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M 
ANY RELATIONSHIPS between various physical and 
chemical constants of f a t ty  oils have been pub- 
lished. Most of these are completely empirical, 

such as, for  instance, the well known equations given 
by Lund  (9) in 1922. 

Other authors obtained correlations between the 
constants by applying to fa t ty  oils the principle of 
addit ivi ty of Lorenz-Lorentz atomic and group re- 
fractions. In  1934 Waterman (19) published a dia- 
gram correlating the specific refract ion and the I.V. 1 
of mixtures of triglycerides with 57 carbon atoms per 
molecule (tristearin, triolein, etc.). This diagram has 
been instrumental  in clarifying the reaction mecha- 
nism of the S02-catalyzed polymerization of linseed 
oil. In  1916 Backer (1) derived a relationship be- 
tween the specific refraction, the I.V. and the S.V. of 
fa t ty  oils. Both Backer and Waterman however used 
the values of the atomic and group refractions calcu- 
lated by Roth and Eisenlohr (5). These values are 
now known to be inaccurate. The deviations of the 
specific refractions calculated by these authors f rom 
those determined experimentally are therefore large 
(1, 20). Backer solved this difficulty by introducing 
an empirical correction into the constant term of his 
equation. Consequently his corrected equation lacks 
a fundamental  basis though it  does not differ much 
from the equation derived in the present paper. 

In  1954 Hammond and Lundberg  (8) published a 
system of correlations between the molar volumes, the 
molar refractions, and the refractive indices of pure 
fa t ty  acid esters of monovalent alcohols, f a t ty  acids, 
and other fa t ty  acid derivatives. These authors ap- 
plied the principle of addit ivi ty of atomic and group 
refractions to the pure compounds they studied, t tam- 
mond and Lundberg  considered the data at present 
available to be inadequate for calculating the refrac- 
tions of triglycerides or mixtures of triglycerides. 
This opinion is undoubtedly correct i f  no atomic and 
group refractions are used other than those obtained 
from determinations of the constants of triglycerides. 

The refractions of the methylene group and the 
hydrogen atom are known with a high degree of ac- 
curacy from many determinations of the refract ive 
indices, the densities, and the molecular weights of a 
large number of pure  hydrocarbons and mixtures of 
hydrocarbons (2, 6, 11, 12, 14, 16). I f  these refractions 
are used in calculating the specific refractions of tri- 
glycerides, a graphical statistical diagram, covering 
the whole field of all theoretically possible mixtures 
of triglycerides of nonpolymerized, nonconjugated, 
straight-chain fatty acids, can be developed. 

Group Refraction of the Methylene Group in 
Methyl Esters of Saturated Fat ty  Acids 

The general formula of methyl esters of saturated 
fa t ty  acids can be represented as 

Cn c H2~o 02 

when nc is the number  of carbon atoms in the ester 
molecule. 

x I.V. : iodine value;  S.V. = saponification value. 
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I f  
RM __ In 2 -  1] M 

- -  [n 2 4- 2J -~ = molar refract ion 
of the ester, 

RCH ~ = -g ro u p  refract ion of the methylene 
group, 

R=o = atomic refract ion of the carbonylic 
0-atom 

R - o -  = a t o m i c  refract ion of the etheric 
O-atom, 

r = R M / M -  specific refract ion of the ester, 
M ~-molecu la r  weight of the ester, 
d = d~ ~ = density of the ester, 

n ~--n~ ~ - re f r ac t ive  index of the ester, 

it follows from the principle of addit ivi ty of atomic 
and group refractions that  

1 
r = R~I/M ~ - ~  (n~RcE2 -[- R=o -[- R - o - )  (1) 

where M ~ (12.010 + 2.016) ne ~ 32 (2) 

By eliminating nc from equations (1) and (2), it 
follows that  

32 
Rcn2 R=o + R - o -  14.03 RcH2 

r -  14.03 ~ M (3) 

Schenk, Vervoern, Waterman,  and Weber (14) have 
shown that  Rr 2 is not completely independent  of M, 
but  the variat ion of Reu 2 is so small as to be negligible 
in this case. Equat ion (3) may therefore be wri t ten as 

r = A + B / M  (4)  

where A and B are constants while 

A = Rc~2/14.03 (5) 

A and B are found by substitution of the known 
values of r and M of six methyl  esters into equation 
(4). The best values for A and B, determined by 
trial and error, are 

A ~ 0.3309 B ~ --6.99 

In Table I the values of r, as calculated from equa- 
tion (4) with the above values of A and B, are com- 
pared with the experimental  values of the six esters. 
The experimental  values of Table I and Table u were 
taken f rom the paper by Hammond and Lundberg  (8),  

TABLE I 

Comparison of Observed and Calculated Values for r ~  
in Methyl Esters  

~e thy l  
ester 

Propionate 
Oaproate 
Caprylate 
Caprate 
Laurate 
Myristate 

M RM r ~  r ~  
I Observed / Observed Iea lcu la ted  

88.10 ] 22.17 0.2516 0.2516 
130.18 36.09 0.2772 0.2772 
158.23 45,35 0.2866 0 .2867 
186.29 54.63 0.2933 I 0 .2934 
214.34 J 63.91 0.2982 0.2983 
242.39 ] 73.24 ] 0.3022 [ 0 .3021 

Deviation 

0.0000 
O.O00O 

4-0,0001 
4-0.0001 
+ 0 . 0 0 0 1  
--0.0001 
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The value of Re'2 in methyl  esters of sa turated 
acids can be calculated f rom equation (5): 

Ro-2 ~ 14.03 X A ---- 4.643 

In  Table I I  this value is compared with the values 
obtained by other authors f rom other series of 
compounds. 

TABLE II 

Compar i son  of Va lues  of R :H z 
( v a r i o u s  an t i lo r s )  

A u t h o r  

E isen lohr  
M e r c k x  
W i b a a t ,  L a n g e d i j k  
Geldof, W i b a u t  
S m i t t e n h e r g  
S e h u h m a c h e r  
Vogel  
de Booi js  
Schenk,  c.s. 
Geelen 
Th i s  ar t icle  

RcH 

4,618 va r i ous  compounds  
4,636 ni t r i les  
4 .638 a lkancs  
4.637 n-alkenes  
4.640 n-a lkanes  and  other  ser ies  
4.639 b r a n c h e d  a lkenes  
4 .647 alkyl ha logen ides , a lkanes  
4.640 pure  hyd roca rbons  
4,642 p u r e  hyd roca rbons  
4,643 m i x t u r e s  of satura.te~t hydroca rbons  
4.643 methyl  es ters  of sa tu r ,  fa t ty  aci~ts 

Y e a r  
Refer -  
ence 

5 
1933 10 
1940 21 
1948 7 
1948 11 
1953 16 
1955 18 
1955 2 
1956  14 
1956  6 
1957  ... 

I t  is clear that  the value of Rc~ 2 found here is in 
very good agreement  with the modern values ob- 
tained by several authors (mostly f rom the physical 
constants of hydrocarbons) .  We may therefore as- 
sume the value of Rr in f a t t y  acid esters to be equal 
to the same value in hydrocarbons.  

The values of R(;n2, as given in Table I I ,  were in 
all cases obtained f rom a large number  of more reli- 
able data than are at present  available in the field of 
f a t t y  acid esters. For  this reason the authors prefer ,  
in these f a t ty  acid ester calculations, using a value of 
R(,,~ obtained f rom hydrocarbons ra ther  than relying 
on the value derived f rom the data  on the mere six 
nlethyl esters mentioned above. 

The value chosen is that  given by Smit tenberg 
(11) and also by de Booijs (2):  

R~I 2 = 4.640 (6) 

By substitutiilg this value into equation (3), it is 
found that  

R - o  -+- R_o  ~-  R~ - -  0.3307 M -4- 10.583 (7) 

The values of R_o  ~ - R - o - ,  calculated f rom equa- 
tion (7) and the physical constants of the sa turated 
methyl  esters, are given in Table I [ [ .  

T A B L E  i I I  

Values  of I ~ o  ~ R o~ Calculated f rom Cons tan t s  of Methyl E s t e r s  of 
S a t u r a t e d  F a t t y  Acids  

Methyl es ter  P%o ~- R=o- 

P r o p i o n a t e  3.62 
Caproa te  3.62 
Capry la te  3.60 
Cap ra t e  3.61 
L a u r a t e  3.61 
Myr i s t a t e  3.66 

As follows f rom Table I I I ,  the mean value of 
R = o +  R _ o _  amounts  to 3.62; and the largest  devi- 
ation, 0.04, can only have a small influence on the 
value of r. 

The Influence of the Double Bond 

I f  a double bond is introduced into a compound M, 
whereby a nonconjugated,  unsa tura ted  compound N 
is formed, the difference between the molar refrac-  

tions R~ and RN is equal to the difference between 
the group refract ions of the groups 

- - C H 2 - - C H 2 - -  and - - C H  = C H - -  

This difference is equal to 

R_~I - -  R N  = 2 R ~  - -  I = II)i~ ( 8 )  

where I is the increment  of the double bond. The 
value of IDn calculated f rom the physical constants 
of hydrocarbons is again assumed to be equal to the 
same value in f a t t y  acid esters. Values of IDr~, eal- 
eu!ated f rom constants determined by Rossini (12), 
are given in Table IV. 

T A B L E  I V  

Values  of Xlu-i ---- ~~ - -  R a l k e n e  for  a N u m b e r  of 
S t r a i g h t - C h a i n  H y d r o c a r b o n s  

A l k a n e  Alkene  aalkane ~alkene ~[DIt 

P e n t a n e  
P e n t a n e  
H e x a n e  
H e x a n e  
H e x a n e  
t~eptane  
H e p t a n e  
H e p t a n e  
Octane  
Octane  
Octane  
Octane  

P e n t a n e  
H e x a n e  
H e x a n e  
H e p t a n e  
H e p t a n e  
Octane  
Octane  
Octane  

pentene-1 
cis-pentene-2 
hexene-1 
cis-hexene-2 
cis-hexene-3 
heptene-1 
cis-heptene-2 
cis-heptene-3 
octene-1 
cis-octene-2 
cis-octeno-3 
cis-oetene-4 

trans-pentene-2 
trans-hexene-2 
trans-hexene-3 
trans-heptene-2 
trans-heptene-3 
trans-octene-2 
trans-octene-3 
trans-octene-4 

25.266 
25.266 
29.907 
29.907 
29.907 
34.550 
34.550 
34.550 
39.192 
39.192 
39.192 
39.192 

25.266 
29.907 
29.907 
34,550 
34.550 
39.192 
39.192 
39.192 

24.854 
24,95 
29.492 
29.55 
29.67 
34,135 
34.0 
34.30 
38.778 
38,79 
38.8 
38.95 

25.02 
29.64 
29.75 
34.28 
34.42 
38.88 
39.09 
39.08 

0.412 
0.32 
0.415 
0.36 
0.24 
0.415 
0.6 
0.25 
0.414 
0.40 
0.4 
0.24 

0.25 
0.27 
0.16 
0.27 
0.13 
0.31 
0, i0  
0.11 

I t  follows f rom Table I V  tha t  IDH is not only 
dependent  on the steric configuration around the 
double bond but also on the position of the double 
bond in the carbon chain. At  the moment  it is neces- 
sary  to choose one single value for  IDI-I in all the 
calculations. This obviously gives rise to inaccuracies 
in the results of some of the calculations: isomers 
like methyl  oleate and methyl  petroselenate cannel  
and, in fact, do not have the same specific refractions. 

The value for  Ibn  was chosen on the following 
grounds. ]it is general ly assumed that  most double 
bonds in na tura l  f a t t y  oils have a cis-configuration. 
The position of the double bonds in m a n y  fa t ty  acids 
is more or less in the middle of the carbon chain. 
F rom a comparison of the values of IDn in cis-hex- 
ene-3, cis-heptene-3, and cis-octene-4 (compare Table 
IV)  it follows tha t  

I D H  = 0 . 2 4  (9) 
is a reasonable value. 

Data  on nonconjugated polyenes with a carbon 
chain of sufficient length are not a t  present  available. 
H a m m o n d  and Lundberg  (8) however observed that  
the use of one single value of IDH for  both polyenes 
and monoenes seems to be justified. This observation 
is confirmed by the present  calculations. The specific 
ref rac t ion of a methyl  ester of a f a t t y  acid contain- 
ing ne carbon atoms and q double bonds is equal to 

1 
r ~ -  (no RcE2 -~ Rs  d- R - o -  - -  qIDH) ( 1 0 )  

A comparison between the calculated and observed 
specific refract ions of some unsa tura ted  methyl  esters 
is given in Table V. 
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T A B L E  V 

Comparison Between Calculated and  Observed Specific 
Refrac t ions  of Uns a tu r a t ed  Methyl Esters  

r~ r~ 
Methyl ester Dev ia t ion  

Observed Calculated 

Oleate ........................... 0.3087 0.3088 + 0 . 0 0 0 1  
Oleate .......................... 0.3090 0.3088 --0 .0002 
Petroselenate  ................ 0.3067 0.3088 + 0 . 0 0 2 1  
Ernca te  ........................ 0.3123 0.3123 0.0000 
Arachidonate  ................ 0.3135 0.3143 -{-0.0008 

Triglycerides and Mixtures of Triglycerides 

The formula  of a saturated tr iglyceride is 

(CH2)n; H-4  06, 
the specific refract ion is equal to 

1 
I n  c R C H  2 -~- 3 ( R ~  0 -~- n _ o _  ) - -  4 R .  ] (11) 

The value of RH is again assumed to be equal to the 
same value obtained f rom the physical  constants of 
hydrocarbons.  The mean value of R~ in hydrocar-  
bons, calculated by de Booijs (2) f rom constants de- 
termined by Rossini (12), is chosen: 

R~ ~ 1.043 (12) 

A comparison between the specific refract ions of some 
symmetric  tr iglycerides obtained f rom constants de- 
termined by Scheij (15), and the specific refract ions 
of these compounds calculated f rom equation (11) is 
given in Table V I .  Where the constants were not 
determined at  20~ the following tempera ture  co- 
efficient of the specific refract ion is used: 

d r / d t  ~ -  0.00002 (13) 

This relation holds between 15~ and 80~ (1). 
Da ta  in Table V I  show tha t  the deviations are of 

the second order of magni tude over a ra ther  wide  
range of values of the specific refraction.  

T A B L E  V I  

Comparison Between Calculated and Observed Values for r ~  

of P u r e  Tr iglycer ides  

Triglycerlde 

T r i b u t y r i n  ................... 
Tr icapro in  ................... 
T r icapry l in  .................. 
T r i c a p r i n  ..................... 
T r i l a u r i n  ...................... 
T r i myr i s t i n  .................. 
T r i p a lmi t i n  .................. 
T r i s t ea r in  .................... 

r~ 
Observed 

0.2532 
0.2685 
0.2807 
0.2885 
0.2941 
0.2987 
0.3021 
0.3044 

r~ 
Calculated 

0.2523 
0.2694 
0 .2804 
0.2880 
0.2937 
0.2980 
0 .3014 
0.3042 

Devia t ion  

- -0 .0009 
+ 0 . 0 0 0 9  
- -0 .0003 
- -0 .0005 
- -0 .0004  
- - 0 . 0 0 0 7  
--0.0007 
- -0 .0002 

I t  is now assumed that  all atomic and group ref rac-  
tions calculated above are  addi t ive  in mixtures  of tri- 
glycerides containiug nonconjugated,  nonpolymerized, 
s traight-chain f a t t y  acids. 

The symbols to be used in calculations on mixtures  
are: 

fie ~--- mean number  of carbon a toms per molecule 
= mean number  of double bonds per molecule 

1Vf ~ mean molecular weight 

I f  the above assumption is valid, it follows tha t  

Rmixture = ]~e ROH 2 -~- 3 (R=o @ R - o -  ) - -  4 R~ - -  q IDH 

and r ~ R m i x t u , . e / M  ~ 1/M (14) 

Ue, q and M can be expressed in the more conventional 
].V. and S.V. 

The use of the I.V. and S.V. implies no specific 
method of analysis. The I.V. meant  here is any  meas- 
ure of the degree of unsaturat ion of a f a t ty  oil, pro- 
vided that  it is expressed as the weight percentage of 
iodine absorbed by the oil. Likewise the S.V. is any 
measure of the mean molecular weight of a f a t t y  oil, 
provided that  it is expressed as the number  of milli- 
grams of K O H  required to saponify one gram of the 
oil. 

The relationship between M and S.V. is well known: 

M X S.V.--~ 168300 (.15) 

grams of a f a t ty  oil absorb M X I.V. X 0.01 grams 
of iodine. I f  the f a t t y  oil has a mean number  of q 
double bonds per molecule, it follows that  

2 X 126.92 X i] = 0.01 IV[ X I.V. 

or, subst i tut ing equation (15) in this relationship, 

X S.V. - -  6.630 I.V. (16) 

The average formula  of a f a t ty  oil having a mean 
number  of carbon atoms per  molecule equal to fie and 
a mean number  of double bonds per  molecule equal 
to ~ is 

(CH__.)~,, H((_2~_4) 06 
Thus M --- 14.03 i~e - -  1.008 (2 ~ @ 4) @ 96 or, substi- 
tu t ing equations (15) and (16) into this relationship, 

1 
n e - -  14.03 (17) 

168300 I V  ] 
S.V. ~- 1.008 (2 X 6.630 X ~ @ 4) - -  96 

By substi tution of equations (6, 9, 12, 15, 16, and 17) 
into equation (14) a relationship between r~) ~ I.V. and 
S.V. is found:  

= I n  2 --  1 1 ]20 
r ~  n - r - - •  k @ 2  -d/D 

0.3307 @ 1.68 X 10 5 I . V . -  1.41 X 10 -4 S.V. (18) 
A comparison between the specific refract ions ob- 

served by some authors and those calculated f rom 
this relationship is given in Table VI I .  Where  the 

T A B L E  VII 
Comparison Between Observed and Caleulat3d Specific Refractions 

of Some Fa t ty  Oils 

Devi- 
Oil S.V. I .V. L a t ion 

P e a n u t  
P e a n u t  ha rdened  
Coconut  
Coconut hardened  
Linseed  (ref. 4) 
Linseed 
Linseed  hardened  
Corn 
~Corn hardened  
Olive 
Olive ha rdened  
Olive (ref. 17)  
Pa lm  kerne l  
Pa lm  kernel  ha rdened  
Rapeseed 
Rapeseed hardened  
Sesame 
Sesame hardened  
Sesame hardened  
Sesame ha rdened  
Sesame hardened  
Sesame hardened  
Sesame (ref. 3) 
L a r d  
L a r d  ha rdened  
Soybean (ref. 13) 

191.3 
190.0 
Z61.5 
260.5 
195.4 
192.0 
190.0 
192.8 
191.0 
192.3 
191.0 
190 
249.2 
248.1 
175.2 
173.8 
191.2 
191.0 
190.8 
190.8 
190.8 
190.8 
194 
199.0 
197.5 
192 

83.7 
5.8 
7.0 
0.2 

169.O 
181.3 

18.1 
124.5 

23.2 
83.6 
21.8 
85 
15.9 

0.2 
103.2 

30.8 
108.7 

69.3 
48.9 
40.3 
21.2 

1.0 
115 

52.8 
0.0 

126 

r~O 
D 

0b~ �9 
served 

0.3054 
0.3042 
0 .2950  
0.2950 
0 .3056 
0.3067 
0.3043 
0.3052 
0.3041 
0.3054 
0.3048 
0.3051 
0.2966 
0.2966 
0.3077 
0.3069 
0.3051 
0.3047 
0.3046 
0.8045 
0.3043 
0.3041 
0.3049 
0.3045 
0.3036 
0.3054 

r'2O 
D 

Calcu- 
la ted 

0.3051 
0.3040 
0.2939 
0.2940 
0.3060 
0.3067 
0.3042 
0 .3056 
0.3042 
0.3050 
0.3041 
0.3053 
0.2958 
0.2957 
0.3077 
0 .3067 
0.3056 
0.3049 
0.3046 
0.3045 
0.3042 
0.3038 
0.3053 
0.3035 
0.3029 
0.3057 

- -0 .0003 
- -0 .0002 
- - 0 . 0 0 1 1  
- -0 .0010 
+ 0 . 0 0 0 4  

0 . 0 0 0 0  
- -0 .0001 
q-0 .0004 
+O.O001 
- -0 .0004  
- -0 .0007 
+ 0 . 0 0 0 2  
--0.0008 
- - 0 . 0 0 0 9  

0.0000 
- -0 .0002 
+ 0 . 0 0 0 5  
+ 0 . 0 0 0 2  

0.0000 
0.0000 

--0.0001 
- -0 .0003 
+ 0 . 0 0 0 4  
--O.O010 
- -0 .0007 
~ 0 . 0 0 0 3  
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constants were not determined at 20~ equation (.13) 
has been used. When no mention to the contrary  is 
made the observed values have been taken from the 
paper  by Backer (1). 

Graphical Statistical Diagram 

Figure  1 is a diagram, calculated from equations 
(i5, 16, 17, and 18), in which r ~  is plotted against 
the I.V. The diagram is valid for  triglycerides and 
mixtures of triglycerides of nonconjugated, nonpoly- 
merized, straight-chain f a t ty  acids. A point in the 
diagram represents an infinitely large number of 
mixtures of triglycerides and in some cases one pure 
triglyceride, having the same I.V. and S.V. The dia- 
gram can be expanded to cover the whole field of 
theoretically possible f a t ty  oils. 

0.330( 

0.310( 

0.2go0 

rgO 

0.270C 

FIG. 1. 
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FIG.  1. D i a g r a m  f o r  t h e  g r a p h i c a l - s t a t i s t i c a l  a n a l y s i s  o f  
t r i g l y c e r i d e s .  

Lines of equal mean number of double bonds per 
molecule (q) have been plotted. By  substituting 
equation (16) into equation (18), it is found tha t  

r~) ~ ~--- 0.3307 - -  (9.348 X 10-4/q - -  1.68 X 10 -5) 

I.V. (x9) 
so the lines of equal ~ are straight and converge  to 
the point (r~0~0.3307;  I.V.~--0) when M approaches 
infinity. 

Furthermore lines of equal mean number of carbon 
atoms per molecule (~e) have been plotted. As it is 
not possible to introduce more than a certain hum: 
ber of nonconjugated double bonds into a triglyceride 
with a given number of carbon atoms per molecule, a 
line of equal ~e will always end at the point of inter- 
section with a line of equal ~ (the line n c ~  15, for 
instance, ends at the point of intersection with the 
line ~ ~ 3).  

The diagram and equations (15 to 18) serve to 
characterize fatty oils. If the oils are not potymerized 

and do not contain conjugated or branched fa t ty  acid 
groups, nc, q, M, and r'~ ~ can be determined from the 
I.V. and the S.V. I f  r~ ~ is also determined, the dia- 
gram and the equations can serve to indicate the 
presence of polymerization or conjugation (19). 

I f  a f a t ty  oil is hardened, ~ obviously will not 
change dur ing  hydrogenation. I f  no cis-trans isomer- 
ization occurs, the points in the diagram represent ing 
a fa t ty  oil and its hydrogenation products must lie 
on a curve of equal ~c. I f  cis-trans isomerization does 
occur dur ing hardening, the deviations from this 
curve cannot be large, as may  be seen f rom Table IV. 
The specific refractions of the hardening products of 
a fa t ty  oil can therefore be indicated in the diagram. 

This is shown in Figure  1 for  the hydrogenation 
products  of linseed oil and sesame oil. I t  will be 
noticed that  only second order deviations from the 
curves of equal ~e occur during the hydrogenations. 

Investigations into the graphical-statistical analysis 
of f a t ty  oils are continuing in this laboratory. 

Summary  

It  is shown that  atomic and group refractions, ob- 
tained from data on hydrocarbons, may be used in 
calculating the Lorenz-Lorentz molar refract ion of 
fa t ty  acid esters. 

By  assuming that  the various atomic and group 
refractions are additive in mixtures of fa t ty  acid 
esters, a relat ion between the iodine value, the saponi- 
fication value, and the specific refract ion of fa t ty  oils 
is derived. The validity of this relation is confirmed 
by comparing the calculated and the experimentally 
determined specific refractions of a number of fa t ty  
oils and their hydrogenation products. 

From this relation a diagram for the graphical-sta- 
tistical analysis of glycerides of nonconjugated, non- 
polymerized, straight-chain fa t ty  acids is developed. 
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