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ABSTRACT 

A new method is presented for determining the 
cis/trans isomer content of edible vegetable oils. The 
intensities of Raman lines near 1656 and 1670 cm -1 
are associated with the cis and trans configuration, 
respectively. A precision of ca. 1% can be obtained in 
the cis/trans isomer analysis of binary mixtures of 
methyl esters and triglycerides of monoenes and 
dienes and of hydrogenated vegetable oils. The 
spectroscopic data also provide the iodine value of 
vegetable oils or isolated fractions with precision for a 
single determination of ca. 1%. 

INTRODUCTION 

Cis/trans isomer composition of unsaturated esters in 
edible vegetable oils is of interest in nutri t ion studies (1-4) 
and because of altered storage, flavor and oxidative stability 
which accompany structural changes during hydrogenation 
of the oils (5-8). The IR method (9) of determining the 
trans isomer concentration, using the intensity of the 970 
cm -1 absorption band associated with the trans out-of-plane 
ethylenic hydrogen deformation vibration (10), has been 
very useful, but it requires an independent determination of 
the cis isomer or total unsaturation by gas liquid chroma- 
tography (GLC) (1t) ,  UV absorption (12) or iodine 
absorption (13), or both. The proposed method uses the 
Raman scattering to directly measure the amounts of both 
isomers. Earlier studies (10,14) gave assignments for the 
vibrational spectra of simple model compounds of interest 
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FIG. 1. Fused silica weighing and mixing vessel, 15-25 rag. 
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in tiffs investigation. The integrated scattering intensity for 
any vibrational mode is proportional to the number of 
corresponding molecules in a mixture. By measuring the 
intensities of C=C stretching fundamentals near 1656 and 
1670 cm-1 associated respectively with cis and trans 
configurations, a precision of ca. I% can be obtained in 
cis/trans isomer analyses of pure methyl esters and triglyc- 
erides of mono-, di- and tri-unsaturates which are not  
conjugated in their native state. 

EXPERIMENTAL PROCEDURES 

The Raman spectra were measured using a Spectra- 
physics 125 He-Ne gas laser (6328 A) giving 50-80 mW of 
exciting power. The neat sample was irradiated by the laser 
in a 0.3 mm OD capillary celt as previously described (15). 
The illuminated volume on the axis of the capillary was ca. 
50/1 in diameter. 

A Jaegers $3205 wide-field eyepiece of 52 mm clear 
aperture, working at ca. f[0.8, imaged the illuminated 
sample volume on the entrance slit of the monochromator 
at 4.5X magnification. 

A Spex 1401 double monochromator was used for all 
measurements. 

A simple lens imaged the light from the monochromator 
exit slit on the cathode of an ITT FW-130 photomultiptier 
tube, the dark pulse rate of which was 30/see (23 C) and 
< l / see  (-20 C). 

The pulses from the photomultiplier were amplified to 
standard height and duration (16), averaged in a rate meter 
and recorded on a 10 my strip chart recorder. The pulse 
rate and wavenumber shift were also encoded and stored in 
an IBM 1800 data acquisition system for convenient 
computation of results (17). While the results reported here 
were obtained and computed with a digital data acquisition 
system, the same results were procured from the strip chart 
recordings of the spectra at 20 cm -1/in. using a planimeter. 
Where the computer results show about a = -+ 0.9%, with 
the planimeter we find o = + 1.3%. All samples were 
scanned at 50 cm-]/min,  corresponding to 6 min per sam- 
ple for the analytical results. 

Examples of the convenience and wide application of 
modern Raman instrumentation are available in many 
reviews and in the literature of the several Raman instru- 
ment manufacturers ( 18,19). 

Purity of reference compounds obtained from Hormel 
Institute was verified by GLC (11), thin layer chromatog- 
raphy (TLC) and IR (9) methods. The methyl esters of 
laurie, oleic, elaidic, tinoleic, linoetaidic and tinolenic acids 
were analyzed on a 1.2 m x 6.3 mm column packed with 
I0% FFAP on Chromosorb P at 220 C and on a 24.4 m x 
0.25 mm capillary column, coated with General Electric 
Co. SF 96-[50] Silicone oil containing 1% of General 
Aniline & Film Co. Igepal Co-880, which was programed 
from 80-175 C at 1 C per min. Chromatograms of these 
esters were developed on Brinkman Silica Gel G analytical 
plates using diethyl ether-hexane 5:95 and visualized with 
K2Cr207 in 40% H2SO 4 (5 gin/100 ml) to detect 
oxidation and polymerization products. Triglycerides of the 
fatty acids listed above were checked by the same TLC 
procedure for oxidation products except that the devel- 
oping solvent was hexane-diethylether-acetic acid 89:10: 1. 
There was no detectable impurity in any reference com- 
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pound  except  for  the me thy l  l inolenate  and tr i l inolenin,  
each of  which showed a very small, weak spot  be tween  the 
origin and the ester. IR  analysis (9) of  all the cis reference 
compounds  showed no  trace of  trans except  for the 
l inolenates,  which had a very weak band at 970 cm "1. 
Analysis of  the Ranaan C=C stretching lines of the cis 

reference compounds  with  a band resolving rout ine (20) 
showed no trans impur i ty  in any but the methy l  l inolenate  
and tri l inolenin,  which conta ined  0.8 and 0.7% trans, 
respectively. Less than 10 nag quanti t ies  of  pure reference 
compounds  were weighed in to  counterba lanced  15-25 mg 
fused silica mixing vessels (Fig. 1) on a Cahn Model  G 
Electrobalance.  The samples were mixed  with a 1 mm OD 
loop of 0.25 nana Pt wire ro ta ted  by a small stirring motor .  
With sample mixtures  < 1 0  rag, care was required to assure 
that  all of  each c o m p o n e n t  was brought  down off  the vessel 
walls in to  the mixture.  A heat  lamp was used to keep solid 
samples, e.g., trielaidin, mel ted  for weighing and mixing. 

RESULTS AND DISCUSSION 

Port ions of  the Raman spectra of  some reference 
compounds  are shown in Figure 2. As with o ther  saturated 
fat ty  esters, methy l  laurate has no  Raman scattering feature 
be tween  1600 and 1710 cm -1. The srnaall feature near 1649 
cna -1 is the Tyndal l  scat ter ing by the sample of  a plasma 
emission line, weaker  than the 6328 A laser line by a factor  
of  ca. 106 . This plasma line has been removed from all 
o ther  spectra by insert ion of  a mulf i layer  in terference filter 
of  10 A band width,  be tween  the laser and the sample. This 
reduces the intensi ty o f  the beam by about  half  at the 
sample. The  cis monoene ,  diene and triene C=C stretch 
features are found  near 1654, 1657 and 1655 cm - I ,  
respectively,  compared  wi th  the trans naonoene and diene 
at 1668.5 and 1670.5 cna -1. These spectral features are 
substantial ly free f rom interference f rom the wings of  a 
relatively weak carbonyl  s t re tch band near 1745 cm-1 for 
the triglycerides or 1743 cm -1 for the methy l  esters and of  
the ) C H  2 scissor mode near 1446 cm -1. The f requency 
shifts and band widths for the C=C and carbonyl  s tretch 
vibration of  the reference compounds  are given in Table I. 

The Raman scat ter ing in the C=C stretch region for 
tf iolein and trielaidin and for five di f ferent  mixtures  is 
shown in Figure 3. Since the integrated intensi ty of  any 
band associated with  a part icular  c o m p o n e n t  is propor-  
t ional  to  the concent ra t ion  of  that  c o m p o n e n t ,  the f ract ion 
of  the total  C=C stretch scattering which is associated with  
the trans i somer  is directly propor t iona l  to the trans i somer  
fraction. Referr ing to Figure 3, we consider  the C=C stretch 
for these compounds  falling within the limits 1626 and 
1691 cna -1 and arbitrarily use 1664 cna -1 as an acceptable 
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FIG. 2. Raman spectra of reference compounds, 1200-1800 
cm-1. 

TABLE I 

Raman Frequency Shifts a of Reference Compounds 

C=C stretch Identifying 
number b Compound Class cm'l max 

C=O stretch CH 2 scissor 

cm-lma x cm'lmax Rt/uC 

(1) Methyl laurate saturated --- 
(2) Methyl oleate cis 1655.1(14.2) 
(3) Triolein cis 1653.8(14.5) 
(4) Methyl elaidate trans 1669 (10) 
(5) Trielaidin trans 1668.5(11) 
(6) Methyl linoleate cis, cis 1656.1(15.7) 
(7) Trilinolein cis, cis 1656.4( 15.4) 
(8) Methyl linoelaidate trans, trans 1671.5(11 ) 
(9) Trilinoelaidin trans, trans 1670.5 ( 11 ) 

(10) Methyl linolenate cis, cis, cis 1657 (16.2) 
(1 t ) Trilinolenin cis, cis, cis 1656.4(I 8.6) 

1744 (17) 1441 --- 
1744.5(17) 1440 0.078 
1747 (21) 1438 0.075 
1744 (16.5) 1439 0.768 
1748 (22) 1438 0.761 
1741.5(17) 1439 0.149 
1747 (21) 1440 0.144 
1742 (17) 1437 0.826 
1746 (22) 1437 0.821 
1741.5(16.5) 1438.5 0.210 
1745 (22) 1440 0.203 

aThe observed half-x~4dths of the Raman lines are shown in parentheses. 
bThe numbers in column 1 are used 1o identify the compounds in Figures 3-6. 

r1664 cm -1,/.1691 cm "1 
CRt/u= J1626cm " l !a1626cm -1 as defined in the text. 
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FIG. 3. Raman spectra in the C=C stretching region for Triolein 

(3), Trielaidin (5) and their mixtures: 15.9% Triolein, 84.1% 
Trielaidin, - - - ;  34.4% Triolein, 65.6% Trielaidin, -°-; 51.3% 
Triolein, 48.7% Trielaidin, - ° - ;  67.8% Triolein, 32.2% Trielaidin, 
• -°; and 84.0% Triolein, 16.0% Trielaidin, - - - .  The isoskedastic 
point near 1662 cm -1 is somewhat obscured by the different 
amounts of fluorescent background, but this does not interfere with 
the analytical method. 

c o m p r o m i s e  b o u n d a r y  b e t w e e n  the  cis and trans regions for  
the  comple t e  set  of  mode l  c o m p o u n d s .  The  i n t eg ra t ed  
in tens i t ies  are measu red  w i th  respect  to a s t ra ight  l ine 
b a c k g r o u n d  c o n n e c t i n g  the  observed  sca t t e r ing  at  1626 and  
1691 cm -1 to  r emove  the  ef fec ts  of  the  f luoresc ing  
impur i t i es  wh ich  may  be p resen t  (Figs. 2,3).  The  var iable  
f luorescence  obscures  the  " i so skedas t i c "  po in t  for  the  
b ina ry  mix tu res ,  b u t  does n o t  o the rwise  in te r fe re  unless  i t  
is in t ense  e n o u g h  to degrade the  signal-noise ra t io  by  
m a k i n g  the  R a m a n  sca t t e r ing  a small  f rac t ion  of  the  
observed  spect ra l  in tens i ty .  ( Isoskedast ic ,  f rom Greek  iso, 
equal ;  skedannumi,  to  spread,  disperse or  scat ter ,  as of  
sunl ight .  The  usage is ana logous  to t ha t  for  isosbest ic  po in t s  
in a b s o r p t i o n  spect ra . )  

W e  d e f i n e  t h e  i n t e n s i t y  r a t i o ,  R t / u ,  as 

f 1 6 9 1  c m - 1 / f 1 6 9 1  cm -1 the  ra t io  of  the  trans i n t ens i ty  to  
1 6 6 4 c m  -1 J 1 6 2 6 c m  -1 '  
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FIG. 4. Analytical calibration curves for cis/trans isomer analysis 
of edible vegetable oils. The numbers identifying the samples are in 
column 1 of Tables I and II. 

the  to ta l  C=C s t r e t ch  scat ter ing,  measured  over  the s t ra ight  
l ine b a c k g r o u n d  specif ied above.  Fo r  the t r io le in ,  t r ie la id in  
and  mix tu re s  s h o w n  in Figure 3, the  values of  Rt[ U are 
p l o t t e d  against  the  k n o w n  c o m p o s i t i o n  as the  lowes t  
ca l ib ra t ion  curve in Figure 4. A m e a s u r e m e n t  of  the  
in t ens i ty  ra t ios  Rt /U for  t r i l inole in ,  t r i l inoela id in  and  the i r  
m ix tu re s  gives a s imilar  ca l ib ra t ion  curve for  the  diene 
sys tem in Figure 4, displaced u p w a r d  as a consequence  of  
the  sl ightly grea ter  f r equency  shif t  of  the  C=C s t r e t ch ing  
sca t t e r ing  for  the  more  h ighly  u n s a t u r a t e d  molecules .  

Because of  the  re la t ively  s teep slopes of spec t ra  of  the  
cis and  trans i somers  near  the  isoskedast ic  po in t s ,  careful  
con t ro l  of  s p e c t r o m e t e r  ca l ib ra t ion  is requi red .  With  the  
t r io le in- t r ie la id in  mix tu re s  we f o u n d  t ha t  ca l ib ra t ion  drif t  
i n t r o d u c e d  cis/trans analysis  er rors  of  ca. 5%/cm-1 unless  
they  are c o m p e n s a t e d  as discussed below. 

A graded series of  par t ia l ly  h y d r o g e n a t e d  samples  
p repa red  f r o m  a ref ined ,  b l eached  soybean  oil p rov ided  a 
tes t  of  the  analy t ica l  p rocedure .  The  observed Rt /U values 
are p l o t t e d  in Figure 4 against  the  per  cen t  trans i somer  as 
d e t e r m i n e d  by the  I R  m e t h o d  (9).  The  sca t t e r  of the  data  
po in t s  for  the  h y d r o g e n a t e d  soybean  oil samples  combines  
the  unce r t a in t i e s  of  the  IR  m e t h o d  w i th  those  of the  
R a m a n  Analys is  ou t l i ned  above.  The t rend  of  the  da ta  for  
the  h y d r o g e n a t e d  soybean  oils is no t  parallel  to the  
ca l ib ra t ion  curves  for  the  m o n o e n e  and  diene mix tu res ,  
respect ively.  This  may  be exp la ined  by  the  select ivi ty of  the  

TABLE II 

C o m p a r i s o n  of Raman and IR Analyses of Per Cent trans I s o m e r  

Identifying Fatty acids 
number a oil 18:1 18:2 18:3 

Per cent 
trans isomer 

Raman IR 

(12) High oleic safflower b 80.7 12.2 --- 0.0 
(13) Commercial safflower b 12.8 77.9 --- 0.0 
(14) Soybean 0 c 24.6 53.5 7.6 0.0 
(15) Soybean 1 25.9 53.2 6.0 1.5 _+ 
(16) Soybean 2 26.9 52.8 4.3 3.3 _+ 
(17) Soybean 4 33.6 50.0 1.2 6.4 _+ 
(18) Soybean 5 37.2 47.1 0.6 10.3 _ 
(19) Soybean 7 45.0 39.8 -- 14.5 _+ 
(20) Soybean 8 48.9 36.0 -- 18.2 + 
(21) Soybean 9 58.2 26.2 -- 23.0 +_ 

aThe numbers of column 1 are  u s e d  to identify the samples in Figures 4-6. 
bFatty acid analyses from Reference 21. 
CSamples, fatty acid and IR analyses from Koritala (5). Precision of the IR 

of per cent trans isomer was estimated at ca. _+ 1%. 

0.0 
0.0 
0.0 

.59 1.6 

.86 2.9 
.84 7.9 
.68 10.7 
.80 16.4 

1.08 18.3 
.36 23.9 

determination 
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FIG. 5. Analytical Intercept Rt/U correction curve for compen- 
sation of changes of cis isomer spectra with hydrogenation, and for 
small changes in spectrometer calibration. The numbers identifying 
the samples are in column 1 of Tables I and II. The letter subscripts 
for samples 3 and 12 refer to subsets of determinations with the 
wave number calibration of the spectrometer shifted by thermo- 
statting at different temperatures. 

copper chromite catalysts (5-7) for hydrogenation of the 
more highly unsaturated components that are present in 
these soybean oils, as shown in Table II. We expect the 
composition of the product to approach the triotein- 
trietaidin calibration curve as a boundary value. 

A correlation implied above can provide an unambiguous 
analysis for the general case, where the analyst has no a 
priori information about the fatty acid composition of the 
oil from which a hydrogenated analytical sample was 
derived. For a sample containing an arbitrary fraction of 
trans isomer, the observed Rt/U will be influenced to a 
degree by both the half intensity band width and frequency 
of the cis C=C stretching band, which can be determined by 
noting the wave number of the cis maximum and the half 
intensity point on the low frequency side of the cis band. 
Since the bands for the pure components are symmetrical 
(Fig, 2), the high frequency half-intensity point can be 
located an equal distance on the high frequency side of the 
cis maximum, even if it is obscured by the trans isomers in 
hydrogenated material. The locations of the half intensity 
points on the high frequency side of the C=C stretching 
lines, assuming a symmetrical band shape for the set of 
reference cis materials, is shown in Figure 5. Five replicate 
spectra each of seven hydrogenated soybean oil samples 
were evaluated by this procedure, and the intercept Rt/U 
for the cis isomer fraction of each, estimated from Figure 5. 
The per cent trans was then estimated from the location of 
the observed R t / u  on a line on Figure 4, parallel to the 
monoene and diene calibration lines and passing through 
the derived intercept R t / u  for the cis fraction. The results 
of this Raman determination of the per cent trans isomer 
are given in Table II and are comparable with the IR 
analysis. 

While we have not yet tested hydrogenated vegetable oils 
with more than 25% trans isomer, the procedure given 
above gives reliable estimates of the intercept Rt/U for 
known mixtures containing as high as 65% of the unsatu- 
ration as the trans isomer. Detailed analyses of the kinetics 
of hydrogenation (5-7,22) show that the selectivity of 
copper-chromite, nickel, platinum or palladium catalysts 
leads to mixtures of molecules containing isolated cis or 
trans double bonds wherever hydrogenation has proceeded 
to the point where the unsaturation is more than 50% trans 
isomer. In this case the C=C stretching intensities corre- 
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FIG. 6. Relation between R ~  and iodine values of reference 
~ n  2 

triglycerides and unconjugated vegetable oils. The numbers identi- 
fying the samples are in column one of Tables I and II. 

spond to those for mixtures of oleic, etaidic and stearic oils, 
and the cis/trans ratio can be determined from the 
triolein-trielaidin calibration curve. 

A useful consequence of this procedure for compen- 
sating for the changes of spectra of the cis isomer fraction 
of hydrogenated oils is that it also cancels out drifts in 
spectrometer calibration which are small enough to keep 
the analytical system in the region where the slope in 
Figure 5 does not greatly change. Changes during the 
recording of a spectrum cannot be tolerated, but 1.0 cm q 
shift from day to day has not interfered so long as 
recording time constants and scan rates are reproducible. 
For samples having relatively little cis isomer, any necessary 
spectrometer frequency correction can be obtained from 
measurements of the trans band location. 

The direct proportionality between the Raman band 
intensity and the mole fraction of molecules undergoing the 
corresponding molecular vibration suggests a convenient 
analysis for the total unsaturation of these oils. We compare 
the scattering intensity arising from the C=C stretching 
vibration with that from the ~CH2 scissor mode, 

i-1691 cm -1 
RC =C = J1626 cm -1 

CH2 f1478 em -1 
~1420 cm -1 

to derive an arbitrary band intensity ratio. Part of the wings 
of the ~--'CH 2 scissor are excluded in order to reject the weak 
bands near 1400 cm -t in the spectra of the cis isomers. The 
RC=C values for reference compounds and vegetable oils 

are plotted in Figure 6 against their respective iodine values. 
The vegetable oils examined so far fall close to the curve 
defined by the pure triglycerides, in agreement with a 
recent report on unconjugated cis drying oils (23). For oils 
which contain substantial amounts of fatty acids with chain 
lengths other than C 18, correction must be made for the 
effect on scattering from the~CH 2 scissoring vibration. 
Drying oils which contain major amounts of conjugated 
trans, trans, cis fatty acid chains require a different 
calibration curve because of conjugation effects on the 
frequency and intensity of scattering from the C=C 
stretching mode (23). 
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