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Abstract 

ful ler i tes , fa t ty-acid t r iglycerides containing nanovoids, and tr iglycerides with dissolved fu l le renes were studied by 
means of posi t ron annihilat ion spect roscopy. T w o types of nanovoids with mean radii of 0 .48 and 0 .34 n m were found in the 
fat ty-acid tr iglycerides. The nanovoids of the latter type change size in the course oi structural re laxat ion and ordering at 
r oom tempera ture . The nanovoid radius is stabil ized at the value of 0 .355 nm, equal to the radius of C^^ ful lerenes, when the 
latter are dissolved in tr iglycerides. Tet rahedra l interstitials in the f.c.c. lattice are s h o w n to be the most probable 
posi t ron-annihi la t ion sites in C^q ful ler i tes . The shell of the C^jq molecu le is a potential barrier for posi t ron penetrat ion to the 
interior of the ful lerene. Vice versa, the nanovoid in tr iglycerides is a potential well for posi t ively charged particles: 
posi trons, protons and cations. 
© 2003 Elsevier Sc ience Ltd. All r ights reserved. 
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1. Introduction 

Posi t ron annihi lat ion studies of crystal l ine ful lerenes 
(fulleri tes) and po lymers containing nanovoids [ 1 - 4 ] have 
shown both similari t ies and essential d i f fe rences between 
these nanostructures . They have close d imens ions and their 
shells contain covalent ly bound ca rbon atoms. However , 
condi t ions for posi t ron annihilat ion d i f fe r substantially. 

Posi t ron annihi lat ion spect roscopy is k n o w n to be an 
e f fec t ive tool for the study of open -vo lume defects in 
amorphous metals , po lymers , molecular solids, and fuller-
ites. It enables one to de te rmine the average size ot the 
nanovoids , their s ize distr ibution [5] and anisotropy of 
their shape. For example , two types of voids with average 
sizes of 0.15 and 0.3 n m were found in some polycarbo-
nates [6]. 

Posi t ron annihi lat ion studies of the fat ty-acid tri-
glycerides conta in ing molecules with d i f fe rent lengths of 
hydrocarbon chains have shown that amorphiza t ion by 
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rapid cooling results in a m o r e homogeneous state with the 
nanovoids having mean radius of 0.36 n m [4]. This value 
cor responds to the outer radius of C^^ ful lerene. 

Theoret ical studies of the posi tron density distribution in 
ful leri tes have shown that the positron does not 

penetra te into the interior of C^j^ molecule . Annihilat ion 
characterist ics result f r o m positron annihi la t ion in the sites 
be tween C^j^ molecules [2]. The reduct ion of the mean 
posi t ron l i fet ime under hydrostat ic pressure is evidence 
that the posi t ron is local ized in decreas ing intermolecular 
spaces of a f.c.c. ful leri te , because C^g molecules are 
pract ical ly incompress ible . Calcula t ions of the posi tron 
densi ty distr ibution in C^^ ful ler i tes have shown that the 
posi t ron is ' smeared ' over octahedral interstitials, whereas 
its density inside a C^q molecu le is neghg ib le [7]. 

In the case of the fat ty-acid tr iglycerides the positron 
penetra tes the nanovoids and f o r m s a bound e l ec t ron -
posi t ron state (hydrogen- l ike pos i t ronium atom). As a 
result of annihilat ion of this local ized posi t ronium, a 
nar row componen t appears in the spectra of the angular 
correlat ion of annihilat ion photons (ACAP) [4]. Essentially 
d i f fe rent condi t ions for posi t ron annihi lat ion in fullerites 
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and organic materials containing nanovoids indicate that 
the electric field distr ibutions in these mater ia ls are d i f fe r -
ent. Whi le the nanovoids in the fat ty-acid tr iglycerides are 
potential wells for posit ively charged particles, Cgo mole -
cules fo rm a barrier for the penetrat ion of posi t ive part icles 
into the interior. This is evidently due to the d i f fe rent 
structure of the fu l le rene shell and the inner surface of the 
nanovoids in triglycerides. Insertion of fu l lerenes into the 
fat ty-acid tr iglycerides containing nanovoids may be sup-
posed to result in format ion of ' hybr id ' nanost ructures wi th 
new properties. 

2. Experimental 

The samples were prepared f r o m the h igh-mel t ing 
fract ion of the fat ty-acid tr iglycerides, which are character-
ized by saturated bonds , and Cgg fu l lerenes crystal l ized 
f r o m solution in toluene. 

A C A P spectra were measured on a long-slit spect rome-
ter with an angular resolution <7̂  = 0.55 mrad (standard 
deviation of the Gauss ian resolut ion funct ion) . A C A P 
spectra of the fat ty-acid tr iglycerides were fitted to the sum 
of three Gaussians: 

N{e) = ^ l , e x p ( - 61V20-') 

where 6 is the con-elation angle; L and cr are the 
intensities and standard deviat ions of broad (BG) , m e d i u m 
(MG) , and narrow ( N G ) Gaussians . In the case of the 
fat ty-acid tr iglycerides the me thod enables one to detect 
the presence of nanovoids , to measure their size and its 
variation caused by structural relaxation, ordering, and 
insertion of molecular admixtures . 

It was shown in Ref . [4] that the posi trons annihi lat ing 
with the outer-shell e lectrons of oxygen a toms contr ibute 
mainly to the M G componen t of ACAP. N G is due to the 
self-annihilat ion of pos i t ron ium (Ps). One of the mecha -
nisms of its fo rmat ion may be electron tunnel ing through 
the barrier at the inner surface of the nanovoid under the 
action of the electric field of the posi tron charge, and 
subsequent format ion of a bound e l ec t ron -pos i t ron state. 
The Ps radius is a lmost exactly equal to that of the 
hydrogen atom, = 0 . 0 5 3 nm. The nanovoid radius was 
calculated according to the fo rmu la [6]: 

W = 1 . 6 6 / 0 - - 0 . 1 6 6 [nm] 

where a is the full wid th at h a l f - m a x i m u m of the N G . T h e 
relative area of N G is equal to the Ps annihi lat ion 
probabil i ty inside the nanovoids . 

A C A P spectra for crystal l ized C^j, fu l le renes were 
approximated by the sum of only two Gauss ians due to the 
absence of N G . T h e electron localizat ion radius, r ^ , in 
interstitials was calcula ted using M G parameters according 
to Ref. [8]: 

where m is the e lect ron rest mass , c is the velocity of light, 
a is the M G standard deviat ion. B G is related to posi t rons 
annihilat ing with carbon electrons or it is due to the 
presence of cavi t ies ( f ree volume, vacancies) of a tomic 
scale, which have lower electron density, and disturb ideal 
pac lang in a fu l l e rene molecule . The electron localizat ion 
radius in these regions was also calculated using the 
a forement ioned fo rmula . 

The h igh-mel t ing tr iglyceride f ract ion was prepared by 
means of f rac t ional crystall ization of mi lkfa t solution in 
acetone at 20 °C. The low-mel t ing f rac t ion solidified at 
- 1 8 ° C . 

X-ray d i f f rac t ion analysis was carried out at r oom 
temperature us ing Fe K a radiat ion (A = 0 .19373 nm). T h e 
cell constant of the ful ler i te cubic latt ice was de termined to 
be 1.42 nm. 

3. Positron annihilation in fatty-acid triglycerides 

Fig. 1 shows the general distr ibution of the mean radii of 
the nanovoids , wh ich can change in the course of structural 
relaxation and order ing of the fat ty-acid tr iglycerides. 
Dashed areas in Fig. 1 denote the ranges of the radii of 
nanovoids , in which Ps is not fo rmed . At nanovoid radii 
smaller than that of Ps (0 .053 nm) the latter cannot be 
placed in such a small cavity, whereas at r > 0 . 7 6 n m the 
Ps annihilat ion probabih ty at room tempera ture tends to 
zero (Fig. 2). 

Energet ical ly , the mos t favourable state of the hydro-
carbon chains in a t r iglyceride molecu le is in the f o r m of 
an asymmetr ic tuning fork. The directions of the chains 
change so that the chain directed to one side is fo l lowed by 
an opposi tely directed one. Dis turbed packing of molecules 
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Fig. 1. Size distribution of the nanovoids in the fatty-acid 
triglycerides; general distribution (a) and for the mixture of the 
high- and low-melting fractions after partial extraction of the latter 
fraction- (b). 
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Fig. 2. Positronium annihilation probability (5) versus the 
nanovoicl radius (r) for: the rapidly cooled high-melting tri-
glyceride fraction (A); as-prepared high-melting, line a (-I-) and 
low-melting, line b (O) fractions; the mixture of high- and 
low-melting tractions, point A (*); the mixture of high- and 
low-melting fractions after partial extraction of the latter fraction 
( • ) • 

results in the appearance of cages near the polar (glycerol 
moiety} ends of molecules , which connec t three hydro-
carbon chains. Other type of cages are the voids fo rmed 
be tween the shortest chains near unpoiar molecular sec-
tions. 

The asymmetr ic shape of the nanovoid size distribution 
is related to the presence of the two types of nanovoids . 
The lager nanovoids with radii in the range of 0 . 4 0 - 0 . 5 6 
n m (0.48 n m on average) can be prescr ibed to the first 
type, whi le smal ler ones ( 0 . 2 0 - 0 . 4 8 nm) with average 
radius of 0.34 n m to the second type. T h e latter nanovoids 
are surrounded wi th C H j and CH3 molecu la r moieties and 
their radius in the rmodynamica l ly stable tr iglycerides is 
close to the outer radius of C^q ful lerene. 

Af te r the extract ion of the low-mel t ing f ract ion f r o m the 
mixture of two tr iglyceride f ract ions d i f fe r ing in melt ing 
point and the length of the hydrocarbon chains, the 
appearance of empty quas i -one-d imens iona l cavities 
should be expected . The width of such nanovoids can be 
reduced to the thickness of molecular hydroca rbon chains. 
This sugges t ion is val idated by the exper iment . The 
dependence of posi t ron-annihi la t ion probabi l i ty (S) in the 
vicinity of nanovoids on the nanovoid radius, r, is shown 
in Fig. 2. For compar ison , the same dependence is also 
s h o w n for (a) the high and (b) the low mel t ing point 

Fig. 3. Temporal dependence of the mean radius of the nanovoids 
in the mixture of high- and low-melting fractions after partial 
extraction of the latter fraction (f = days). 

f rac t ions of the mi lkfa t tr iglycerides. Point A on a straight 
l ine b corresponds to an as-prepared mixture of the 
a forement ioned fract ions (55 and 45 w t % , respecdvely) . It 
is seen that af ter partial extract ion of low-mel t ing fract ion 
(3 w t % ) the dependence S =f{r) not only changes shape 
(as compared to those, approximated the straight lines, for 
the pure high- and low-mel t ing fract ions) , but is sig-
nificantly shi f ted towards the smal ler radii of tlie 
nanovoids . Average nanovoid radius in this case tends to 
the intermolecular carbon radius, 0 .175 nm, and the 
pos i t ronium annihilation probabil i ty, S, increases up to 
18%. 

The t ime dependence of the average nanovoid radius in 
the mixture of the two a forement ioned f ract ions after 
partial extraction of the low-mel t ing f ract ion is shown in 
Fig. 3. The dependence is not monotonous , indicat ing that 
the structure of the mixture with excess concentrat ion of 
nanovoids is unstable. Three stages of structural change are 
observed. In the course of structural order ing the system of 
t r iglyceride molecules passes through the most chaotic 
state with the largest m e a n radius of the nanovoids (Fig. 
3). The order ing results in the nanovoid radius approaching 
the intermolecular carbon radius, wh ich lies, according to 
d i f ferent authors, in the range of 0 . 1 7 - 0 . 1 8 nm. In the case 
of graphi te its value is 0 .17 nm. 

4. Positron annihilation in crystaliine C„, fullerenes 

Calculated parameters of the b road (BG) and med ium 
( M G ) Gauss ians of the A C A P spectra for graphi te and C^q 

ful ler i tes are listed in Tab le 1. In order to de termine the 
sites of the posi tron annihi lat ion, it is necessary to de-
te rmine the correlation be tween the electron localization 
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Table 1 
Calculated parameters of the broad and medium Gaussians of the ACAP specti'a for graphite and C,„ fullerites 

Sample Medium Gaussian (MG) 

''m Si%) 

Broad Gaussian (BG) 

r^ (nm) 5 ( % ) 

AX (nm) 

Graphite 0.112 82.5 0.0352 17.5 0.245 
(±0.001) (±0.005) (±0.005) 

Fullerite 0.121 78.3 0.0410 217 0.292 
C (±0.001) (±0.005) (±0.005) 

radius (r ^ in the intermolecular spaces and the inter-
molecular distances, AX. 

The posi tron annihilation sites will be those inter-
molecular spaces, which fall on the linear correlat ion l ine 
r=f{AX). The initial correlat ion curve r=f{AX) w a s 
plotted according to the dependence of the electron locali-
zation radius, r ^ , in interionic spaces de termined f r o m 
A C A P data on the width of interionic spaces, AX, in 

with d i f ferent jc. The mas ter curve, 
approximated by the least-squares linear fit, has the f o r m : 

RJe ) = 0 .029-F 0 .30 • AX (nm) 

This straight line is shown in Fig. 4. Also s h o w n are the 
data for graphite and C^^ fulleri te. The dis tance be tween 
C^g molecules (Van der W a a l ' s spaces) across the tetra-
hedral voids, AX, in the crystal lattice w a s found us ing 
X-ray diffract ion. In the case of graphi te AX w a s f o u n d 
under the suggest ion that b road ( B G ) Gauss ian results 
f r o m posi trons annihi lat ing covalent bond electrons, i.e.: 

AX = 0 .34 - 2 (0 .0352 • 1.35) = 0 .245 n m 

The normalizat ion fac tor (1.35) was taken f r o m [9]. T h e 

0.15 

0.10-

0.05-

0 . 0 0 
0 0.1 0.2 

AX, nm 
0.3 

Fig. 4. Electron localization radius, in the intermolecular 
space versus the distance, AX, between electron shells of the 
molecules. 

measured va lues of r,^ and AX for graphi te and C^f, are 
near the master straight l ine (Fig. 4) . Therefore , the most 
probable annihi la t ion sites in C^g ful leri tes are tetrahedral 
interstitials, whereas in graphi te posi trons annihilate main-
ly in the space be tween ad jacent a tomic layers. T h e results 
obta ined are ev idence that posi tron annihi lat ion in graphi te 
and CgQ ful ler i tes occurs in the region of Van der W a a l ' s 
forces . 

The correlat ion dependence r = / ( A X ) indicates general i-
ty of annihi lat ion mechan i sms in interionic and inter-
molecular spaces of metal oxides (with mixed i o n i c -
covalent bonds) and graphi te or C^̂ f, ful ler i te (Van der 
W a a l ' s bond}. This also al lows one to de te rmine the 
preferent ial p laces of localization of posit ively charged 
part icles in ful ler i tes . 

5. Positron annihilation in the fatty-acid triglycerides, 
containing C ô fullerenes 

Afte r crystal l izat ion of the tr iglyceride h igh-mel t ing 
point f ract ion doped with C^q fu l lerenes , A C A P spectra 
were measured at increasing temperature: two spectra at 
17 °C, eight spectra at 40 °C and five spectra at 70 °C. The 
posi tron annihilat ion parameters are shown in Fig. 5. For 
compar ison, the data for the pure h igh-mel t ing f ract ion 
without fu l le renes (dashed line) are also shown. Points 
corresponding to the high-mel t ing point f ract ion with 
fu l lerenes at 17 °C are near the dashed line. Af te r heat ing 
to 4 0 °C the curve S =f{r) becomes more extended (radii 
in the range of 0 . 2 4 - 0 . 6 3 nm). Such relatively large 
intermolecular spaces are due to the inf luence of Cgp 
fu l lerenes on the crystal l ine structure of the fat ty-acid 
triglycerides. The heat ing of the sample to 70 °C shifts the 
curve 5 =f{r) towards larger nanovoid radii and higher Ps 
annihilation probabi l i t ies ( 1 3 - 1 4 % ) . The smallest 
nanovoid radii are in the range of 0 . 3 5 - 0 . 3 6 nm. These 
values are character is t ic of the outer radius of C^g (0 .355 
nm) [1], An increase of Ps annihilation probabi l i ty by a 
fac tor of 1.5 and the growth of the m i n i m u m nanovoid 
radius f r o m 0 .24 to 0.36 n m is related to the processes of 
structural order ing in the vicinity of nanovoids . It should 
be expected that cyl indrical nanovoids in the initial state of 
the fat ty-acid t r iglycer ides will t ransform to the spherical 
ones, which are energet ical ly more favourable . 



MM. mshchenko et al. / Carbon 41 (2003) 1381-1385 

6. Conciusions 

1. 

1385 

Fig. 5. Positronium annihilation probability (5) versus the 
nanovoid radius (r) in the fatty-acid triglycerides with dissolved 
C„ fullerenes: at 17 °C (O), 40 °C ( + ) and 70 °C (A). For 
comparison, dashed line represents pure high-melting fraction. 

Penetra t ion of positrons to the interior ot nanovoids and 
the absence of such a p h e n o m e n o n in ful leri tes can be 
accounted for by the presence of an electric field at the 
nanovoid boundary , which is directed inwards . This field 
may be genera ted by the dipole ( C ' - H ^ ), which fo rm a 
spherical capaci tor whose inner plate consists of negat ively 
charged carbon atoms, whereas the outer plate contains 
more electroposi t ive hydrogen atoms. Th is electric field 
fo rms the potential well for posit ively charged particles. In 
this case, the nanovoids should be also penetrable by other 
posi t ive a tomic species, e.g. protons and cations. In case of 
ful ler i te such penetrat ion was not found . 

The proximi ty of the values of nanovoid radii in the 
thermodynamica l ly most stable tr iglycerides ( 0 . 3 5 - 0 . 3 6 
nm) to the outer radius of Cg;, fu l le rene (0.355 nm) 
indicates that nanovoids are ful lerene- l ike structural ele-
ments of the fat ty-acid triglycerides. Tak ing into account 
geometr ica l characterist ics, iTillerenes could be placed 
inside the nanovo ids producing a material with a number 
of n e w propert ies . This is supported by the data shown in 
Fig. 5 for the fat ty-acid tr iglycerides with dissolved, 
ful lerenes . On heat ing to 70 °C, C^q molecules probably 
penetrate the nanovoids and create long-range fields, which 
lead to an order ing of the nanovoid sublat t ice and stabiliza-
tion ot the nanovoid radius at 0 .355 nm. Posi t rons do not 
penetrate inside fu l lerene residing in the tr iglyceride 
matrix, because in this case their radii would be smaller by 
a factor of two, but they penetrate to the nanovoid interior. 

The size distribution of the nanovoids , changing in the 
course of structural relaxat ion and ordering of the fatty-
acid tr iglycerides has been found. The asymmetry of the 
distr ibution funct ion is related to the presence of two 
types of nanovoids; first, near the polar (glycerol 
moiety) part of the molecule , with a mean radius of 
0.48 nm, and second, be tween the hydrocarbon chains, 
with a mean radius of 0.34 nm. 

2. The posi t ron annihilat ion probabil i ty (5) is found to 
decrease with increasing nanovoid radius (r) and tends 
to zero at r > 0 . 7 6 nm. 

3. The m e a n nanovoid radius can be reduced to the 
intermolecular carbon radius of 0.17 nm. 

4. The mos t probable sites of posi t ron annihilation in C^,. 
ful leri tes are the tetrahedral voids in the f.c.c. lattice. 

5. The nanovoid in the fat ty-acid tr iglycerides is shown to 
be a potential well for posit ively charged particles such 
as posi trons, protons, and cations. In the case of f.c.c. 
Cgo fulleri te , posi tron penetrat ion into the interior of 
Cgo molecu le is not found. 

6. Ful lerenes dissolved in fat ty-acid triglycerides lead to 
an ordering of the nanovoid sublat t ice and stabilization 
of the value of the nanovoid radius at 0.355 nm (the 
radius of the molecule) . 
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