 
and of more importance in determining the relation- 

TABLE I 
Modification of Relative Retention Times Through Interpolation 

Fatty acid a 

18:0 
18:1 "'9 
18:2 6,9 
18:2 8,11 
18:2 9,12 
18:2 10,13 
18:2 11,14 
18:3 9,12,15 

Landowne 

1.00 
1.10 

1.31 
1.32 
1,35 
1.43 
1.68 

r values 

Farquhar  

1.00 
1.12 
1.43 

1.34 

1.72 

Interpolated 

1.00 
1.12 
1.29 
1.33 
1.34 
1.37 
1.45 
1.72 

a Notation after Farquhar .  

ship. As will be shown later, this must therefore be 
prefer red  as the means of comparison. 

Transfer of Data. Unfor tunate ly  no one author has 
tabulated retention time data for  all the potential ly 
interesting methylene-interrupted polyethylenic fa t ty  
acids studied by GLC. The work of Fa rquhar  is the 
most comprehensive, but  the results of any one author  
do not always fit the presumptive pat tern  which it is 
desired to verify.  However, in comparing retention 
times reported by various authors, note was taken of 
the parallel l ineari ty established in relation to the line 
joining the monoethylenic f a t t y  acid esters. A modi- 
fied equivalent chain length system (MECL) was 
tested, based on the lines drawn through the points 
representing 9-octadecenoate, l l-eicosenoate and 13- 
docosenoate. I t  will be noted that  these three points 
also fit the pa t tern  of one line joining points repre- 
senting the same number of double bonds (one) and 
the same end carbon chains (nine),  af ter  the double 
bond. The MECL system will be considered below, 
but  only in those cases where one or more nearby 
points coincide moderately well, may the t ransfer  of 
a point on a log r plot be considered reliable. In  some 
cases it has been necessary to use such transfers  even 
in cases of poor correlation in order  to obtain a point 
not otherwise reported. In  addition to errors inherent 
in plott ing retention times, and reading intercepts 
f rom graph lines, some data include only one or two 
points representing suitable monoethylenie f a t t y  acid 
esters, necessitating interpolation, extrapolation, or 
even the use of the otherwise unsuitable point for  9- 
hexadecenoate. 

In  the case of the impor tant  data of Landowne and 
Lipsky (10), simple interpolation has been used, since 
no overall plot may  be drawn (Table I ) .  The errors 
should be small since there is good agreement for  the 
appropriate  separation factors based on the mutual  r 
values for  9-octadeeenoate, 9,12-octadecadienoate and 
9,12,15-oetadecatrienoate (25). In  one instance the 
ordinary  ECL system (21) has been employed. 

Results of Graphic Analysis 
The available retention time data, drawn largely 

f rom Farquhar ,  are presented in Table I I  and in 
F igure  2. In most cases the s t ructural  relationships 
among the acids arranged in Groups I to X correlate 
well with the listed r values, although the different 
retention times tabulated f rom the l i terature  for  the 
sixteen-carbon unsatura ted f a t ty  acid esters are of 
doubtful  utility. Thus Fa rquha r  has indicated no 
separation of 6,9-hexadecadienoate f rom 9,12-hexa- 
decadienoate, although this shou ld  be observed, and 
has in fact  been reported (6,15). These difficulties 
may have arisen f rom the very  short retention time 
in the analysis of a complex mixture  with longer chain 
highly unsatura ted materials in the first instance. But  
the general fai lure of this, and data f rom another 
source (6), to correlate well with either the predicted 
r values or Fa rquha r ' s  values, is inexplicable. The 
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Fro. 2. Correlation of log r data through strueturM groups 

dependent on number of double bonds and the same end carbon 
chains. Data from Table II. 

hexadecanoate point in the Farquhar data is satis- 
factory, presumably el iminating the possibil ity of ef- 
fect of injection procedure, etc. Without  other infor- 
mation, the r values listed in the "probable"  column 
in Table II  must  be considered more accurate than 
those from the literature. In Group X I  are listed a 
number of acids for which no point of correlation is 
available; also some tentative identifications of un- 

VOL. 40 

knowns. The latter are discussed below, or considered 
elsewhere (25) .  

The importance attached to each plotted point  may 
now be reviewed in detail, fo l lowing the arrangement 
in groups. Since the basic data is that of Farquhar 
it is understood that points not discussed are from 
these data and are valid without  comment. 

Group I. The point for 13-docosenoate ester (r 3.68), 
obtained by extrapolation, coincides with that taken 
from the data of Miwa et al. (21) by application of 
the normal  E C L  system to the saturated ester line. 
This coincidence is encouraging when considering the 
transfer of certain other points from this group of 
workers. 

Group II. Neither the data of Stoffel et al. (6),  
nor that  of Farquhar,  can be considered reliable in the 
case of the 6,9-hexadeeadienoic acid, since in the one 
case none of the 16-carbon esters fit (r  0.702 by 
MECL) ,  and in the other no separation is reported 
for the 6,9 and 9,12 isomers (common r 0.785). The 
probable value  of 0.740 is based on the assumption 
that the r of 1.33 for 8,10-oetadecadienoic ester, inter- 
polated from the data of Landowne and Lipsky (Table 
I)  is valid. 

Group III. Arguments  similar to the above apply 
in the case of the 9,12-hexadecadienoie ester, with the 
Stoffel r (6) (0.770 by MECL) ,  and Farquhar r 
(0.784),  values  ly ing closer to the probable value of 
0.810. The 11,14-oetadecadienoic point is again modi- 
fied from the data of Landowne and Lipsky (see 
Group VI  discussion).  

Group IV. The Farquhar  value for 7,10-13-hexa- 
decatrienoic ester (r 0.904) is suspect owing to the 
reported non-separation from the 6,9,12 isomer. A 
probable r of 0.950 is indicated by the linear plot. The 
reported r, 0.904, may  be approximately correct for 

T A B L E  I I  

Structures  of Var ious  Fat ty  Acids  with  Relative Retent ion Times  Modified from the Literature ,  and as Employed  in or Predicted by F igure  2 

Group 

I 

I I  

I I I  

I V  

V 

V I  

V I I  

V I I I  

I X  

X 

X I  

Fatty  acid a 

1 6 : 0  .... 
1 8 : 0  .... 
2 0 : 0  .... 
2 2 : 0  
1 8 : 1  "9  
2 0 : 1  11 
2 2 : 1  13 
1 6 : 2  6,9 
1 8 : 2  8 ,11 
1 6 : 2  9 ,12 
18:2 11,14 
16:3 7,10,13 
1 8 : 3  9 ,12 ,15  
1 8 : 4  6 ,9 ,12 ,15  
2 0 : 4  8 , 1 1 , 1 4 , 1 7  c 
1 8 : 2  6,9 
2 0 : 2  8 ,11  
1 8 : 2  9 ,12  
2 0 : 2  1 1 , 1 4  
2 2 : 2  13 ,16  e 
1 8 : 3  6 ,9 ,12  
2 0 : 3  8 , 1 1 , 1 4  
2 0 : 4  5 , 8 , 1 1 , 1 4  
2 2 : 4  7 , 1 0 , 1 3 , 1 6  e 
2 0 : 5  5 , 8 , 1 1 , 1 4 , 1 7  
2 2 : 5  7 , 1 0 , 1 3 , 1 6 , 1 9  
1 6 : 1  7 e 
1 6 : 1  9 
1 6 : 2  7 ,10 c 
1 6 : 3  4 ,7 ,10  c 
1 6 : 3  6 ,9 ,12  
1 6 : 4  4 , 7 , 1 0 , 1 3  e 
1 6 : 4  6 ,9 ,12 ,15  
1 8 : 2  10 ,13  
1 8 :  ~. ? 
2 2 : 2  5 ,13  
2 2 : 5  4 , 7 , 1 0 , 1 3 , 1 6  c 
2 2 : 5  ? 
2 2 : 6  4 , 7 , 1 0 , 1 3 , 1 6 , 1 9  

E n d  
ffarhon 
chain 

"~" 

9 
9 
7 
7 
4 
4 
3 
3 
3 
3 
9 
9 
6 
6 
6 
6 
6 
6 
6 
3 
3 
9 
7 
6 
6 
4 
3 
1 
5 
? 
7 
6 

4 - 5  c 
3 

Probable  

0 .550  
1 .00  
1 .82 
3 .30  
1 .12 
2 .02 
3 .68 
0 .740  
1.33 
0 .810  
1 . 4 5  
0 .950  
1 .72 
1 .97  
3 .51 
1 .29  
2 .32 
1 .34  
2 .45  
4 .38  
1 .54  
2 .76  
3 .04  
5 .50  
3 .85  
7 .00  
0 . 6 2 5  
0 . 6 3 4  
0 .745  
0 .86  
0 . 9 0 4  
1 .08 
1.11 
1 .37 
2 .18 
3 .90  
6 .09 
6 .60 
7 .75 

Plotted 

0 .550  
1 .00 
1 .82 
3 .30 
1.12 
2 .02 
3 .68 

1.33 

1.45 

1.72 
1 .97 
3 .51 
1.29 
2 .32 
1 .34  
2 .45  
4 .38  
1 .54  
2 .76  
3 .04 
5 .50 
3 .85 
7 .00 

0 . 6 3 4  

0 .904  

1 .37 
2 .18 
3 .90 
6.09 
6 .60 
7 .75 

Farq.  
(19) 

0 . 5 5 0  
1 .00  
1 .82  
3 .27  
1 .12  
2 .02  

0 . 7 8 5  

0 . 7 8 5  
1 .43 
0 . 9 0 4  
1 .72  
]..97 
3 .51  
1 .43 
2 .32  
1 .34  
2 .45  
4 .38  

3 .04  
5 .50  
3 .85  
7 .00 

0 . 6 3 4  
0 .67  
0 . 8 2 5  
0 . 9 0 4  

2 .18  

6 .09  
6 .60  
7 .75 

r va lues  b 

Stof. 
(6) 

1.00  

0 . 7 0 2  

0 .770  

1 .58 

2 .76  
1 .41 

0 . 8 6 0  

1 .06  

Land. 
( 1 0 )  

1.00 

1.33 

1 .45 

1.72 

] . 3 7  

B a g b y  
( 2 4 )  

Miwa 
( 2 1 )  

1 .00  

3 .68  

1 .72 

1 .34  

4 .40  
1 .53  

3 .90  

" Notat ion after F a r q u h a r  ( 1 9 ) .  
b Except ing  the data of F a r q u h a r  et al. all other values  are  modified from original  author's  data  as specified in te~t. 
e Identif ication postulated or reported by other w o r k e r s  as  occurring in natural  l ipids ( 1 2 , 2 7 ) .  
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the 6,9,12 isomer, present in menhaden oil in a much 
higher proportion. 

Group V. The plotted line through the 6,9,12,15- 
oetadecatetraenoate point (r  1.97) suggests that  the 
r for  8,11,14,17-eicosatetraenoate will be 3.54, correlat- 
ing with the r of 3.51 by Farquhar  for  an mlknown 
acid with 20 carbon atoms. The value from the data 
of Stoffel et al. (6), r 2.76 by MECL, coincides with 
8,11,14-eicosatrienoate (Group V I I I ) .  The similar 
structures suggest an error  in s t ructural  determina- 
tion by the latter authors. 

Group VI. Another  error  seems to have been repro- 
duced in the case of the 6,9-octadecadienoic acid, re- 
ported by  Farquhar  to have r 1.43 and by Stoffel 1.41 
(by MECL from original 1.35). The data of Landowne 
and Lipsky strongly suggest an interpolated r of 1.29, 
correlating very  well by plot with the 8,11-eieosadie- 
noic ester, and coinciding with an unknown listed at 
approximately r 1.29 (not specified at 197C). 

The ident i ty  of the component hitherto considered 
6,9-oetadecadienoate, r 1.43, remains to be considered. 
Tentat ively it is suggested by biological comparison 
(29) that  this is derived from 9,12-hexadecadienoic 
acid, and is therefore 11,14-octadecadienoate. The 
proposed r of 1.45 (see Group I I I )  is then very  satis- 
factory. In  the degradative s tudy of these oetadecadie- 
noic acids (29) only oxidative ozonolysis is reported. 
Since this is a minor component, the traces of butyric  
acid produced in ozonolysis may have been lost, and 
the diearboxylie acid product  would have a long re- 
tention time and an inconspicuous flat peak. The more 
obvious products  of the 6,9 isomer would, in contrast, 
be readily recognized, and lead to the belief that  only 
two isomers were present. 

Group VII. Good dorrelation is obtained for  the 
9,12-octadeeadienoic and 11,14-eieosadienoic esters. 
Extrapolat ion of this line gives a probable r of 4.38 
for the 13,16-docosadienoic ester. This coincides with 
an unknown, r 4.38, reported by Farquhar ,  and also 
with a 22:2 diene listed by Bagby et al. (23) (r 4.40 
by MECL from original listed ECL of 23.0). 

Group VIH. Although a 6,9,12-octadecatrienoie 
acid is listed by Farquhar ,  the r is not specified. The 
linear plot suggests a probable value of 1.54, coincid- 
ing with an unknown listed by this author  with this 
r, and with a value of 1.53 obtained from the data of 
Miwa et al. (21) by MECL. Correlation with the 
8,11,14-eieosatrienoic ester is then satisfactory. 

In  considering the r data tabulated by Lindgren et 
al. (20), obtained on a DEGS type substrate (LAC- 
2R-728), the log r plot (although not satisfactory, as 
no straight line can be drawn joining the appropriate 
monoethylenie fa t ty  acids) suggests that  these authors 
have interchanged the retention values, relative to 
methyl stearate, for 6,9,12-octadecatrienoate and 9,12, 
15-oetadecatrienoate. The listed comparative r values 
(20) of Hawke et al. (16) support  this suggestion. 

Group IX. 5,8,11,14-eieosatetraenoie ester (r  3.04) 
cannot be obviously correlated with any other known 
acid, but  the linear plot extrapolation fails closely 
between a 22:4 ester (r  5.30) and an unknown (r  ap- 
proximately 5.50 at 197C by interpolation),  suggest- 
ing that  one of the la t ter  is 7,10,13,16-docosatetrae- 
noate. Tentat ively this is assigned to the point with 
r of 5.50, since the separation factor (22:4/20:4)  of 
1.81 is then similar to that  for  all pairs in any group 
(see below), whereas the other would give 1.74. 

Group X. Excellent correlation is obtained, as in 
many plots from various authors, between 5,8,11,14,17- 

eicosapentaenoate and 7,10,13,16,19-docosapentaenoate. 
Group XI. The plotted point for  9-hexadecenoate 

( r  0.634) lies slightly above the Group I line, while 
the predicted value for 7-hexadeeenoic ester is 0.625. 
Since, in general, the 16-carbon r values listed by 
Fa rquha r  are too low, the unknown with interpolated 
r at 197C of approximately 0.67, may be 7,10-hexa- 
decadienoate, reported in herr ing oil (27). The prob- 
able r of 0.745 lies very close to the 0.740 predicted 
for the 6,9 isomer (see discussion on central ly located 
unsaturat ion) .  The rule of increased retention time 
with shorter end carbon chain (10) is probably ap- 
plicable here, hence comparison of the listed value 
(19) of r, 0.904 for 6,9,12-hexadecatrienoate with the 
Group IV line, suggests that  the listed value is ap- 
proximately correct. [An independent check by sepa- 
ration factors f rom (15) gives 0.910, agreeing with 
this value (25).] This is fu r ther  supported by the 
predicted value of 0.860 for the 4,7,10-hexadeeatrie- 
noate. The lat ter  is possibly the unknown listed at r 
0.825. Similarly the extrapolated value of 1.08 for 
4,7,10,13-hexadecatetraenoate (15) suggests that  the 
6,9,12,15 isomer will have a longer retention time. 
The lat ter  is unique as it has a terminal vinyl group, 
which may modify the normal response pattern.  Far-  
quhar states tha t  these acids do not separate f rom the 
oetadeeanoate peak, hence the r values must both lie 
between 1.00 and 1.12. A probable value for the 6,9, 
12,15 isomer based on separation factors, is 1.11 (25). 
The interpolated value for  10,13-octadecadienoate 
(Table I)  cannot be verified. 

A significant acid, 5,13-doeosadienoie, with a non 
methylene-interrupted structure,  is listed by Bagby 
et al. (23) with r of 3.90 by MECL. This point lies 
well below any other diene line, but  distinct from the 
monoethylenie line. The separation factor (1.18) f rom 
the corresponding saturated acid is not, however, 
twice that  of 13-doeosenoate (1.11). I t  is possible that  
the 20:(unknown)  listed by Fa rquha r  (r  at 197C 
2.18 by interpolation) is of the same type [cf. dis- 
cussions (15,23)]. The 19-carbon acid, s t ructure un- 
known, with r at 197C of 1.64, does not fall  on the 
Group I line, but  also apparent ly  correlates by linear 
plot at both 197C and 173.5C with the above 20-carbon 
unknown. The shift from the Group I line appear 
excessive in both cases for  a monoethylenic isomer 
wi th  a double bond close to the normal position: it 
is presumed that  if these are monounsaturated fa t ty  
acids the double bond position would be at least three 
carbon atoms removed from the normal [e.g. 14- 
eicosenoate, see text (25)] .  The figures of Scholfield 
et al. (11) suggest that  in non methylene-interrupted 
diene fa t ty  acid esters of a slightly different type, 
with double bonds in positions n and n + 6, the re- 
tention time should be slightly longer than that  for  
the normal diene with n, n + 3 structure,  but  dis- 
t inctly less than that  of the normal diene s t ructure  
n + 3, n + 6. The lat ter  authors also agree with 
Daniels and Richmond (24) and others that  conjuga- 
tion produces a drastic increase in retention time, but  
this refers to cis-trans types of structure.  

The 4,7,10,13,16,19-docosahexaenoate point is unique, 
but  two docosapentaenoate esters of interest are listed 
(19). Separat ion factors (25) suggest that  with r of 
6.09 will have a 4,7,10,13,16 structure, in which case 
the end carbon chain rule gives 5,8,11,14,17 or 6,9,12, 
15,18 as probable structures for  the other. The identi- 
fication of these and other highly unsaturated u n -  
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FIG. 3. Composite plot of log r data for saturated and mono- 
unsaturated fatty acid esters, showing relative changes in 
slopes with change in temperature. Dotted line parallels satu- 
rated acid line at 197C. 

kuowns on the basis of separat ion factors is considered 
elsewhere (25). 

Modified Equivalent Chain Length System 
In  the present  s tudy all the data t ransfer red  have 

been obtained on ethylene glyeol-adipic acid type 
(EGA)  polyesters. Since the separat ions obtained be- 
tween esters of unsa tura ted  f a t t y  acids are based on 
polar  interactions between the double bonds and the 
polyester ester linkages, this factor  should be nearly 
constant for  these various samples of polyester, al- 
though modified to some extent by operat ing condi- 
tions and age of columns. With  other types of poly- 
esters the interaction effects may  well be sufficiently 
different to prevent  wide application of the MECL 
system in relat ing data obtained on completely differ- 
ent polyesters. 

The basis of separations on polyesters has been dis- 
cussed by various workers, but  essentially two effects 
may  be considered: that  of the London forces neces- 
sary  to separate  the esters on a molecular weight- 
solubility-volatil i ty basis and superimposed on this, 
the polar interaction with the double bonds. There is 
no reason to suppose that  these two effects will change 
at the same rate with t empera tu re  change, and this is 
i l lustrated in F igure  3, where the relative slopes of 
the sa turated and monounsatura ted  acid esters change 
at different rates. As shown by this figure, the parallel  
l ineari ty for  these two lines is therefore an abnormal  
circumstance. On the other hand plots of the data of 
Fa rquha r  for  173.5C and 197C indicate that  the par-  
allel relationship among the various groups is valid, 
al though of different slope, at both temperatures .  

On this reasoning, and on the experimental  evi- 
dence, the modified equivalent chain length system has 
an inherent ly sounder basis than  the original concept 
(21), founded on the possible chance parallel  relation- 
ship between the two: lines. 

T A B L E  I I I  

C o m p a r i s o n  of Modif ied and Original  ECL Values for  Methy l  Esters 
of V a r i o u s  Ac ids  at  Different Temperatures a 

F a t t y  acid  b 

1 8 : 2  9 ,12 
1 8 : 3  9 ,12 ,15  
1 8 : 4  6 ,9 ,12 ,15  
2 0 : 2  8,11 
2 0 : 2  11 ,14  
2 0 : 4  5 ,8 ,11 ,14  
2 0 : 5  5 ,8 ,11 ,14 ,17  

E L C  Values  

Modified I O r i g i n a l  

1 7 3 . 5 ~ 9 7 C  1 7 3 . 5 ~  1 9 7 C  

19.88  I 19 .49  I 19.67" [ 19 .90  
19 .80  I 19 .90  I 20 .05  I 20 .38  
20 .40  ] 20 .48  [ 20 .63  I 20 .92  
18 .60  [ 18 .64  I 20 .83  I 21 .11  
21 .30  21 .35  21 .50  I 21 .82  
22 10 22 15 22 24 22 .62  

a F r o m  d a t a  of F a r q u h a r  ( 1 9 ) ,  E G A .  
b No ta t ion  a f t e r  F a r q u h a r  ( 1 9 ) .  

A fur the r  advantage is that  the oc6urrence of eicosa- 
noic and docosanoic acids in animal  lipids is limited, 
while the monounsatura ted  acids of these chain 
lengths occur widely. Hence the basic data  for  the 
modified equivalent chain length system is probably 
more readily available than the saturated acid data 
necessary for the original system. 

The effect of position of the double bond in mono- 
ethylenically unsa tura ted  f a t t y  acids is small where 
the double bond is central ly located (see below), and 
therefore relat ively small errors would be introduced 
by employing points based on most isomers of the 
more widely occurring unsa tura ted  acids with the 
same end carbon chain as listed in Group I. The use 
of the commonly occurring 9-hexadecenoie acid, e.g., 
would be feasible provided the line were drawn slight- 
ly below this point  on the log r plot. 7-hexadecenoic 
acid does occur as a minor component in certain 
lipide (27). 

Marine oils are a convenient source of monoun- 
sa tura ted  f a t ty  acids of the Group I type, together 
with 9-hexadecenoic acid. I f  the methyl  esters of  
readi ly  available cod liver oil are t reated with urea 
to remove the bulk of the sa tura ted  esters, the second 
urea  complex will consist substantial ly of the mono- 
unsa tura ted  esters with minor amounts of tetradeca- 
noic and hexadecanoic esters. Although the s t ructura l  
pu r i t y  of these esters has not been established, they 
provide an excellent basis for the MECL system. 
Dogfish liver oil is reported (28) to contain moderate  
amounts of different isomers of octadecenoic, eicose- 
noic and docosenoic acids; but  this oil is general ly 
abnormal  in composition, and Stoffel and Ahrens re- 
por t  9-octadecenoic acid as the only octadecenoic acid 
in menhaden oil (29). 

The influence of t empera ture  changes on the M E C L  
system is slight in comparison with the large changes 
in values determined by the original E C L  system 
(Table I I I ) .  In  compar ing the data of different 
authors by the two systems the tempera ture  differ- 
ences must  therefore be considered, as well as slight 
differences in column polar i ty  with age. The range 
of values obtained by different authors, all using 
EGA- type  polyesters, is fa i r ly  wide even with the 
M E C L  system, but  falls within a narrower  range than 
with the E C L  system (Table I V ) .  

In  general, the publication of retention data  by 
carbon number  (30), E C L  (21)  or MECL should be 
discouraged. The internal  use of such systems for  
comparisons of structure,  etc., may  be desirable, but  
for  comparisons of tabulated data  the original ad- 
justed retention times or relative retention times is 
more satisfactory,  avoiding the compounding of errors 
and  the necessity of choosing an a rb i t r a ry  slope for  
the basic line when plott ing such data. 
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TABLE I V  
Comparison of Modified and Orig ina l  E C L  Values for Methyl Esters of Certain Fatt Acids from Data  of Different  Worke r s  ( in  order  19,19.19,21,26,7)  

Fatty acid a 

E q u i v a l e n t  chain  length  based on monounsaturated ester l ine 
18 :2  9,12 
18 :3  9,12,15 
2 0 : 4  5,8,11,14 

Equ iva l en t  chain  length  based on saturated ester line 
18 :2  9,12 
18 :3  9,12,15 
2 0 : 4  5,8,11,14 

EGA 

173.5C 

18.60 
19.38 
21.30 

18.90 
19.67 
21.50 

E G A  

197C 

18.62 
19.49 
21.35 

19.04 
19.90 
21.82 

Reoplex 
400 

197C 

18.60 
19.38 
21.40 

19.98 
19.75 
21.70 

Reoplex 
400 

19OC 
or 

210C 

18.58 
19.38 
21.20 

19.00 
19.80 
21.60 

LAC-2R- 
446 

221C 

18.60 
19.43 
21.40 

18.92 
19.72 
21.50 

E G A  

Avg 
Avg  deviation 

180C 

18.60 18.60 0.01 
19.44 19.41 0.04 
21.30 21.32 0.06 

18.95 18.96 0.06 
19.72 19.76 0.06 
21.58 21.62 0.09 

a Notation of F a r q u h a r  (19) .  

Measurement of Retention Time 
I t  has been observed in this laboratory (22) (em- 

ploying conventional catherometer equipment and 
DEGS columns) that  peaks obtained for the major  
monounsaturated component esters of marine oils are 
invariably more sharply skewed than adjacent peaks 
fo r  polyunsaturated esters present in the same pro- 
portion. This effect is therefore not due to normal 
overloading of the column. While the midpoint  of 
the peak is a tempting basis for  retention time de- 
termination (19), Table V shows that in this case 
more constant results are to be obtained by using 
either the frontal  tangent  or half  base width (31) 
procedures. This is evident in the separation factors, 
relative to the monounsaturated esters, determined 
for  eicosapentaenoate and docosapentaenoate. Un- 
fortunately,  many authors fail to report  the system 
employed, or even if retention times are adjusted. 
Unadjusted retention times do not normally give a 
straight line for  the saturated esters in a log r plot in 
the acid range of interest. 

D i s c u s s i o n  
In  general the consolidation of data in Table I I  and 

Figure  2 provides a sound basis for  the rules listed 
below, relating the GLC retention times of the methyl 
esters of the common higher unsaturated f a t ty  acids 
through plots of log r, against number of carbon 
atoms in the fa t ty  acid chain. 

1) The number  of carbon atoms in the chain, reck- 
oned from the center of the double bond far thest  re- 
moved from the carboxyl group, and including the 
terminal methyl  group, shall be designated the end 
carbon chain. 

2) Esters of monounsaturated fa t ty  acids with the 
same end carbon chain, on a plot of log r against 
number of carbon atoms in the fa t ty  acid chain,  can 
be joined by a straight line. 

3) In  the case of esters of the normal methylene- 
in terrupted polyunsaturated acids, a straight line, 
drawn through any ester point plot ted from log r 
against number of carbon atoms in the chain, and 
drawn parallel to the line established by rule 2, joins 
all points representing f a t ty  acids with the same 
number of double bonds and the same end carbon 
chain. 

4) In the case of acids of one chain length and with 
the same number  of methylene-interrupted double 
bonds, or with one double bond only, generally those 
esters with the shorter end carbon chains will have 
the longer retention times. 

I t  is apparent  that  once the necessary overall suita- 
bility of the plotted points has been established (i.e., 
that  three of any group such as Group I do give a 
straight line), there exists a factor which is constant 
in: a given plot for any pair  of points belonging to 
one group, but applicable to any group. Thus the 

separation factor  for  9-octadecenoate and ll-eicose- 
noate is 2.02 + 1.12--1.80.  Applying this to an ex- 
treme example, the r of 3.85 for 5,8,11,14,17-eicosa- 
pentaenoate predicts that  for  7,10,13,16,19-docosa- 
pentaenoate the r will be 1.80 • 3.85 ---- 6.94 (known 
7.OO). 

While these rules have been developed on data de- 
termined on an ethylene glycol-adipic acid polyester, 
there is no reason why they would not be applicable 
to any polyester  (see below), but  the data necessary 
to ver i fy  this are inadequate. In the case of the data 
of Lindgren et al. (20), employing a diethylene glycol- 
succinic acid polyester, the general pa t tern  is the 
same, but n o  good line can be drawn through the 
points representing the monoethylenic acids. This 
suggests a change in operating conditions dur ing the 
analysis, or possibly the influence of other factors, 
such as the peak shape affecting the retention times. 
On the other hand, DEGS data obtained here give 
consistently straight lines for  the critical points pre- 
sumed to be 9-octadecenoic, ll-eicosenoic and 13- 
docosenoic acids; and a parallel line in each case for 
tentat ively identified eicosapentaenoate and docosa- 
pentaenoate of the Group X type. The odd-numbered 
monounsaturated acids with 17 and 19 carbons, occur- 
ring in marine oils, appear to fall  on the line for 
Group I type acids, suggesting an end carbon chain 
of 9. The DEGS data of Hawke et al. (16) also give 
the same general pa t t e rn  of lines as that  in Figure  1. 

The significance of the end carbon chain in relating 
s t ructure  and GLC retention time is not immediately 
apparent.  The data of Landowne and Lipsky (Table 
I) and the  illustrations of Seholfield et al. (11), in- 
dicate that  this effect is not linear with end carbon 
chain variation. The various central ly located mono- 
ethylenic double bonds or polyethylenic double bond 
systems appear  to show only a modest difference in 
retention time between isomers, but  this effect in- 
creases rapidly as the end carbon chain shortens. 
James (7) has indicated that  6- and 4-octadecenoic 

T A B L E  V 

Comparison of ~Iethods for Determining (Adjusted) Retention 
Times on a D E G S  column at  225C. 

Fatty Tangent �89 Base  Peak  top 
acid a width 

Relat ive to methyl  octadecanoate 
1 6 : 0  
1 6 : 1  
1 8 : 0  
18 :1  
2 0 : 0  
2 0 : 1  
2 2 : 0  
2 2 : 1  
2 0 : 5  
2 2 : 5  
2 2 : 6  

Relat ive  to monounsaturated acid 
2 0 : 5  
2 2 : 5  
2 2 : 6  

0.623 
0.725 
1.0O 
1.16 
1.61 
1.84 
2.60 
2.86 
3~59 
5.55 
6.33 

1.94 
1.94 
2.21 

0.625 
0.730 
1.O0 
1.16 
1.60 
1.83 
2.54 
2.87 
3.54 
5.54 
6.26 

1.93 
1.93 
2.18 

0.619 
0.722 
1.O0 
1.19 
1.59 
1.84 
2.57 
2.91 
3.52 
5.47 
6.28 

1.91 
1.88 
2.16 

a Nota t ion  af ter  F a r q u h a r  (19) .  
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esters have progressively longer retention times when 
compared to 9-oetadecenoie ester, and on this basis 
it is possible to find parallels s t rongly suggesting tha t  
volati l i ty must  be the determining factor.  In  a s tudy 
of the effect of va ry ing  the acid and alcohol carbon 
chain lengths, while keeping the total carbon atoms 
constant, Lefor t  et al. (32) observed only slight dif- 
ferences in retention time on a polyester substrate 
where only relat ively long acid and alcohol chains 
were involved, but an increase in retention time with 
a short  chain in either the alcohol or the acid. I t  is 
known tha t  the vapor  pressures of esters of this type, 
with central ly  located ester linkages, are higher than  
those with short chains (33) ;  hence the shorter re- 
tention times. The opposing results of James  and 
Seholfield for  the monoethylenic oetadecenoie f a t t y  
acids are thus explained. 

I t  seems reasonable that  the separat ion of unsatu- 
rated f a t t y  acid esters into groups of the same strue- 
rural  type) with the same end carbon chain, depends 
on three separa tory  effects: a London force separa- 
tion by chain length;  a polar  interact ion with the 
single or methylene- interrupted double bond systems; 
and finally a slight modification in the volat i l i ty intro- 
duced by  the length of the end carbon chain. Under  
these circumstances the application of the present  
l inear plot  system to any  polyester seems feasible. 
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An Analysis of Separation Factors Applicable in the 
Gas-Liquid Chromatography of Unsaturated Fatty Acid 
Methyl Esters on a Polyester Substrate 
R. G. ACKMAN, Fisheries Research Board of Canada, Technological Station, Halifax, Nova Scotia 

Abstract  

The employment  of gas-liquid chromatography  
(GLC) separat ion factors between methyl  esters 
of unsa tura ted  f a t t y  acids is feasible as a means 
of tentat ive identification, either between acids 
of one chain length and differing numbers  of 
double bonds, or between acids of one chain 
length and the same number  of double bonds in 
differing positions, provided the acid s t ructures  
are appropr ia te ly  grouped by end carbon chain. 
The modification of separat ion factors  by tem- 
perature ,  chain length, nmnber  of double bonds, 
or position of double bonds is apparen t  f rom ex- 
aminat ion of a larger  number  of examples than 
was hi therto available. Examples  of the useful- 
ness of separat ion factors in ident i fying un- 
knowns or predict ing retention times are given. 

Introduction 

T HE OBSERVATION has been made (1,2) tha t  methyl  
esters of monoethylenie f a t ty  acids, or of poly- 

ethylenic f a t t y  acids with normal  methylene-inter-  
rup ted  double bond systems, can be l inear ly inter- 
related when plotted on the basis of log retention 
t ime against  number  of carbon atoms in the f a t t y  

acid chain through the mutua l  number  of double 
bonds and the same " e n d  carbon chains ."  This 
correlating factor, defined as the number  of carbon 
atoms f rom the center of the double bond far thest  
removed f rom the carboxyl group, to and including 
the terminal  methyl  group, is one carbon more than 
as originally conceived (1).  This system permits  the 
tentat ive identification of GLC peaks of esters of un- 
sa turated f a t t y  acids by extrapolation f rom com- 
ponents of a different chain length whose s t ructure  
is known. The rationalization of certain l i terature 
data on this basis has permit ted  a listing, essentially 
an analysis on ethylene glycol-adipie acid polyester 
(EGA) ,  of accurate retention times for methyl  esters 
of a larger  number  of f a t t y  acids with known and 
presumed s t ructures  than  was hitherto available (2). 

Systematic retention t ime relationships may  also 
exist between the methyl  esters of unsa tura ted  f a t ty  
acids of one chain length and differing numbers  of 
double bonds, or between those of the same chain 
length and the same number  of double bonds, in 
different isomeric arrangements .  This approach is 
based on the use of " sepa ra t ion  f ac to r s "  obtained 
by dividing the retention t ime or relative retention 
time of one f a t ty  acid methyl  ester by the lesser 


