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A B S T R A C T  A N D  S U M M A R Y  

Diffusion constants  of  some fa t ty  acids and tri- 
glycerides in pure form and also in seeds have been 
measured at different  tempera tures  in order  to eluci- 
date the mot ion  and organizat ion of  tr iglyceride 
molecules  in oils. The size of  the oil storage cavity 
(droplet)  in seeds has been es t imated to be 0.8/a.  
Tempera ture  dependences  of  the p ro ton  T 1 relaxa- 
t ion t ime in some samples have been measured by 
pulsed nuclear magnet ic  resonance (NMR).  F r o m  
these measurements  it is concluded that  since activa- 
t ion energies for the re laxat ion mechanism,  diffusion,  
is the same in seeds as in pure oils, 0.22 eV, the 
nature of  the mot ion  is similar. 

I N T R O D U C T I O N  

Recent  nuclear magnet ic  resonance (NMR) studies (S. 
Ratkovic and L. Ehrenberg,  private communica t ions )  o f  
lipids (oil) in samples of  plant origin, such as seeds, have 
shown that in these systems the re laxat ion t imes T 1 and T 2 
are nonexponent ia l .  They usually consist of  two,  or  maybe  
more,  componen t s .  Reasons "for this are not  comple te ly  
unders tood .  Usually it is argued that  nonexponen t i a l  T 2 
relaxat ion t imes  appear because part of  the oil molecules  
interact  with the solid mat r ix  of  the seed, and therefore  
their T 2 re laxat ion t ime is shor tened due to exchange.  On 
the o ther  hand, measurements  on sunflower oil suggest that  
nonexponen t i a l  behavior of  T 1 re laxat ion t ime in oils may 
be due to different  in t ramolecular  and in te rmolecular  con- 
t r ibut ions  to the re laxat ion.  In termolecular  con t r ibu t ion  
should be highly dependent  on the mot ion  and organizat ion 
of  the tr iglyceride molecules  in oil. These would  also be 
ref lected in diffusion measurements .  We have under taken  
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this NMR s tudy of  diffusion propert ies  o f  oils and fa t ty  
acids wi th  the hope of:  

1o de te rmiming  the basic diffusion propert ies ;  
2. co r r e l a t i ng  this in fo rmat ion ,  and the act ivat ion 

energy ex t rac ted  f rom the diffusion constant  D vs. 
t empera ture  dependence,  wi th  the p ro ton  re laxat ion 
behavior,  and the act ivat ion energy ext rac ted  f rom 
the T 1 vs. t empera tu re  dependence;  

3. using the decrease of  D in the sequence:  pure fa t ty  
acids - pure tr iglycerides - oils in seeds, to  s tudy the 
nature of  storage of  oils in seeds; 

4. es t imat ing the size of  the oil droplet  (storage cavity) 
in seeds f rom the condi t ions  of  restr ic ted diffusion;  

5. de termining whether  the dependence  of  D on  the 
saturat ion factor  (f = unsaturated fa ts /sa tura ted)  is 
suff icient ly s trong to  be used as a nondes t ruc t ive  
m e t h o d  for oil " q u a l i t y "  de te rmina t ion  in single 
seeds. 

E X P E R I M E N T A L  P R O C E D U R E S  

The diffusion measurements  were made using the at ten-  
uat ion effect  of  a pulsed magnetic field gradient on the 
pro ton  NMR spin-echo~ (1). In case of  constant  field 
gradient being negligible compared  to the pulsed gradient,  
the rat io of  the spin echo ampli tudes,  wi th  and wi thout  the 
field gradient present,  is given by 

A 
- exp[.,y2g2 D2(A4i/3) ] 

A0 

where g = field gradient in Gauss/cm (190 Gauss/cm);  ~ = 
gradient pulse width;  A = delay be tween  gradient pulses; 3' 
= p ro ton  gyromagnet ic  ratio;  and D = diffusion constant  in 
cm2/sec.  

The onset  of  restr ic ted diffusion (2) at longer diffusion 
t imes  is observed as an initially linear decrease in In A / A  0 
(the slope of  which gives the diffusion cons tant )  fo l lowed 
by an asympto t ic  approach to a constant  a t tenua t ion  
ef fec t ;  for 6 < < A  and free diffusion within  a cavity of  

TABLE I 

Diffusion Constants of Lipids, Pure and in Single Seeds, 
at Various Temperatures 10 

A(2~) g 
Aa B 

7 
Sample T = 24 C 45 C 60 C 75 C 

140 5! 
36 
26 4 
15 38 
9 29 3 

D [ 10 -8 cm2/sec] 

Octanol (standard) 
Linoleic acid 
Oleic acid 
Trilinolein 
Triolein 
89% Trilinolein + 11% 

tripal 
1 --Oleodipalmitiol 
2-Oleodipalmitiol 
Groundnut seed # 1 
Groundnut seed # 2 
Groundnut seed # 3 
Single corn seed 
Four corn embryos 
Sunflower seed # 1 
Sunflower seed # 2 
Sunflower seed # 3 
Sunflower seed # 4 
Sunflower seed # 5 
Sunflower seed # 6 

4.8 
5.0 
3.5 
2.6 
6.0 
6.2 
6.0 
6.0 
4.4 
5.0 

34 
11.2 

8.6 14 
12.6 
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FIG. 1. Dependence of the spin-echo signal amplitude ratio 
A(2r)/A0 on 62(A-6/3) at constant 6 (full circles and triangles) and 
constant A (open circles), in triolein at 317 K. 
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FIG. 2. Restricted diffusion of oil in groundnut (open circles) at 
330 K, compared to diffusion in 2-oleodipalmitiol (full circles). 

D lln -8cm2 ] 
�9 "~ sec 

50 

40 

TRILINOLEIN 

�89 

~ 

2 0 -  

10 I i I t I 
3.0 3.1 3.2 33 3.4 +.103[ K -] ] 

FIG. 3. Temperature dependence of the diffusion constant of 
trilinoleic oil. E a = 0.20 eV. 

TABLE II 

P r o t o n  T 1 R e l a x a t i o n  T imes  a n d  A c t i v a t i o n  Energ ie s  o f  Oil in I n t a c t  
Seeds  o f  S u n f l o w e r ,  C o r n ,  G r o u n d n u t ,  as Well  as Tr io le in ,  a n d  

L ino le i c  A c i d ,  a t  21 C a n d  N M R  F r e q u e n c i e s  32 MHz a n d  16 M H z  

T = 2 1 C  

T 1 [msec |  T 1 [msec] 
S a m p l e  v = 3 2  M H z  v = 1 6  M H z  E a [ e V ]  

S u n f l o w e r  1 1 0  9 0  0 . 2 2  
C o r n  150  150  0 . 2 0  
G r o u n d n u t  100  80  0 .22  
Tr io le in  190  130  0 .25  
L ino le i c  ac id  150  140  0 .25  

radius p, the asymptotic value is given by 

1 
lira in A/A 0 =--(3,5gp) 2 

5 

In the limiting case, p is the mean free path traveled by 
molecules during the diffusion time A, and is given by 

p = ~ .  

R E S U L T S  A N D  D I S C U S S I O N  

The results for the determination of the free diffusion 
constants for fatty acids, triglycerides, and oils in seeds are 

shown in Table I. Note that the important saturated fatty 
acids, whose relative presence in oils is wished to be 
measured, are absent as these are solids in the temperature 
range investigated. The results presented in Table I have an 
estimated error of 10%, and are based on repeated measure- 
ments, holding either 6 or A constant. The attenuation of 
spin-echo amplitudes vs. 62 (A - 5/3) follows a single curve 
in both types of experiments, as shown on Figure 1. 
Typically, 6 = 1-5 ms; A = 6-40 ms; and r = 10-25 ms. 

The well-known increase  in viscosity of lipids with 
increased saturation and chain length (3) is mirrored in 
their decreased diffusion constant. An example is the 
decrease from D = 36 ~ 10 -8 cm 2 Is to D = 26-10-8 cm 2[s for 
linoleic acid C(18: 2) and oleic acid C(18:1 ), respectively, or 
the corresponding decrease in their respective triglycerides, 
trflinoleic D = 15-10-8 cm2/s and trioleic D = 9"10 -8 cm2/s 
at 24 C. In each case the attachment to glycerol reduces the 
diffusion constant of free fatty acid by a factor of two to 
three. 

It is interesting to compare the diffusion constants of 
two synthetic triglycerides, 1-oleodipalmitiol and 2-oleo- 
dipalmitiol. They differ only in the position of the oleic 
acid on the glycerol, but their diffusion constants differ 
markedly, 11.2-10-8 cm2/s and 8.6"10 -8 cm2/s, respec- 
tively. 

The diffusion constants of oils in samples of groundnut,  
sunflower, and corn seeds are also shown in Table I. Note 
that diffusion rates for individual sunflower seeds can vary 
by over 20%. Diffusion rates for all seeds tested, typically 
from 4 to 7"10 -8 cm2/s, are sufficiently low, when com- 
pared to those of pure oils, to consider the involvement of 
restricted diffusion. To check this, the spin-echo attenua- 
tion vs. diffusion time was measured. Due to the weak 
single seed signals, the relatively large oil cavity size, and 
slow diffusion rate, conclusive proof could not be observed 
at room temperature. However, at increased temperature, 
the increased diffusion and relaxation rates made measure- 
ments at longer diffusion times possible~ The results for a 
single groundnut seed at 75 C are shown in Figure 2, 
together with 2-oleodipalmitiol, having a comparable free 
diffusion rate, for comparison. The onset of restricted 
diffusion in groundnut is clearly observed, although the 
asymptotic value is not quite reached. The oil cavity 
(droplet) radius p is calculated from these measurements to 
be 0.8/~,. This is in the upper range of values given by 
Ratkovic (S. Ratkovid and L. Ehrenberg, private communi- 
cations), 1 rap-1 p. Essentially the same value of p has also 
been found in sunflower. 

The temperature dependence of the diffusion constant 
was measured to determine the activation energy Ea for the 
diffusion process where, 

D ~ exp(-Ea/kT). 

T he results for trilinoleic oil over the temperature range o1 
T = 24-67 C are shown in Figure 3. The value of Ea is 
0.20 eV. 

We have measured temperature dependences of the 
proton T 1 relaxation time of oil in intact seeds of sun- 
flower, corn, and groundnut,  as well as in triolein and 
linoleic acid. From these measurements activation energies 
E a for the relaxation mechanism, i.e., diffusion, were 
calculated and are presented in Table II, together with T 1 
relaxation times of oil protbns in- the above samples, at 
21 C. The measurements were performed at two NMR 
frequencies, 32 MHz and 16 MHz, and though the relaxa- 
tion times of a certain sample, measured at the two dif- 
ferent frequencies, do differ somewhat, the activation 
energies are the same in both cases. This is not an un- 
expected result, assuming a diffusion correlation time re 
which is short compared to the inverse NMR frequency, 
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1/PNM R. 
Virtually the same activation energies in all samples 

measured support the argument that the nature of diffusion 
is similar in all cases studies. This is further indicated by the 
value of  the activation energy, E a = 0.20 eV, in trilinoleic 
oil, as determined by the diffusion measurements. 

By adopting a model of diffusion in liquids, described in 
detail in the book of Abragam (4), a diffusion correlation 
time rc can be extracted from our data, yielding a value of 
ca. 2" 10 -9 sec. From the well-known relation between ~he 
length d of the "diffusion jump,"  the diffusion constant D, 
and the diffusion correlation time Zc, 

d-- (6Dwc)l/2, 

the value of d is calculated to be 5A. It is gratifying to note 
that, despite the crudeness of the model and the somewhat 
arbitrary choice of  the value of interproton distance in a 
lipid molecule, as required by the model, the value obtained 

for d is of the same order of magnitude as the diameter of  
the lipid molecule. Thus, consistency of  our measurements 
of the temperature dependences of  the proton T 1 relaxa- 
tion times of oil in seeds and its diffusion constants is 
established. 

Measurements extending the present study of diffusion 
properties of lipids to further samples are in progress. Also, 
attempts to increase the accuracy of the measurements are 
being made. 
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