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Abs tract

Fullerene clus ters in the so lu tion of C60 in N-methyl-
2-pyrrolidone (NMP) were in ves ti gated us ing UV-Vis
spec tros copy, small-an gle neu tron scat ter ing and mass-
spec tros copy. Changes with time and on ad di tion of wa ter
to the so lu tion were an a lyzed. Con tri bu tion of the Mie scat -
ter ing into ab sorp tion spec trum was es ti mated and com -
pared with the ex per i men tal data. 

In tro ducti on

The so lu tions of fullerene C60 in ni tro gen-con tain ing sol -
vents (pyridine, N-methyl-2-pyrrolidone (NMP), benzo -
nitrile and acetonitrile) are of cur rent in ter est due to the
clus ter for ma tion in them [1-3]. The pres ence of clus ters,
ag gre gates with highly packed struc ture, was con firmed
pre vi ously by elec tron mi cros copy [1-3], dy namic light
scat ter ing [1, 2], sed i men ta tion anal y sis [4] and small-an -
gle neu tron scat ter ing (SANS) [4, 5, 6]. The pres ent work is 
a con tin u a tion of sys tem atic in ves ti ga tions of clus ter for -
ma tion in the sys tem C60/NMP. NMP is a com par a tively
good sol vent for C60 (sol u bil ity is 0.89 mg/ml [7]) and is
mis ci ble with wa ter. It can be used for fullerene trans fer
into aque ous me dia, which is im por tant for em ploy ing bi o -
log i cal ac tiv ity of fullerenes in med i cal ap pli ca tions [8, 9].
The pur pose of this study was to an a lyze the tem po ral
solvatochromic ef fect of the C60/NMP sys tem us ing
UV-Vis spec tros copy, SANS and mass-spec tros copy. Es ti -
ma tion of the Mie scat ter ing con tri bu tion into a UV-Vis
spec trum was per formed. The ef fect of wa ter ad di tion into
the sys tem un der study was also an a lyzed.

Ex pe ri men tal secti on

Fullerene (Fullerenovye Tekhnologii, pu rity > 99.5%) was
dis solved in NMP (Merck, pu rity > 99.5%) to ob tain the
C60/NMP sys tem. Then the so lu tion was stirred for four
days at room tem per a ture. The so lu tion was stored for one
month af ter prep a ra tion in a dark place at room tem per a -

ture. The so lu tion con cen tra tion c = 0.72 mg/ml was de ter -
mined from the absorbance value at a wave length of 342
nm, which was mea sured at Hitachi U-2000
spectrophotometer. Ter nary so lu tions C60/NMP/H2O were
ob tained by ad di tion of dis tilled wa ter (Millipore) to the
C60/NMP so lu tion. 

Ab sorp tion spec tra were ob tained us ing Shimadzu

UV-2401PC (wave length range of 200-800 nm) and

Hitachi U-2000 (wave length range of 200-1000 nm)
UV/Vis spec tro pho tom eters. 1 mm path length quartz cells
were used.

SANS ex per i ments were per formed on the Yel low Sub -
ma rine small-an gle diffractometer at the re search
steady-state re ac tor of the Bu da pest Neu tron Cen tre
(BNC), Hun gary. Sam ple-to-de tec tor dis tances of 1.3 m
and 5.6 m and the mean neu tron wave length of 0.45 nm
were used. The ob serv able SANS sig nal as a func tion of
the modulus of mo men tum trans fer, q, was reg is tered in the 

in ter val q = 0.1-1 nm-1. Sam ples were placed in 1 mm thick 
quartz cells (Hellma). Scat ter ing curves were cor rected for
the back ground, buffer (NMP and NMP/H2O so lu tions)
and an empty cell and cal i brated against a 1-mm wa ter sam -
ple in a stan dard way [10].

La ser desorption/ion iza tion time-of-flight mass spec -
trom e try (LDI TOF MS) was used for ion pro duc tion. Mea -
sure ments were con ducted us ing the Bruker Daltonics
Autoflex II in stru ment. So lu tions of fullerene were de pos -

ited onto the sur face of a stan dard steel tar get. The method

pro vided re cord of mass spec tra in the range 0-5000 Da.
Data for 10 dif fer ent points of the tar get were ac cu mu lated
to smooth vari a tions of sam ple dis tri bu tion on the tar get. 

Re sults and Dis cus si ons

A change of UV-Vis spec trum with time (tem po ral
solvatochromic ef fect) was ob served within one month af -
ter prep a ra tion of the C60/NMP sys tem (Fig. 1). This
change re flects the fullerene clus ter for ma tion. Dy namic
light scat ter ing (DLS) mea sure ments for this so lu tion re -
vealed clus ters with a char ac ter is tic size of 500 nm [5]. The
growth of scat ter ing par ti cles in the so lu tion leads to an in -
crease in the Mie scat ter ing con tri bu tion into the ab sorp -
tion spec trum. The Mie scat ter ing con tri bu tion can be
es ti mated ac cord ing to the fol low ing for mal ism.
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The Beer-Lam bert law, which ex presses re la tion be -
tween the trans mis sion of light and the path length, has the
form:

    I I L= -0 exp( )t ,                (1)

where I0 is the in ten sity of the in ci dent light and I is the in -
ten sity af ter pass ing through a sam ple, L is the cell path

length and t  is the ex tinc tion co ef fi cient: t = eN, where e is
the mo lar ex tinc tion co ef fi cient and N is the par ti cle con -
cen tra tion. There fore the Beer-Lam bert law can be writ ten
as:

A
I

I
NL= =lg 0 e ,                (2)

where A is the absorbance. On the other hand, the ex tinc -
tion co ef fi cient is re lated to the scat ter ing co ef fi cient, as
fol lows:

t
p

=
3

4
kN ,   (3)

where k is the scat ter ing co ef fi cient. The ex pres sion for the
scat ter ing co ef fi cient can be de rived from the the ory of
elec tro mag netic ra di a tion prop a ga tion in an op ti cally
inhomogeneous me dium [11]: 
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Equa tion (4) re lates the scat ter ing co ef fi cient to the size 

of spher i cal par ti cles and is valid up to r = 5, where  is the
dimensionless size pa ram e ter given by the ex pres sion:

r
p

l
=

2 r
,                (6)

where r is the par ti cle ra dius and l is the light wave length.

The con di tion r < 0.3 cor re sponds to the case of the Ray -
leigh scat ter ing.

The scat ter ing co ef fi cient men tioned above and con -
cen tra tion ex pressed as a num ber of par ti cles per unit vol -
ume were used to cal cu late the Mie scat ter ing con tri bu tion
to the UV-Vis spec trum ac cord ing to the equations (1-6).

The cal cu la tion of the Mie scat ter ing was per formed for 
spher i cal par ti cles of sev eral sizes (Fig. 2). The power-law
and nor mal size dis tri bu tions of par ti cles were taken into
ac count to re veal a pos si ble polydispersity ef fect. No sig -
nif i cant ef fect was found. One can see (Fig. 3) that the Mie
scat ter ing has in sig nif i cant con tri bu tion to the UV-Vis
spec trum at the wave length range of 200 - 700 nm. There -
fore we can con clude that changes in the UV-Vis spec trum
are due to ab sorp tion, which re lates to elec tronic state of
fullerene mol e cules. Fullerene forms do nor–ac cep tor com -
plexes with the mol e cules of the sol vent. The char ac ter of
in ter ac tion be tween fullerene mol e cules and NMP changes
with time [3]. These facts are likely to be re spon si ble for
the changes of the UV-Vis spectrum with time. 

Di lu tion of the fresh C60/NMP sys tem with wa ter leads
to solvatochromic ef fect (Fig. 4).The re sults of the SANS
ex per i ments for the C60/NMP and C60/NMP/H2O sys tems
are pre sented in Fig. 5. One can see that the SANS sig nal
from the C60/NMP sys tem with a smooth UV-Vis spec trum
is very weak. The rea son for this fact is that clus ters are
very large in this case (more than 100 nm in size), so the
scat ter ing is con cen trated in the range of the small est val -
ues of mo men tum trans fer modulus, which are in ac ces si ble 
to con ven tional small-an gle spec trom e ters. Ad di tion of
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Fig ure 1. Change in the UV-Vis spec trum of the C60/NMP so lu -
tion (con cen tra tion 1 mM) with time: solid line cor re sponds to
fresh C60/NMP and dashed line is the so lu tion one month later af -
ter prep a ra tion.
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Fig ure 2. Com puter cal cu la tion of the Mie scat ter ing: The solid

line cor re sponds to the par ti cle ra dius r = 100 nm, the dashed
line — r = 150 nm and the dot ted line — r = 200 nm.



suf fi cient amount of wa ter (50 vol. %) to the sys tem leads
to a rel a tively sharp in crease in the scat ter ing sig nal. This
in crease is re lated to the for ma tion of clus ters of smaller
sizes (from 10 to 100 nm) since the vol ume frac tion of
fullerene in the so lu tion is less than 0.1 vol. % and
interparticle interaction is negligible.

Fullerene mono mers with mo lec u lar weight 720 Da
were ob served by mass-spec tros copy in the fresh C60/NMP
so lu tions (Fig. 6). A spe cific group of peaks with m/z equal 
to 696.1, 672.6, 648.8 con firms the de com po si tion of
fullerene mono mers. As shown in Fig ure 6, mass-spec trum 
con sists of groups of lines which dif fer by 24 Da. It is due
to the fact that ex cited fullerene clus ters lose even num ber
of car bon at oms un der la ser ir ra di a tion. The fullerene clus -

ters with a num ber of mono mers from 2 to 6 are pres ent in
the fresh so lu tion (Fig. 7). Peaks of fullerene clus ters were
not ob served in the case of old so lu tions (age more than 1
month). Ions of mono mer C60 and its typ i cal de com po si tion 
with de tached even num ber of car bon at oms were not ob -
served in the spec trum ei ther. This is in dic a tive of the fact
that fullerenes form large-scale clus ters with strong bonds
be tween the mol e cules and its ion iza tion is im pos si ble be -
cause of the great mo lec u lar weight and tech ni cal lim i ta -
tions of the method. Sim i lar struc tural fea tures were
ob tained from the SANS in ves ti ga tion for the C60/NMP
sys tem [5] as well as for the re lated C60/pyridine/wa ter sys -
tem [4] and aque ous col loi dal so lu tions of C60 [12]. 

Conclu si ons

The tem po ral solvatochromic ef fect, which was ob served
in the UV-Vis spec trum, is in dic a tive of the growth of
fullerene clus ters with time. From the re sults of small-an -
gle neu tron scat ter ing and mass-spec tros copy we can con -
clude that the clus ters are strongly as so ci ated ag gre gates
and their size amounts to more than 100 nm dur ing one
month. The re sults of the cal cu la tions re vealed that the Mie
scat ter ing con trib utes in sig nif i cantly to the UV-Vis spec -
trum, which shows mainly the pure ab sorp tion over the
wave length range of 200 - 700 nm and re lates to the elec -
tronic state of fullerene mol e cules. Small clus ters (up to
fullerene mol e cules) are well ob served by mass-spec tros -
copy in fresh so lu tions. Pos si bil i ties of mass-spec tros copy
for study ing ki net ics of the clus ter growth in the sys tem are
un der dis cus sion.
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Fig ure 3. Com par i son of the ex per i men tal UV-Vis data with the
com puter cal cu la tion of the Mie scat ter ing. The dashed line cor -
re sponds to the ex per i men tal curve of the C60/NMP so lu tion and
the solid line is the com puter cal cu la tion of the Mie scat ter ing for
the par ti cle ra dius r = 140 nm. The in set pres ents the spec tra in
the logarithmic scale. 
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Fig ure 4. Change in the UV-Vis spec trum as a re sult of wa ter ad -
di tion to the C60/NMP sys tem. The solid line cor re sponds to the
C60/NMP so lu tion and the dashed line is C60/NMP/H2O. The C60

con cen tra tion in both so lu tions is 0,007 mg/ml .
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Fig ure 5. Com par i son of SANS sig nals from the C60/NMP and
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Fig ure 6. Mass-spec trum of fullerene mono mers for a fresh so lu tion C60/NMP de pos ited onto the sur face of the steel tar get.

Fig ure 7. Mass-spec trum of fullerene clus ters for fresh so lu tions C60/NMP de pos ited onto the sur face of the steel tar get. 
Peaks cor re spond to ex cited fullerene clus ters with a num ber of mono mers from 2 to 6.


