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INVESTIGATIONS OF THE KINETICS
OF CLUSTER GROWTH IN FULLERENE C60 SOLUTIONS

Fullerenes tend to form clusters in different solutions. In this work, a brief survey and some
results in the field of investigations of the structure and kinetics of clusters growing in C60

solutions are presented. The general character of this phenomenon for fullerenes is empha-
sized, and the considerations of mechanisms responsible for the formation and growth of
clusters are discussed. We distinguish different types of fullerene solvents by the aggregation
mechanism. The kinetics of cluster growth measured via the dynamic light scattering is pre-
sented. The complicated structure of clusters in different solutions is briefly discussed.
K e yw o r d s: fullerene, fullerene solutions, aggregation, cluster growth, kinetics, dynamic
light scattering.

1. Introduction

Fullerenes in solutions present a very interesting sys-
tem for investigations [1–5]. In fact, a distinctive, in
comparison to other allotropic forms of carbon, solu-
bility of fullerenes has been revealed right after their
discovery. Up to now, the fullerene solutions remain
a quite “hot” topic in the scientific community. This
is both due to perspectives connected with the ap-
plications, and a variety of effects observed in these
systems. The effect central for the present work is
the formation and growth of clusters in C60 solutions
[2, 3, 6]. In addition, the anomalous temperature de-
pendence of the solubility [7], solvatochromic effects
[8], and formation of complexes can be mentioned.

The first indications of the formation and growth
of clusters in fullerene solutions date back to 1993–
1994 [9–12]. The slow growth of comparatively large
(hundreds of nanometers) fullerene clusters composed
of C60 or C70 macromolecules was reported. The re-
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versible nature of aggregation was noted for low-polar
organic solvents, while, as it seems, this is not the
case for polar liquids and their binary mixtures. Du-
ring next 25 years, numerous research articles were
published on the subject. Contradictory results are
quite regular, specifically in the case of low-polar
fullerene solutions. A highly qualitative survey was
given in 2011 in [2], and the further updates can be
found in [3, 6, 13, 14]. The structure and kinetics of
growth of fullerene clusters in solutions have been
studied by a variety of experimental methods, includ-
ing small-angle X-ray and neutron scattering (SAXS
and SANS), dynamic light scattering (DLS), static
light scattering, UV-Vis spectrophotometry, electron
and atomic force microscopies.

Presently, based on the character of the fullerene
aggregation, several different classes of fullerene solu-
tions can be distinguished [6]. The first class consists
of solutions in low-polar liquids. In these systems, the
formation of clusters depends on the preparation con-
ditions (equilibrium dissolution, mechanical stirring,
ultrasound treatment), temperature, concentration,
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Fig. 1. Evolution of the DLS correlation function of a C60/to-
luene solution with time. First measurements were done after
the exposure to light, last measurements – after several days

and other factors. The representative solvents are
toluene [15–20], benzene [10,11], carbon disulfide [21–
23], chlorobenzene [20]. Specific conditions for obtain-
ing the stable molecular solutions in these systems
are presently known. The second class of fullerene so-
lutions consists of polar solvents. The solubility in
these liquids is in general lower than in low-polar
solvents. The lyophobic character of the solubility of
fullerenes results in the formation of stable aggregates
in these systems [24,25]. Investigations of the effect of
solvent polarity (using binary mixtures) reveals a cer-
tain transitional value of the dielectric permittivity of
a solvent [26]. A subclass of these systems can be dis-
tinguished for the nitrogen-containing solvents such
as N-methyl-pyrrolidone (NMP) [27–30] and pyridine
[8]. The formation of donor-acceptor type complexes
between fullerene and solvent molecules takes place
[30–32], and a peculiar transition from a molecular
to a stable colloidal solution, accompanied by the
color change, can be observed. The third class con-
sists of colloidal aqueous solutions of fullerenes. While
C60 is a hydrophobic molecule, several procedures
for obtaining their water dispersions are known [33–
35]. These solutions remain actual due to certain per-
spectives of their biological applications; thus, addi-
tional structural studies took place [36–40].

In the present work, being a continuation of some of
our recent researches of the formation and growth of
clusters in fullerene solutions, we present new results

obtained via dynamic light scattering measurements
on low-polar (toluene, benzene) and polar (NMP)
fullerene solutions. The paper is organized as follows:
in the next section, the results of investigations of
the kinetics of cluster growth in both low-polar and
polar fullerene solutions are presented. In Section 3,
we discuss the obtained results and the possibility to
describe the kinetics via a system of kinetic equa-
tions. Conclusions finalize the article.

2. Experimental Part

The low-polar fullerene C60/C70 solutions were wi-
dely studied for the last 20–30 years using different
methods. Most of the contradictory results regard-
ing the formation and growth of clusters were ob-
tained for these solutions, due to the effect of exter-
nal preparation conditions on the behavior of systems
[6, 15, 20, 21].

Our recent investigations were devoted both to the
kinetics of dissolution and aggregation of fullerenes
in low-polar solutions and the structural features of
the clusters that are formed [30, 41, 42]. In [41], it
was shown that the kinetics of solubility (measured
by UV-Vis) of fullerenes can be well described by
the Noyes–Whitney equation. Different temperatures
and preparation conditions were investigated. The ki-
netic rate constants were obtained for their use in a
theoretical work and further investigations.

Recently, we have performed investigations of the
kinetics of formation and growth of clusters in sim-
ilar solutions by the DLS method (using a Pho-
tocor Compact Z instrument). Measurements were
made on several samples of C60 dissolved in ben-
zene and toluene. In agreement with results of works
[10, 11, 15], we obtained that the cluster formation
and growth doesn’t start, if the sample is kept in a
sealed vial in dark. The molecular solution is stable
under these conditions for many days. However, if a
sufficient amount of oxygen is present in the solvent,
or if the solution is exposed to light, the aggregation
starts. An example of the time evolution of the DLS
correlation function (CF, 𝐺(𝜏) = ⟨𝐼(𝑡)𝐼(𝑡+𝜏)⟩, where
𝐼(𝑡) is the intensity of scattered light) is presented in
Fig. 1. A clear increase of the light scattering by two
populations of clusters is observed.

In the case of monodisperse particles in a solution,
the DLS correlation function is expressed by

𝐺(𝜏) = 𝐴
(︁
1 +𝐵𝑒−𝐷𝑞2𝜏

)︁
, 𝑞 =

4𝜋𝑛

𝜆
sin

𝜃

2
, (1)
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where 𝐴 and 𝐵 are the parameters, 𝜃 is a scattering
angle, 𝐷 is the diffusion coefficient, 𝑞 is the scatter-
ing wave vector, 𝑛 – refraction index of the solvent,
and 𝜆 – wavelength of light. The diffusion coefficient
obtained from the measurements is used to obtain
the hydrodynamic radius of particles via the Stokes–
Einstein equation

𝑟ℎ =
𝑘B𝑇

6𝜋𝜂𝐷
, (2)

where 𝑇 is the temperature, and 𝜂 is the viscosity.
In the case of polydisperse particles, the size distri-

bution in a solution, Eq. (1), must be updated to:

𝐺(𝜏) = 𝐴

[︃
1 +

∑︁
𝑖

𝐵𝑖𝑒
−𝐷𝑖𝑞

2𝜏

]︃
. (3)

The approximation of the measured correlation func-
tions with the use of (3) gives the cluster size distri-
bution functions. Considering 𝐺(𝜏) (Fig. 1) for C60

solutions in low-polar liquids, it is qualitatively suffi-
cient to use only a few terms in the sum in (3). We
have used two terms for the fitting to characterize
the populations of clusters significantly different by
sizes. The growth of the pre-exponential parameter
𝐵𝑖 for each population characterizes the growth of
its relative fraction in a solution, while 𝐷𝑖 is used to
estimate the average radius of clusters. The growing
second plateau of 𝐺(𝜏) corresponds to cluster sizes of
several micrometers. While a general trend of their
growth is also seen in Fig. 1 (shift of the plateau to-
ward longer 𝜏), a monotonic function is generally not
obtained, probably due to low values of the correla-
tion function. On the other hand, reasonable results
for the growth of clusters with sizes 100-200 nm were
obtained (Fig. 2).

For a supersaturated C60/toluene solution, we ob-
served a two-step character of the growth of clus-
ters, while this was not the case for a usual un-
saturated system. For C60/benzene solutions, we ob-
served the simultaneous growth of 100–200 nm clus-
ters and micrometer-sized clusters. The growth of
micrometer-sized clusters in toluene does not follow
a monotonic character in our experiments and is not
presented here. Probably, those clusters are less sta-
ble. In addition, they are larger than those in ben-
zene and thus may sediment in the solution. As was
already mentioned, the aggregation in both systems

a

b
Fig. 2. Evolution of the average hydrodynamic radius of
clusters in two C60/toluene solutions after the photooxida-
tion (a). Evolution of the average 𝑅ℎ for two populations in
C60/benzene solution (b)

starts only after the solution is subjected to light and
a sufficient amount of air.

Unlike low-polar solutions, the formation and
growth of clusters in polar liquids starts immedi-
ately after the fullerene dissolution start. This growth
cannot be suppressed by external conditions [24, 26,
43]. A specific subgroup (or even a separate group) is
the nitrogen-containing solvents, e.g., N-methylpyr-
rolidone and pyridine, for which researchers have re-
ported the initial molecular state of a solution [27,31,
44] (by UV-Vis spectrum) which evolved to the sta-
ble colloidal state. The character of the aggregation
is reversible only at the early stages of growth. Mo-
reover, the drying of the dispersion does not pro-
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Fig. 3. Evolution of the cluster-size distribution function for
a C60/NMP solution (𝑐 ∼ 1 mg/ml). Time after the fullerene
dissolution start is indicated for each measurement

duce crystal fullerene soot, but an amorphous sub-
stance, which cannot be easily redissolved in fullerene
solvents. This fact is an additional separate indica-
tion of the formation of complexes between fullerene
and solvent molecules, which has been proved by
experiments and calculations [27, 30, 32]. Using the
UV-Vis method we have recently estimated the rate
of formation of these complexes, as well as its de-
pendence on the temperature and preparation con-
ditions of a solution [42, 45] (the average value is
10−3 s−1). Measuring the kinetics of cluster growth
via DLS is more difficult than for low-polar solvents,
because, as it seems, it is hard to prevent the forma-
tion of clusters that starts simultaneously with the
dissolution of fullerene. The usual scheme, consisting
of the filtration and measurements following the dis-
solution stage, is not applicable. Thus, the investiga-
tions have to be performed also during the dissolution
stage. The results for a saturated C60/NMP solution
(𝑐 ∼ 1 mg/ml) are presented in form of a series of
cluster-size distribution functions in Fig. 3. These re-
sults are in line with measurements of the aggregation
kinetics in toluene/NMP mixtures [28,46,47]. Within
the first 1–2 h, big clusters of fullerene were formed in

the liquid (compare to Fig. 2, b). A relative thinning
of the cluster size distribution function occurs at the
later stages of cluster growth.

3. Discussion of Results

The results obtained in this work, together with our
UV-Vis measurements and other investigations [10,
11,15,28,29,46], give a general picture of the kinetics
of processes occurring in fullerene low-polar and polar
nitrogen-containing solutions. Clusters grow within
first few hours in the systems studied. In low-polar
solutions, the process seems to be slower, than in po-
lar NMP.

There is a general difference between the two types
of fullerene solutions. In the studied low-polar solu-
tions, one can keep the molecular solution stable for a
long period (days, weeks). We extend this observation
and suppose that this is the case for most of the low-
polar liquids. For example, we have observed at least
a similar behavior for the chlorobenzene solvent. This
molecular state, in the absence of light and oxygen
in the solvent, can be considered a thermodynami-
cally equilibrium state. When we subject the sample
to light (daylight or other source), photooxidation re-
actions may occur [11, 15]. The attractive forces be-
tween fullerene oxides and fullerene molecules in the
solvent are supposed to be strong enough to start the
aggregation [15]. The molecular solution is no longer
an equilibrium state of the evolved system, and the
transition to the cluster state of fullerene molecules
in the liquid occurs. On the other hand, in polar
fullerene solutions, the colloidal state is an initially
attainable equilibrium state. Free C60 molecules in a
solution are in a sort of transient state between solid
crystals and clusters. The question of the reason for
the stabilization of growing clusters is another thing
to compare these two systems. For polar fullerene so-
lutions, a number of measurements show the existence
of a surface charge on the clusters [14, 25, 48], an ex-
pected thing for polar liquids. The nature of the stabi-
lization of clusters in low-polar solutions is question-
able. Whether a mechanism similar to that in polar
liquids or some different process takes place is to be
found out in a future research.

Different research groups investigated the struc-
ture of the clusters formed in these systems [15, 19–
21, 30, 47, 49]. X-ray and neutron small-angle scat-
tering prove as invaluable techniques, providing new
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insights into the structure of ∼1–100 nm-sized aggre-
gates in these systems. Unlike electron microscopy,
which requires the solvent evaporation, the measure-
ments are performed directly on a liquid sample. On
the other hand, the cluster sizes well above 100 nm
are outside the registration range of this method. The
existing larger clusters were registered by DLS for
several solvents via the static light scattering [15, 20]
and TEM or AFM [19] in toluene. A complex struc-
ture of aggregates exists. The primary units are a
few nanometer-sized dense particle aggregates form-
ing two- or even three-level less dense structures. Si-
milar structures are formed in an NMP solvent, where
we observed the slow growth of primary units [30]
during first three weeks. In other words, the restruc-
turing of aggregates is slowly proceeding.

The description of the kinetics of cluster formation
and growth, based on the theory of nucleation, was
developed in Refs. [50–55]. The approach is based on
the numerical solution of the following system of ki-
netic equations for the evolution of the cluster-size
distribution function, 𝑓(𝑛, 𝑡), where 𝑛 is the number
of fullerene molecules in a cluster:

𝜕𝑓(𝑛, 𝑡)

𝜕𝑡
= 𝑤

(+)
𝑛−1,𝑛𝑓(𝑛− 1, 𝑡) + 𝑤

(−)
𝑛+1,𝑛𝑓(𝑛+ 1, 𝑡)−

−𝑤
(+)
𝑛,𝑛+1𝑓(𝑛, 𝑡)− 𝑤

(−)
𝑛,𝑛−1𝑓(𝑛, 𝑡), (4)

where 𝑓(𝑛, 𝑡) is the number concentration of clusters,
𝑤

(+)
𝑛,𝑛+1 is the probability for the cluster composed of

𝑛 molecules to attach one additional monomer (sin-
gle molecule) per time unit, and 𝑤

(−)
𝑛,𝑛−1 is, on the

opposite, the probability for a cluster to detach a
single molecule. These equations were applied to de-
scribe the cluster formation and growth in fullerene
solutions. It was shown that the liquid drop model
is not appropriate in this case, and certain modifica-
tions were considered [50, 51]. This approach has to
be modified further to account for the complex struc-
ture of aggregates formed both in low-polar and polar
fullerene solutions. For polar solutions, we considered
theoretically the possible effects of the formation of
donor-acceptor complexes at the fullerene aggrega-
tion [52,54], with confining the cluster growth being a
hypothesis. Some recent investigations rise questions
on this issue: the temporal solvatochromic effect as-
sociated with the complex formation seems to be de-
tached from the cluster growth. It still may be the
case that the formation of shells of complexes around

the clusters in nitrogen-containing solvents confines
their growth. But, in comparison to other polar sol-
vents, it is not a necessary interaction to stabilize ag-
gregates. On the other hand, in low-polar solvent, the
new hypothesis regarding the general role of fullerene
oxides in the cluster formation should be also intro-
duced into the theory. A model supposition of the ad-
ditional component appearing in a solution (fullerene
oxides) will be considered in a future research.

Equations of the type (4) should be used to de-
scribe the formation of dense primary clusters with
the sizes up to 10–20 nm (for NMP solvent [30]) or a
few nanometers (for low-polar solvents [30, 47]). The
formation of these clusters is appropriately described
by the adding / detaching of single C60 molecules. On
the other hand, as it seems to be the case from struc-
tural investigations, in a further growth, the cluster-
cluster aggregation processes must be taken into ac-
count. The kinetic equations should be modified in
this case:

𝑑𝑓(𝑛, 𝑡)

𝑑𝑡
=

1

2

𝑛−1∑︁
𝑚=1

𝛼𝑚,𝑛−𝑚𝛽𝑚,𝑛−𝑚𝑓(𝑚, 𝑡)𝑓(𝑛−𝑚, 𝑡)−

−
𝑛max∑︁
𝑚=1

𝛼𝑛𝑚𝛽𝑛𝑚𝑓(𝑛, 𝑡)𝑓(𝑚, 𝑡)− 𝑆𝑛𝑓(𝑛, 𝑡)+

+

𝑛max∑︁
𝑚=𝑛+1

Γ𝑚𝑛𝑆𝑚𝑓(𝑚, 𝑡), (5)

where 𝛼𝑛𝑚 and 𝛽𝑛𝑚 are the effectiveness and fre-
quency of particle collisions (depending on their sizes
𝑛 and 𝑚), 𝑆𝑛 is the rate of decay of clusters, and
Γ𝑚𝑛 is the distribution function for the decay. The
𝛼𝑛𝑚 parameter defines the number of particle colli-
sions resulting in their aggregation. The joint appli-
cation of Eqs. (4) and (5) is expected to provide the
overall evolution of a cluster state of fullerenes in so-
lutions with the correct interpretation of the current
knowledge on the structure of aggregates.

4. Conclusions

The general tendency of fullerene C60 to form clus-
ters in different solutions is a well-known feature for
almost 30 years [3, 6, 11]. In most solvents, a sta-
ble cluster state of fullerenes is reached with time
and under certain conditions. In low-polar liquids,
the light and oxygen are required to initiate the for-
mation of clusters, while the aggregation starts al-
ready at the dissolution stage in polar solvents. Con-
sequent measurements using light scattering methods
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allow following the kinetics of formation and growth
of clusters in these systems. The clusters grow within
first few hours after the aggregation starts. The fur-
ther stages, taking longer time, are connected with
a slower growth and restructuring. Regarding the
structural investigations of clusters in different media,
small-angle scattering techniques provide valuable in-
formation. It is now acknowledged [30, 36, 47] that a
two- or three-level structure of clusters exists. The de-
veloped theoretical description [52, 56] treats clusters
as homogeneous structures and, while the dense or
loose structures can be introduced easily, requires suf-
ficient further efforts to account for different regimes
of aggregation. These approaches are also expected to
be further applied to another topics such as the clus-
ters of fullerenes in the binary mixtures of polar/non-
polar or aqueous solvents [8, 14, 57, 58]. Finally, we
would like to note again that the aqueous solutions
of fullerenes present an interesting and actual sys-
tem. Similar structural and important biophysical in-
vestigations take place [59–61]. The connection with
other fullerene solutions is emphasized, for example,
in [53, 62], due to the applicability of C60/C70 solu-
tions in NMP for the transition to aqueous fullerene
dispersions.
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supported by JINR-Romania and JINR-Czech Repub-
lic grants, 2019-2020. The support is gratefully ac-
knowledged.
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ДОСЛIДЖЕННЯ ЗРОСТАННЯ
КЛАСТЕРIВ У РОЗЧИНАХ ФУЛЕРЕНIВ C60

Р е з ю м е

Фулерени утворюють кластери в рiзних розчинах. У цiй
роботi представлено короткий огляд та деякi результати в
галузi дослiджень структури та кiнетики кластерiв, що ви-
никають у розчинах C60. Пiдкреслюється загальний хара-
ктер цього явища для фулеренiв та обговорюються меха-
нiзми, що вiдповiдають за формування та зростання кла-
стерiв. Ми розрiзняємо рiзнi типи розчинникiв фулерену
за механiзмом агрегацiї. Наведено кiнетику росту класте-
рiв, вимiряну за допомогою динамiчного розсiювання свi-
тла. Коротко обговорюється складна структура кластерiв
у рiзних розчинах.
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