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Gas-liquid chromatography, several versions of paper chro- 
matography, and alkaline isomerization have been applied to 
one preparation of Chlorella fatty acid methyl esters. 

GLC outranks other methods in rapidity, reproducibility, 
and resolving power. The presence of nonvolatile components 
in the sample can lead to erroneous results. Among PC meth- 
ods the use of methyl-C ~4 esters is preferable because compo- 
nents which might arise from autoxidation and polymerization 
are detected. Esters or acids with 14 or fewer C atoms shmfld 
be analyzed as nonvolatile derivatives. AI, as used here, intro- 
duces a systematic error in the determination of linoleic and 
linolenie acids. 

The quantitative results of the methods are in agreement 
for the major components, which all belong to the C,,, and Cls 
series. 

A number of minor components have been revealed by (ILC 
and/or PC. They are tentatively identified as <(C~, Cra, four 
CI~, C,5, two C,7, C~,,, three C~o, two C_,._., and C-.4 acids. Several 
of these compounds have been found independently by differ- 
cut methods in hydrogenated form or as radioactive esters. 
This enhances the certainty of their identification. Enrichment 
by fractional distillation was essential for their detection. 
Possible losses in their distillation and other considerations 
make uncertain the assay of most of the minor COmlmnents by 
GLC or PC. 

G 
AS-LIQUID chrolnatography (GLC) ,  pat)er ehro- 

nla tography (PC) ,  and alkaline isomerizatioit 
(AI)  are currently used for analyzing the 

acidic moiety of fats. Although accuracies of each 
of the methods quite often have been determined by 
use of nmdei mixtures of known composition, much 
less work has been reported on their comparison 
(1 ,2 ,3) .  The interest in the methods lies in their 
apI)lication to unknown samples. Therefore c(im- 
parative "field tests" appear even more important 
than conlparison of methods on the basis of results 
obtained with simple Mmwn mixtures. 

In the work presented here, GLC, PC, and A[ haw'. 
bc(m applied to one rather complex material iu an 
attempt to arrive at some comparisons which shouhl 
I)ermit their more discriminate use. In accord with 
this purpose, instrumentation has been chosen which 
is commonly available. Similarly the specific tech- 
niltues used in applying the methods have been de- 
scribed in the literature and are rather widely used. 
l'urposely procedures have not been amplified or im- 
proved although the authors felt that this may be 
desirable after comparison of their results. 

Methyl esters of fatty acids obtained from Chlo- 
rella pyrenoidosa were chosen for the comprehensive 
analytical study for several reasons. Although tra- 
ditional methods have been applied to algal fat, 

l W o r k  s u p p o r t e d  in  p a r t  b y  g r a n t  R G - 4 2 2 6  f rom the  D i v i s i o n  of  
G e n e r a l  Med ica l  S c i e n c e s  of  the  U .  S.  P u b l i c  H e a l t h  S e r v i c e  a n d  in 
p a r t  b y  the  H o r m e l  F o u n d a t i o n .  

l ) a r t i e u ] a r l y  to t h a t  of  Chlorclla pyrcnoidosa, th i s  
material is still one of the lesser known fats, and 
reinvestigation with new techniques is warranted. 
Because of the rising interest in lipid constituents 
of microorganisms, a detailed analysis of the fat of 
an organism which can be greatly influenced by 
controlling each of several enviromnental factors was 
an attractive prospect. The lipids of Chlorella pyre- 
noidosa contain eight major acids of the C1~ and Cts 
series as well as several minor components. The orig- 
inal material and samples derived from it provide 
t y p e s  o f  m i x t u r e s  o f t e n  e n c o u n t e r e d  in  a n a l y s e s  con-  
n e c t e d  with the isolation or synthesis of fatty acids. 
A n a l y s e s  w e r e  carried out w i t h  t h e  m e t h y l  esters (or 
acids) and with samples obtained f rom thenl by hy- 
drogenatioll or d i s t i l l a t i o n .  These latt(,r proc(,dllres 
also facilitatl,d tim search fl)r minor  conll)On('nts. 

The percentages of niajor c o n i l ) o n e n i s  of  the  origi- 
nal nlixture found by (IlA ~, are in good a g r e e m e n t  
with those obtained by PC i)f the distilled fractions. 
Sonic of the r e s u l t s  obtained by A[  however d e v i a t e  
ntore niarkeltly. ,qeveral ni inor  c o n l l ) O l l ( , l l t s  , m a i n l y  
in the distilled fractillnS, were (h~tected by GLC and/  
Ilr I'(I and were tentatively identified. A brief dis- 
c u s s i o n  of  t h e  r e s u l t s  in regard to other a n a l y s e s  of  
lhe f a t t y  a c i d s  of CMorclla l>yrcnoidosa is f o u n d  at  
lhe end (>f this report. 

Preparative Procedures 

Amdytical Samples. The stock cultm'e of Chlordla 
pyrenoidosa (No. 7516, American Type Culture Col- 
lection) was maintained as described (4) .  The pro- 
during cldtures were grown in 24-liter flasks each 
c o n t a i n i n g  20 l i t er s  of  n i e d i u n l .  T h e y  w e r e  p l a c e d  
outdoors at the mn'th side of a building and were 
supplied with a streanl of 5% CO._, in N._,. By  working 
up t h e  c u l t u r e s  14 ) ,  n e a r l y  10 g. of ellh)rless f a t t y  

T A B L E  [ 

] ) i s t i l la t ion  of  Chlorel la l~ 'at ty A c i d  Mefltyl  E s t e r s  

F r a c t i o n  

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

9 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
] 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
] 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
lr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

(] rams  

0 .41  
0 . 6 2  
:~.52 
3 . 3 0  
0.61. 
1 . 5 3  
] . 55  
5 . 1 7  
5 . 0 4  
] A 7  
1 . 6 7  
3 . 8 4  

a b o u t  4 . 2  

P, o i l i n ~  r a ng~ , ,  
~ a t  a b o u t  

0 . 6  mm. 

( 1 0 9 } - 1 2 0 . 5  
1 2 0 . 5 - 1 2 3 . o  
1 2 3 . 0 - 1 2 4 , 5  
1 2 4 . 0 - 1 2 7 . 0  
1 2 7 . 0 - 1 B 1 . 0  
1 3 1 . 0 - 1 3 2 . 5  

~ ]  3 2 . 5  
1 3 2 . 5 - 1 3 2 . 0  

~ 1 3 2 . 0  
1 3 2 . 0 - 1 3 3 . 5  
1 3 3 . 5 - 1 3 4 . 5  
] 3 4 . 5 - 1 3 7 . 0  

A w h i r l i n g  b a n d  c o lunm,  5 ram. X 60  a m . ,  w a s  used .  A f t e r  F r a c t i o n  
I I w a s  taken ,  the  d i s t i l l ing  f lask w a s  o v e r h e a t e d  in order  to increase  
the a m o u n t  of  d is t i l led  es ters .  A to ta l  of  8 7 . 1 %  w a s  dist i l led w i th in  
8 h r s .  
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acid methyl esters were obtained f rom each flask af ter  
12 to 15 weeks. Aliquots of an accumulated mixture  
were sealed in ampules, and other port ions were 
distilled in lots of about 30 g. Table I gives an ac- 
count of the distillation, the fract ions of which were 
utilized in fu r the r  analyses. The column had been 
flooded and then equil ibrated for  30 min. The occur- 
rence of C~s ester in the first f ract ion (Table  I I )  
shows tha t  this procedure is not suitable for  obtaining 
a pure  short-chain portion. Each fraction,  a f ter  
thorough mixing, was divided into several aliquots. 
The usual precaut ions of handl ing under  Nf, sealing" 
in high vacuum, and storing at  --20 ~ were taken. 

Reference Lipids. Authentic  esters were needed for 
s tandardizat ions in GLC, for quant i ta t ion in some of 
the PC procedures,  and for determining absorption 
constants to be used in All. The unsa tura ted  acids 
of tile C,s series wbi(~h occur in Chlorella pyrenoidosa 
had been identified as oleic, linoleic, and linolenie 
acids. Therefore  samlties of these acids, as p repared  
by the I Io rmel  Foultdation f rom otive, safflower, and 
linseed oil, respectively, could be used. Authent ic  
samples of the unsa tura ted  C~, acids were p repared  
f rom the stock of Chlorella f a t ty  esters by  distillation 
and countercurrent  distr ibution in the same manner  
as described for  the isolation of these acids in radio- 
a('tive fo rm (4).  The substances were pure  according 
to GLC and PC. 

Methyl-C ~, Esters. Nonradioact ive esters to be an- 
alyzed by procedures involving assay of C 14 were 
saponified at room tempera tu re  and re-esterified with 
diazomethane-C 14 (5). 

Analytical Procedures 

(las-Liquid Chromatography. A gas chromatograph  
(Beckman GC-2) was used with a stainless steel col- 
umn 8 ft. long and 0.25 in. o.d., with wall thickness 
of 0.02 in. Chromosorb W was purified and impreg-  
hated with 15% by weight of Resoflex 446, as de- 
scribed previously (6).  The s ta t ionary  phase was 
screened to 60 to 80 mesh, and the column was equili- 
brated for  8 hrs. at  220 ~ Opera t ing  t empera tu res  
were 197 ~ for  samples containing chain lengths of 
16 or less carbon atoms and 218 ~ for  all other sam- 
ples. He l ium was the carr ier  gas at an inlet pressure 
of 30 p.s.i, and a flow-rate of 60 ml . /min.  The size 
of the samples  was 5 ~1. 

The thermoconduct iv i ty  cell of the appa ra tus  was 
cal ibrated with the per t inent  C16 or C~s m e t h y l  esters 
under  the described conditions. The model mixtures  
contained between 12 and 32% of each of the four  
components. The s tandard  deviation f rom the mean 
was found to be insignificant, pe rmi t t ing  single de- 
terminat ions  of the analyt ical  samples. Ratios of peak 
areas were so near ly  identical with ratios of component  
Weights as to render  snperfluous any  more elaborate 
calibration. A small systematic error  however is in- 
dicated by  the fact  tha t  all area  percentages of palmi- 
tare and s tearate  were sl ightly high in the calibrations 
while those of linoleate and linolenate were somewhat 
low (5 exper iments) .  Al though these deviations ap- 
pear  to be significant statistically, they are cer ta inly 
outweighed by errors connected with the prepara t ion  
of the esters f rom the na tu ra l  material .  The calibra- 
tion values of hexadecatr ienoate were a round  the t rue  
value while those of hexadecadienoate were slightly 
high. 

l'ap~r Chromatography. All paper  chromatograms 
were developed at 30 ~ in ascending reversed-phase 
systems. Developing systems s were: 

1. silicone (Dow-Corn ing  200, 10 cs.) § aqueous 
acetic acid, on W h a t m a n  No. 1 paper  (7 ,8 ) ;  

2. silicone (Dow-Corn ing  200, 10 cs.) + aqueous 
acetic acid + peracetic acid, on W h a t m a n  No. 1 
:paper (5) ; 

3. m i n e r a l  oil ( h e a v y  l i qu id  p e t r o l a t u m ,  U S P ,  
v i scos i ty  335/350,  b.p. 3 1 5 - 4 0 0  ~ § aq u eo u s  
acetic acid, on Sehleieher and Sehuell pape r  No. 
2043b. The authors of this procedure recom- 
mend an undeeane fract ion of petroleum, b.p. 
190-220 ~ (9).  Modifications of the developing 
system and of the indicator  of PC-3e have been 
described by several investigators (10,11,12,13). 

Indicators  e were: 
a) ~-Cyclodextrin + Is and I2 for  sa tura ted  and 

unsa tura ted  esters, respectively (7,8) ; used with 
Systems 1 and  2. 

b) Methyl -C ~4 esters (5 ) ;  used with Systems 1 
and 2. 

e) Copper salts for  acids (9,14);  used with Sys- 
tem 3. 

Optical measurements  were made with a densi- 
tometer and recorded manual ly .  Radioactive esters 
were measured with a recording chromatogram scan- 
ner (Volk Radiochemical  Company,  Chicago, I lk) .  
Indicators  a) are applicable only when the unknown 
is investigated together with model mixtures  (7,15) 
and the results are obtained as weight percentages. 
When Indicators  b) and e) were applied to model 
mixtures  o~ C,~ or C~s esters and acids, respectively, 
the responses of scanner and densitometer were found 
to be propor t ional  to the equivalents contained in the 
samples. Accordingly analyses involving these indi- 
cators were made without model mixtures.  The aver- 
age deviation f rom the mean was smallest in proce- 
dure lb. Analyt ica l  samples were run  in t r ipl icate  
with this method whereas six to eight determinat ions 
were carr ied out with P C - l a  and 3c. Whenever  pos- 
sible, results  obtained in equivalents were converted 
into weight percentages.  

Alkaline Isomerization. Analyses were carr ied out 
as recent ly  described (16). Weight  percentages of 
acids were calculated by  using the absorbencies k2~3 
= 92.0 for  linoleic, and kf~s = 79.0, k233 = 44.7 for  lin- 
olenic acids. The constants for  hexadecadienoic acid 
k.~a.~ = 100, and trienoic acid, ks6s ----- 108, k23a = 46.6, 
are averages obtained f rom six and three measure- 
ments, respectively, upon the authentic  compounds. 
All analyt ical  samples were run  in duplicate.  Com- 
parison of data  with those of the other methods re- 
quired their  conversion into ester percentages. 

Czo Esters by Dilution. Methyl -C 14 arachidate  
was added to hydrogenated  Chlorella f a t t y  esters. 
Three different mixtures  were p repared  and chroma- 
tographed on paper .  Method l a  and the chromatogram 
scanner were used on the same ehromatograms for 
assaying C2o ester originally present.  The esters of 
C22 and C24 acids were also detected in these chro- 
matograms.  

Results 
Analyses by  GLC and PC depend upon separation.  

GLC achieved the resolution of all ma jor  components 

SThe indices will be used for brevity;  for example, PC- la  ~ paper 
chromatography in System 1 with indicators a. 
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T A B L E  I I  
Composi t ion of F r a c t i o n  1 ( W e i g h t  P e r c e n t a g e s )  

Methy l  es ter  
of ac id  

C~ s a t u r a t e d  
CI+ monoene  
C~a d i ane  
C~a t r i e n e  

T o t a l  C~ 

C~5 

C~o s a t u r a t e d  
Ct6 monoene  
Cm d iene  
Cm t r i e n e  

T o t a l  C~ 

Cm s a t u r a t e d  

To ta l  
u n s a t u r a t e d  

1.7 
0.8 

12 .1  
7.0 

10 .0  
2 .7  

E--~31.8 

6.2 
7.3 

34 .2  
14.1  

E~-61.7  

Z ~ 7 5 , ~  

PC 

GLC H y d r o g e n a t e d  

l a  l b  3c 

9,8 8,8 18 .6  

14,3 14 .4  

76 .0  74 .8  81 .4  

4.2 1.7 

2a  a 2b I) 

1 . 0  7,5 

2 .4  16.2  

0.5 6.6 

69 .7  

AI  c 

32 .9  
9.4 

" W e i g h t  ra t ios  of s a t u r a t e d  components .  
E q ,  %.  

e Ca lcu la ted  wi th  cons tan t s  of the C~, a c id s ;  u s i n g  the cons tan t s  of 
Cm d iene  and  t r i ene ,  the values  would  be 34 .1  a n d  1 2 . 4 % .  

(PC-?,e d id  not  d i s t i n g u i s k  be tween  C~5 and, C~a ac ids  whe rea s  in 
GLC Cm es ter  was  i n t e r p r e t e d  as u n s a t u r a t e d  C~  es te r . )  

of the original sample. Because of the superpositions 
of vinylogous-homologous components (8),  resolution 
by PC is limited to mixtures of uniform chain-length 
or of saturated compounds. The individual saturated 
components of a complex mixture are however sep- 
arated i|t peroxidic solvent, where the unsaturated 
compomMs arc oxidized to substances of higher Rf 
value (5).  A[, when not combined with a previous 
separation of complex mixtures, can reveal only tile 
total of diencs, trienes, tetraenes, etc. When applied 
to mixtures of single chain-length, it can measure 
i|ldividmtl compone|lts, provided the occurrence of 
isomers has been ruled out. 

Ill order to provide a suitable variety of analytieM 
probhmts and to search for minor components, all 
fra(.ti<)ns and the rcsidue of the distilled Chlorell<t 
fat ty esters (Table I) were a| |alyzed by PC and A l, 
and Fractions 1, 3, 5, 7 and the residue were analyzed 
also by GLC. Fractions 1, 5, and the residue were 
believed it> be enriehe<I with mitmr components, antl 
l+ractions :l and 7 to be <)f intiform chain-length. Re- 
suits of these analyses are given in Tables I [  to VI. 
The hydrogenated and ihe (Irigimll esters were ana- 
lyze(1 by all methods; lt|e results are listed iu Tables 
VII  and VII I .  Tables IX a|ld X are a synopsis <)f 
the total composition of (Thh.'dla fa t ty  acids by (lit'- 
ferent methods. 

Palmitic, palmitolcic, stea|'ic, elate, linoleie, and 
linolenie acids have been identified as components of 
Chlorella fat. Itexadecadic|loic acid and -trienoi<~ acids 
have been characterized (4), but their structures are 
unknown. The other eompone|tis have been (l<,si~'- 

T A B I , F  [I [ 
Comlmsit ion of Frac t ion  3 

( W e i g h t  P e r c e n t a g e s )  

Methyl  es ter  I G I C  [ P( '  
~ ' "  - - -> -+~I  ZT- 

................... + 2 9 . . + + + 8 . + +  29.+ 
I I I 

+, . . . . . .  o n o e n e .  . . . . . . . . . . . . . . . . . . .  1 1 9 . 1 1  12.0 I ,3.3 

_ _.:-:; .z . . . . .  

a U s i n g  the cons tan l s  of C+s d iane  and  t r iene ,  the va lues  would  be 
34 .6  and  30 .3 .  

(PC-3c  ag reed  be t te r  w i th  o ther  PC methods  in  F r a c t i o n s  4, and  8 
to 12, t h a n  in  th i s  f r ac t i on , )  

hated as their chromatographic properties suggest. 
Some of them have been detected as radioactive methyl 
esters, which proves that they belong to the acidic 
moiety of the fat. All components are listed according 
to increasing chain-length and unsaturation. 

Discussion 

Methods. The analyses of the major components, 
in particular by GLC and PC, agree within limits 
which will meet the requirements of many investi- 
gations. It is striking that the greatest absolute dif- 
ference found in Table IX between arty of the values 
of GLC and PC occurs with stearate, which itself 

T A B L E  I V  
Composi t ion of F r a c t i o n  5 

( W e i g h t  P e r c e n t a g e s )  

Methy l  es ter  
of ac id  

(3~u sa t l l r  a ted . . . . . . . . . . . . . . . . . . .  
(Jl~ monoene  . . . . . . . . . . . . . . . . . . . .  
C1~ d iene  . . . . . . . . . . . . . . . . . . . . . . . . .  
C10 t r i ene  .. . . . . . . . . . . . . . . . . . . . . . . .  

To ta l  C'm .. . . . . . . . . . . . . . . . . . . . .  

Ct+ s a t u r a t e d  .. . . . . . . . . . . . . . . . . .  

C;s s a t u r a t e d  .. . . . . . . . . . . . . . . . . .  
C ts monoene . . . . . . . . . . . . . . . . . . . .  
Cts d iene  . . . . . . . . . . . . . . . . . . . . . . . . .  
(,'+~ t r i ene  . . . . .  . . . . . . . . . . . . . . . . . . .  

Tota l  C'ls . . . . . . . . . . . . . . . . . . . . . .  

GLC 

8.8 
4.2 
2 ,6  

' 2~59 .0  

4.5 :~ 

1.8 
] 6.3 
12.2  

6.2 
E~:16 .5  

. _  PC I 
H y d r o g e n a t e d  A I  b 

I a l b  

60.0  45 .3  

15.6 

40 .0  39, I 37 .9  

1 1 . 9  

8+4 

a (h? es ter  at)pe~,rs between hexadc( ,ad ienoa te  and  - t r ienoate .  
~' Us ing  the cons t an t s  of CJ.~ acids, the va lues  would be 9 .2~)  d ienoa te  

and 6.2"/o t r i enoa t e .  
(Al t lmu~h the developint :  syslenl is idvnt ical  in I )C- l a  and [b and 

t iwre fo re  reso lu t ions  should be equal ,  C~7 e s t e r  was detec ted  only by 
Indh, l t lor  b. T h e  a m o u n t  is |ligll(!t' t han  lhltt  found by ( ;LC since is[) 
uwric  es ters  a r e  not  s e | m r a | e d  by [ 'C u n d e r  the cond i t ions  apt)lied, 
( i [ , ( :  s e p a r a t e s  such isomers its d e m o n s t r a t e d  with hy( l rogenuted  es ters  
(Ta'bh! V i i ) .  Om~ of lhe Ct= vs iers  de tac led  hilly b(! o|~sellred l)y an 
u n s , t n r a t e d  CI, e s te r . )  

repr|~sents tile smallest relatiw~ an|nun|.  I [ igh vahles 
ha.ve, hcen en(;ou||tere(I with siear'y] acetate in GLC 
of fat ly ahu)hol acetales, and the same phenomeno|l 
may prt, vail here (6). 

l|| ll|e I)(2 almlyses rel|O|'le|l in this Iml)er and o n  

.~he|' (w('asio|ls it has been fo|l|~d thai. volaiilizatiol| 
<,an lea(l to loss of short-chain esters. A (dlromato- 
~ral)hed Sl)ol of methyl palmital(,-(', ~I lost at)o|tl. 40% 
of its ra(lioa<,tivily within six weeks when the (',ul-<|ut 
spot was plat'eli it| a (liffusitm ('ell over 20% K()I [  al 
a disimlt,c of al>l>r|>xinmtely 3 ram. l 'almitic aeid-C l~ 
was i(h,ntifie(l in lhe alkaline solutio|l. Evaporation,  
a,~ well as diffusion on the l)al)er, is accelerated by 
h+~n|i(lity, Therefore all chr<mmtogranls were stored 
over (StCl., when not measured inm|ediatcly. 

,qimilarly short-chain and highly unsaturated acids 
are sut)jee, t to loss t)ecause of their solubility i|l the 
slaining and rinsing baths of indicator el. Rel)ort- 
(,<lly the solltbility of the Cu salts of laurie and hi~her 
m'i(ls, including linoleie, is too low to aff(,(,t |heir 
,uant i ta t ive  determination (]4) .  Aceordin~ i<| an- 
elba|' source, the salts of laurie ;Ind lin<deni<~ aei<ls 
are markedly soluble (]3) .  Esters or aci<ts shorler 
lhan C~4 have not been detected by any of tile I>C 
meiheds although their presence in small quant i ty  is 
show|t by GLC of Fraction 1 (Table I I ) .  

With AI  the largest deviations were found for lin- 
uh,ate and linolenate (Table IX) .  The differences 
were spread rather consistently over Fract ions 7-12, 
which Slm'a'ests a systematic error. This is in contrast 
ta the findings of authors who used other versions of 
AI and compared the resnlts with those by GLC and 
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T A B L E  V 

Composit ion of Fract ion 7 
( W e i g h t  P e r c e n t a g e s )  

P C  
Methyl ester fl L O  A I  

of a.cid 

C,,,, 0, 1, 2, 3, 1 .7 ,  1.2 
dou l ) l e  b o n d s  . . . . . . . . . . . . . . . .  1. I,  0 .9  

C ~s sa tu  rated . . . . . . . . . . . . . . . . . . .  I .:1 

(hs  m o n o e n e  . . . . . . . . . . . . . . . . . . . .  4 7 . 1  

(hs diene . . . . . . . . . . . . . . . . . . . . . . . . . .  2 3 . 0  2 4 . 6  

C ~  t r i e n e  . . . . . . . . . . . . . . . . . . . . . . . .  1 8 . 7  2 3 . 1  

a A b o u t  1 0 %  p a h n i t a t e  w a s  present,  according  to PC-2b on this 
h a s i s  oleate must  be corrected to 4 9 . 6 % ,  with only minor changes  for 
t h e  other esters. 

( I ) C - l b  a n d  3e  n l e a s u r c  l h e  sum of ole ic  a n d  pahnitic esters  (ac ids )  
w h i l e  ] ? ( J - l a  a n d  (HsC l l l e a s u F e  o l ea t e  spec i f i c a l l y .  According ly  the 
values  for oleate a r e  h ) w e r  by  t h e  l a l t e r  m e t h o d s . )  

T A B L E  V I  

Composit ion of  t h e  l l e s i d u e  a 

3f ~tl yl ester 
of a c i d  

(ha  saturated 
( ~ is l n o n o e n  e 
(hs  diane 
Cm lriene 

Total  (hs  

C=,,, 

G L C  h 
wt .  % 

13.2 
3 0 . 7  
I 0 . 6  
1~.5  

"~ ( 3 1 . 5 )  

2 .9  e 
1 1 . 2 )  

I 2.(1 
6 .4  
3.8 

( 9 . 6 )  

0 .9  
] .0 

" 2 = ( 0 . 8 )  

Tolal  C~,, 

C.-,z 

Total C ~  

C~t 
Oxid..+- 

l a  ] b  3c  

5 0 . 0  5 9 . 6  " 5 7 . 6  

2 9 . 8  2 6 . ~  2 5 . 8  

2 0 . 4  1 3 . 8  1 6 . 7  

. . . . . . .  P C  

]~Iy(h.ogen a t ed  A I  
. . . . . . . . . . . . . . . . . . . . . . . . .  w t .  % 

I a d 1 b I h b 2 a  

I~v t,'/~, eq.</~ wt/?~ eq.% 

I 6.1 

35.1  41;.3 ( 3 2 . 4 )  

6. I 4.9 ) 3.9  

2 . 4  
1 0 . 2  

1.0 

0 . 6  

2.1 

90 .1  ___1_)  (?y n ~. ( 5 7 )  

1.3 :1.6 ( : l . 0 )  

2 .5  2 .8  ( 2 . 5 )  

5 7 . 3  4 0 , 8  ( 5 7 . 0 )  

~" The res idue  is  a brown,  semisolid material ,  w h i c h  precludes  us ing  
I ' C - 3 c .  

" V a l u e s  in parentheses  are (.alculated, a s suming  57% oxidized and 
p o l y m e r i z c d  materia l  ( P C - l a ) .  

" C.~ ester appears  be tw een  C~s dienoate and trienoate.  
a The defined components  w e r e  measured by comparison wi th  n l o d e l  

mixtures,  and the amount  of oxidized and polymerized material  w a s  
calculated by subtract ion.  

( P C - l a  g ives  the most  rel iable weight  of percentage  of the o x i d i z e d  
and po!ymerized port ion.  Necessar i ly  the numerica l  value for w e i g h t  
percentage  is higher than  for equiw~lent pereentage .  The latter is found 
directly by  P C - l b . )  

T A B L E  V I I  

Con,position of the Hydrogenat ed  Total  Esters  
( W e i g h t  Percentages )  

P C  Methyl ester 
of acid 

ClO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C17 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

C l s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Oxid. + polym . . . . . . . . . . . . . . . . . . .  

G L C  

2 7 . 4  

1..1 
1 .3  

7 0 . 0  

l a._ I 1ha 3e  

2 7 7  2 6 ~  2 3 ~  

7 2 , 3  7 3 . 2  I 7 6 . 2  

( 3 . 2 )  I 

Oxidized and polymerized  material  has been determined as  equiva- 
lent percentage  but w a s  not taken into account  w h e n  calculating the 
we ight  percentages  of the other components .  

(The  retention volumes in GLC of "CJ7 esters" are close to those of 
C.~-dienaate and -trienoate. Interpretat ion  as  straight  and branched  
compounds  appears  more  correct  [ see  also Table  a V ~ . )  

PC (1,2,3) .  The results might have been improved 
for both acids by using isomerization absorbancy con- 
stants of natural linolenic acid rather than of the 
trienoic acids obtained by debromination of hexabro- 
mostearic acid. This fallacy has been avoided in the 
case of hexadeeatrienoic acid by isolating it in the 
pure natural form. 

GLC and PC differ basically in that only the latter 
allows inspection of the entire path of the sample. 
Therefore the C24 ester and the autoxidized and poly- 
merized portions were detected by PC. The latter 
undefined material might arise from exposure in pre- 
parilag unsaturated samples, or oxygenated compounds 
might even be present originally. In quantitation 
they are found by PC-lb  as ester equivalents, and 
a factor for conversion into weight must necessarily 
be arbitrary. Therefore the subtractive method based 
or1 weight comparisons in PC-la  appears more reliable. 

The harmony of retention volumes and Rt values en- 
hances the certainty of identification of several of the 
minor components. Morris recently found that certain 
hydroxy compounds and primary autoxidation prod- 
nets undergo alteration into new compounds under the 
comtitions of GLC (18) .  The possibility of creating 
artifacts by one analytical method increases the value 
of verification by another method. The failure of GLC 
to detect the C1.~ ester (Table II) might have been 
e o r r c e t c d  by examination of an hydrogenated sample 
of this fraction. The advantage of such multiple an- 
alyses is obvious with C~7 esters. GLC detected one 
CIT ester in an enriched fraction (Table IV) while 
analysis of the hydrogenated esters, without enrich- 
ment, revealed two esters in the C17 region (Table 
V l l ) .  For positive identification of most of thc miller 
eOllJponents, additional analyses arc necessary. Their 
,uanf i tat ion must be accepted with reservations since 
for many of them neither the quantitative response 
of deWetor or indicator nor the loss in the chromato- 
,{raphie c o l u m n  o r  the distillation are k n o w n .  M(wc-  
o v e r  n o t  all fractions were arlalyzed by G L C .  

It is obvious that the aniount of work requircd was 
gTeatest with PC and that the most information was 
obtained in the least time with GLC. None of thc 
methods or instruments was ful ly  exploited in the 
~earch for unknown minor components. Being now 
more familiar with the fatty acid sample after the 
multiple analyses, some suggestions for improved an- 
alyses are obvious. They refer mainly to the minor 
components. The residue should be subjected to an 
alembic distillation before its analysis. GLC should 
he applied with a greater variety of temperatures 
and stationary phases, and it should be applied to 
hydrogenated samples. PC, with samples eontainin~ 
C,.~ and shorter-chain acids, should use nonvolatile 
Aerivatives, for example, the methylanilides (5) .  The 
absorbancy constant for linolenic acid nsed in this 
nartienlar AI  method should be revised. 

The Fatty Acids of Chlorella pyreno~dosa. The esti- 
mates of major components made earlier (4,19) are 
close to the analytical results reported here. Differ- 
ences in illumination, CO2 supply,  02 removal, and 
size of batches between the previous and the oresent 
cultures did not markedly influence the composition 
of fatty acids produced by Chlorella p?4renoidosa. 
The alclac were grown in a low-nitrogen medium over 
a prolonged time. This explains the essential dif- 
ference between our samples of fatty  acids and sam- 
~)les from Chlorella pyrenoi4osa that had been culti- 
vated a shorter time on high-nitrogen media for a 
hkrh yield of protein. With in  the C16 or C~s series, 
nalmitie or elate acids are prevalent in one ease while, 
;n the other, hexadeeatrienoic or linolenic acids are 
~)redominant (20,21). Hexadeca- and oetadecatetra- 
onoic acids had been found in the more unsaturated 
type of Chlorella fat, as indicated by AI  in distilled 
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Analysis  of the 
T A B L E  u  [ 

Or ig ina l  Mix ture  of Fa t ty  Acid Methyl Es le r s  a 
( E q u i v a l e n t  Percen tages )  

Methyl 
esters of 

acid 

Cla diene 

C1~ saturated 
Cze monoene 
C~e diene 
C~e t r iene  

C~7 sa tura ted 

C~s sa tura ted 
ClS nlonoene 
ClS diene 
C~s t r iene  

C20 

Total  
unsat ,  e 

O• -~ 
polym. 

GLC 

0•.6- 
14.0 

3.4 
7.6 
5.5 

t race  b 

3.4 
33.9 
17.3 
14.3 

trace 

v__--82.6 

PC 

2b l b  c 3e 

12.9 

2.1 

85.1 

C1~ sat.4-Cls monoene 47,7 
Clo monoene+Cls  diene 21,3 
Cls diene-FCls t r iene  24,0 

5.0 

2.0 
34.8 a 

(3.6)  

45.3 
22.6 
25.0 

4.4 

2.7 

~' Resul ts  obla ined by AI are l is ted in Table IX.  
~' C17 ester appears  between C1u-dienoate and -trienoate. 
': "lhe value found for oxidized and  polymerized mate r ia l  has not  

been taken inlo account  in ca lcu la t ing  the other values.  
4 The value for Cts monoene resul ts  f rom subt rac t ion  of 12.9 (217) 

from 47.7 ( l b ) .  
" The sum of values  obtained by GLC is to be compared wi th  81 .5% 

by PC-2b, which resul ts  f rom 85.1% when cons ider ing  the oxidized and 
polymerized port ion.  

(PC does not  resolve the pa i r s  Cz~ sa tu ra t ed  -~ Cls nmnoene, C16 
monoene -~ CJs diene, and  Cle diene -I- C~s tr iene.  The cor responding  
~ums by GLC are 47.9, 20.7, and  21 .9%.)  

fract ions (21). The presence of hexadecatetraenoic 
acid in lipids obtained f rom the alga Scenedesmus 
obliquus has also been established (22). None of the 
utethods used in the present  investigation revealed 
lhese i)r ally other tetraenoic acids. 

The chain-length distributit)u appears  to be inde- 
i)elMellt of the changes in unsa tura t ion  since the 
antonllt of the C16 acids is 25 to 30% in all cases. 
The rest consist mainly  of C18 acids. The earlier 
finding of C14 and lower acids (21) was suppor ted  
and nladc~ more sl)ecific. C12 and shorter  acids have 
been found by other authors in the culture medium 
of Chlorella pyrenoidosa (23). They may  originate 
frt)m the short-chain acids found here in the algae. 

The llresence of odd-nuntbered or branched acids 
st) far has not been reported in algae al though such 
acids are ra ther  widely dis tr ibuted among terrest r ia l  
and nlarinc animals and in certain bacteria. The only 
tills of autotrophi(, plants  f rom which odd-numbered 

T A  BLI~; IX 
Composit ion of Chlorella Fat ty  Est , , rs :  M t j ( r  Components  

( Weight  Percentages)  

Or ig ina l  / Sum of frat ' t ions 

{ PC u M ethyl ester 
of acid G I,C 

(lm satura ted I 3.6 
(~m monoene [ 3.2 
(h6 diene 7.0 
(!., t r iene  5. I 

(ha sa tura ted  3.5 
(hs monoene I 34.7 
(Jts diene I 17.7 
Cas t r iene i 14.6 

28.2 1 a 

- -  i i i S  
2.0 
5.8 
4.3 

I . l  
33.9 
I 7.1) 

23.4 I 14.0 

AI c 
I b :l c 

12.7 [ 13.5 
2.4 I 2.5 
6.2 I 5.5 6.3 
4.4 3.9 .I.2 

3.0 [ 1.7 
:{3.3 35. I 
1 7 . 4  1 6 . 5  1 ;I .8 
13.3 j 1 4 . 2  17. :{  

a Calculated wi th  constants  of linoleic and l inolenie acids, which is tile 
usual  procedure  for this  method. 

b Sul)eriteposed components  of mixed (.hai/ldenI~th fra(.tions were 
~,stlmated according to their  ra t ios  in  neighborinR" fra<'tions which  were 
essential ly un i fo rm in chain length  and permit ted  resolution. About  0.8 
g. of unsa tu ra t ed  components,  out  of 32.6 g. esters, had to be esti- 
mated this way. 

" The respective cons tants  were used in ca lcu la t ing  Cul and Cts com- 
ponents.  

(Resul t s  by GLC nlust  be too high be<'ause approximate ly  3 .5% of 
undefined mater ia l  [Tables V I I  and V I I I 1  is not  taken into account. 

On the other hand,  resul ts  by PC mus t  be ( 'onsidered as too low, par-  
t icu lar ly  for the u n s a t u r a t e d  ( 'omponents. They are based upon  distil- 
la t ion which increased the amount  of undefined mate r ia l  f rom 3.5 to 
7.5% [Table V I i .  The pa t t e rn  of high values by GLC and low va lues  
by PC is borne out  in all bu t  one instan( 'e.)  

acids have been isolated are coconut oil containing 
nonanoie,  undeeanoic,  and trideeanoic acids (24) and 
tall  oil containing (+) -14-methy lhexadeeanoie  acid 
(25) .  GLC has, in several instances,  indicated the 
presence of such acids in vegetable oils (26) .  With  
the detection of penta-, hepta-, and nonadeeanoic  
acids and a branched acid in Chlorella fat  the ques- 
tion arises whether they originate from this organism. 
It has been stated that " h e a l t h y "  cultures of  Chlo- 
rella pyrenoidosa cannot  be obtained without  the 
proper flora of bacteria, which is easily dist inguished 

T A B L E  X 
Composi t ion of ChloreUa Fat ty  Es t e r s :  Minor  Components  

( 'Weight  Percen tages)  

Methyl ester 
of acid 

<C12 
C12 

C14 sa tu ra t ed  
C14 monoene 
C14 diene 
C14 t r iene  

C15 

C17 

C19 

Cue d 

C2~ d 

C .-,.t 

Dete~rtc(1 i n  

. . , ydrogen- 
o r ig ina l  "ed 

~LC i ~ c  

0.5 a 

t race 

trace 

1.1 
1.3 

Detected af ter  d is t i l la t ion  

(~LC ..... ~ a - -  1 ~  

0 . 1 5 )  
o.o9 t. 
0.13[ 
0.03.  ~ 

0.09 

0.15 

).67 
3.36 
).20 

3.05 
).06 

3e 

0.14 0.11 0.25 

0.18 0.18 

0.38 

0.47 0.63 

0. I 7 0.39 

0.32 0.32 

" th ,  diene migh t  be (h,5 (Table  I t ) .  
b Only Frac t ions  J, 3, 5, 7 and the res idue  have  I)et,n analyzed. 
'" Tin! amoun t  of undefined mater ia l  obta ined by P C - l a  (TaMe V l )  

has been in t roduced in  (!aleahtting the pert!enrages of Cm and  h igher  
(.Olllpon t,n ts. 

d le/}j C.a, esters was found  by rad ioac t ive  dihl t ion,  ap ldy ing  P C - I a  
and lb .  The gena ine  occurl-encl! of a rach ida te  and Iielll!nate, which had 
been delevted il l  these chroluate~ranls ,  "was verified in cohlntn-par t i t ion 
i ,hronlatogralns by a nlethod described elsewhere (17) .  

(Sixteen (.ontpoands l|avt! been fo | lnd  tha t  oct!lit in amoun l s  of 1 ) ;  
or less. (ILC detected three or four  in the or ig inal ,  or hydrogenated  
mixture,  and probably 10 add i t iona l  ones af ter  d is t i l la t ion.  PC, af ter  
( l is l i l lat ion,  detected four  mino r  components  which couhl I)e identif ied 
with those a l ready ment ioned,  and two add i t iona l  ones in o r ig ina l ly  satu- 
rated and in hydrogenated  form, respeetiw,ly.) 

front an " i l l eg i t imate"  flora (27) .  Our cultures were 
uni form in appearance,  and several tests did reveal 
bacteria, which however  never became s igni fcant  on 
a weight  basis. Present ly  no convincing reasons are 
seen for assigning these acids to organisms other than 
the algae. 
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Reactions of Polyunsaturated Fatty Alcohols. IX. Molecular- 

Weight Distribution of Some 
Vinyl Ether H o m o p o l y m e r s  1 

Conjugated Soybean 

H. M. TEETER, L. C. DORMAN, and L. HARRIS, ~ Northern Regional Research Laboratory, 3 Peoria, Illinois 

Tim molecular-weight distributions of several conjugated soy- 
bean vinyl ether homol)olymcrs were studied by means of the 
integral fractionation technique. Polymers having numbcr- 
average molecular weights ef 2,200, 4,800, and 10,000 prepared 
with stamdc chloride as catalyst as well as a polymer having 
a molecular weight of 3,400 prepared with boron trifluoride as 
catalyst were included in the study. The observed distribu- 
tions for all the i)olymers were found to approximate the so- 
called "most probable" distributions expected theoretically 
for polymers obtained by simple difunctional polymerization. 

T IIE MOLI,]CULAR-WEIGHT distribution of a polymer 
is an important  characteristic to which many of 
its physical and chemical properties are related. 

Polyunsatura ted  fa t ty  vinyl ether polymers and co- 
polymers (12) have been under investigation at this 
laboratory because of their promising properties as 
coatings, especially for metal. Knowledge of their 
molecular-weight distribution might contribute to a 
better unders tanding of their dry ing  behavior and 
of the properties of their films. Since the function- 
ali ty of a polyunsaturated fa t ty  vinyl ether polymer 
molecule towards oxygen varies with the number of 
monomer units in the chain, knowledge of the molec- 
ular-weight distribution would provide information 
on the maximum and minimum functionalities to oxy- 
gen available in the polymer and on the relative 
amounts of material having these and intermediate 
functionalities. 

This paper  reports the results of an investigation 
of the molecular-weight distribution of several conju- 
gated soybean vinyl ether homopolymers. These were 
selected to permit  comparison of polymers that  had 
different number-average molecular weights or that 
were prepared with different polymerization catalysts. 

Discussion of Fractionation Methods 
Because of the physical and chemical properties of 

polyunsaturated fa t ty  vinyl ether polymers, special 

1 Presented at annual  meeting, American Oil Chemists' Society, New 
Orleans, La., April 20-22,  1959. 

2 Present  address:  Knox College, Galesburg, Ill. 
a This is a laboratory of the Northern Utilization t tesearch and 

Development Division, Agricultural Research Service, U. S. Depart- 
ment  of Agriculture. 

l / roblems are e n c o u n t e r e d  in the i r  f r a c t i o n a t i o n .  
lr quantitative recovery of fractions is dif- 
ficult because these polymers are liquid. Because 
these polymers and the fractions separated from thenl 
are sensitive to oxygen and because this sensitivity 
increases with molecular weight, handling in all inert 
atntosphere is necessary. ]Yurthernlore the molecular 
weights of tile t/olynmrs and their fractions lie in 
ranges such that only very approximate vahlcs can 
be obtained. 

[n view of these problems, simple fractional pre- 
cipitation of the polymers was considered imprac- 
tical. The integral fraetionation method (10) and 
the cumulative volume technique (1,2) appeared more 
suitable for investigation. 

The principle of the integral fractionation method 
is illustrated by Figure  1. A very dilute solution of 
polymer is divided into a number of aliquots of equal 
volume. (For  simplicity only five aliquots are shown 
in the figure; in practice a large number are re- 
quired.) To each aliquot is added an increasingly 
large volume of nonsolvent. This results in precipi- 

Polymer in 
Benzene 

+ + + + 

P1 P2 P3 P4 

Methanol 

I 

+ 

Ps 

High Mol. Wt. ~ Average Mol. Wt. 

FIG. 1. Simplified representation of the integral fractionq- 
tion method. 


