
Chapter 10
Kinetics of Cluster Growth in Fullerene
Solutions of Different Polarity

T. V. Tropin, M. V. Avdeev, N. Jargalan, M. O. Kuzmenko and V. L. Aksenov

Abstract Investigations of aggregation and associated kinetic effects, proceeding in
various solutions of fullerenesC60 present a general interesting subject of research for
the last 20–30 years. Since the discovery of fullerene solubility in liquids of different
polarity, and also proposition of several methods for their dispersion in water media,
these studies are considered particularly interesting from practical point of view. In
this chapterwe give a brief reviewof some experimental facts about kinetics of cluster
growth in these systems, and present some theoretical models for their description.
Most attention is given to such solvents as toluene, benzene andN-methylpyrrolidone
(NMP). Some recent ultraviolet-visible (UV-Vis) spectroscopy studies of kinetics of
fullerene dissolution, and C60-NMP complexes formation are presented. While in
case of low-polar solvents one can easily extract the kinetic constants by applying
simple dissolution equations, for the polar solutions the Bouguer-Lambert-Beer law
is not applicable and we propose a model for accounting of the complex formation.
This allows, again, to extract the dissolution rate constants, and also the complex
formation rates. The kinetic theory of cluster formation and growth is based on the
nucleation theory.We develop additional suppositions that are required to account for
change of fullerene state after interaction with solvents. For obtaining the evolution
of the cluster-size distribution function for any stage of cluster growth in the solution,
a specific method is applied. Finally, we propose a general model for describing the
critical character of fullerenes clusters decomposition in polar solvent on addition
of water. This model is based on the specific dependence of molecules solubility in
binary mixture on the amount of added water.
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10.1 Introduction

The discovery of a new allotropic form of carbon, fullerenes, at the end of the last
century [1], is regarded as one of the most important discoveries in the field of
nanoscience. The scientific interest to these carbon nanoparticles is supported both
by the discovery of new forms of carbon (carbon nanotubes and graphene), and by
the prospects for their practical applications [2–5]. Partly, these prospects are related
to the fact that fullerenes C60, C70 dissolve relatively well in a wide class of organic
and inorganic solvents. In solutions, fullerenes exhibit a number of interesting prop-
erties [6–8]. These are, for example, solvatochromism and the formation and growth
of clusters. As a result of experimental studies of these phenomena, a classification
of fullerene solutions according to the type of cluster formation was proposed [3].
The first class consists of non-polar solvents (ε < 13), where fullerenes were ini-
tially reported to dissolve in molecular form. The second class is composed of polar
fullerene solutions (ε ~ 13–40), while the third one belongs to water and other high-
polar liquids. The solutions of the third type are prepared by solvent substitution,
or other special procedures required to transfer hydrophobic fullerene molecules
to water media [9–12]. Their investigation is an important and regularly revisited
subject for different researchers [13–17].

The study and description of the kinetics of formation and growth of clusters in
various liquids is important from the point of view of practical applications, and
is also an interesting task for applying the theory of cluster formation. Indeed, the
character of fullerenes aggregation varies for different classes. For the non-polar
solutions, some experimental results contradict one another even at the point of
observation of growth of clusters [18–23]. This controversy of opinions regarding
cluster formation and growth in low-polar solutions was analyzed in [6, 18] and
the conclusion that aggregation is often caused by non-equilibrium conditions was
drawn. Some new investigations of C60 solution in toluene are reported in [19],
with cluster formation attributed to the photoinduced formation of C60O oxides. The
dispersion forces between the oxides and fullerenes lead to reversible aggregation
effect. These findings are generally in line with our classification [6] and conclusion
on non-equilibrium conditions as the reason for cluster formation and growth.

Aggregation in solutions of second type is different: a kinetic transitionof fullerene
state from molecular to colloidal occurs [24–29]. Many measurements in polar liq-
uids, especially in N-methylpyrrolidone (NMP) [26, 27, 30–32] and pyridine [33,
34] were performed. When modeling the growth of clusters in these solutions, it is
necessary to take into account the influence of the formation of fullerene-solvent
complexes on the aggregation of C60.

The study and description of the kinetics of formation and growth of clusters
in fullerene solutions is important from the point of view of practical applications.
The low-polar and polar solutions can be regarded as model systems for studying
fullerene aggregation [6, 35, 36], thus opening possibilities for controlling cluster
state of C60 in water, which is important for perspective application in biomedicine.
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Indeed, these systems are also quite interesting for applying the theory of cluster
formation [37–40].

In this chapter, we present the results of investigations, both theoretical and exper-
imental, of fullerene solutions in solvents of different polarity. First, a review of
experimental investigations for low-polar and polar systems, with accent on our
recent ultraviolet-visible spectroscopy (UV-Vis) measurements of kinetics of disso-
lution and complex formation is given. The second part of the chapter is dedicated to
theoretical investigations of kinetics of cluster formation and growth of C60 clusters
in solutions. A modified approach of the kinetic nucleation theory for describing the
evolution of the cluster-size distribution function, f (r,t), is developed. We present
results for polar liquids and, finally, a model for mixtures of colloidal fullerene solu-
tions with water is described. A discussion and some conclusions close the paper.

10.2 Experimental Study of Fullerene Aggregation
in Solutions

Much research is concentrated on experimental investigations of fullerenes state and
behavior in different solutions [6, 30, 41]. Let us briefly review important from our
viewpoint findings in the field of clusters formation and growth. As expected, one
of the effective and applicable methods here is the dynamic-light scattering (DLS),
which was consequently applied for studies of fullerene aggregation in liquids of
different polarity [4, 19, 21, 22, 24, 27, 29, 42, 43]. Summarizing, one can say, that
in most of these cases, large clusters (size ~100 nm) are observed in such solvents, as
benzene [21], toluene [19], pyridine [34], NMP [27, 42, 43], other polar solvents [24,
29] and water [11, 12]. In low-polar and polar solutions one can follow the kinetics
of cluster growth [19, 21, 42, 43], it is also possible (in certain cases) to trace cluster
decomposition on mechanical agitation of the vial [19, 21]. For the solutions in
pyridine andNMP, investigations revealed the effect of cluster destruction on addition
of water [33, 44, 45] or low-polar liquid [46, 47]. Finally, in water, fullerene colloidal
solutions are very stable [11, 12, 15], this fact being reflected also by ζ-potential of
the aggregates.

Big impact and valuable novel information was obtained by using small-angle X-
ray and neutron scattering [14, 16, 18, 23, 44, 46, 48]. Method-specific information
here is the structure of the clusters. For the case of fullerene-water solutions, for
example, it was possible to distinguish one of three proposed shapes of aggregates
[15]. For low-polar solutions, indications of two-level structure were reported, and
the conclusion on the dense packing in aggregates was also drawn. In most cases, it
was concluded, that the density of aggregates is similar to fullerene crystals [15, 44].

Electronmicroscopy was used for characterization of aggregates in the solution in
several works [4, 9, 28, 49]. It must bementioned, though, that the pre-measurements
drying of the samplemakes the solution pass through supersaturated state, whichmay
lead to rapid aggregation effects [6, 18]. Thus one can investigate not the natural state
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of nanoparticles in the liquid, but the effects occurring in the dried sample. On the
other hand, if the clusters were initially formed and stabilized in the solution by
certain interactions, the drying may not affect their state and the investigations may
be plausible [4, 30].

UV-Vis spectroscopy studies also produce valuable information in this field. The
spectrum of C60 molecular solution is characterized by an absorption peak at wave-
length ~330 nm. Some other peaks at lower λ, and a small peak at ~408 nm may be
found. Interactions in the solvent, indeed, affect the basic spectrum, hence new peaks
may be detected, or bathochromic/hypsochromic effects observed. The temporal sol-
vatochromic effect observed in solutions of fullerene in NMP or pyridine should be
specifically mentioned [33, 50]. If the initial solution is prepared with due care, a
characteristic “molecular” spectrum can be measured, yet as time passes the 330 nm
peak is gradually smeared, the visual change of the solution color from purple to
brown occurs. The final slope is a monotonically decreasing absorption spectrum.
The UV-Vis spectrum of C60 colloidal solutions in water is similar to the one of a
molecular solution, yet the peaks are broader and shifted to higher wavelengths [15,
51].

Recently, an investigation of kinetic processes occurring in fullerene solutionswas
made using the UV-Vis spectrophotometry method [31, 52]. Considering three solu-
tions, benzene, toluene and NMP, the time evolution of light absorption coefficients
was measured at different temperatures and rates of mechanical stirring.

Solubility of fullerene in toluene, benzene and NMP is 2.8 mg/ml, 1.7 mg/ml and
0.9 mg/ml, respectively [8, 53]. The temperature, concentration and dissolution con-
ditions were varied. The equilibrium dissolution conditions and the magnetic stirring
at different rates were applied.Measurements of temporal evolution of fullerene con-
centration in low-polar liquids were based on the Bouguer-Lambert-Beer law, which
was applied to the absorption A peak at λ = 408 nm. An example of measurement
results is presented on Fig. 10.1.

To analyze C60 dissolution kinetics in [52] the Noyes-Whitney equation was used
[54]:

dx

dt
= k(S − x), (10.1)

where x is a function of t, reflecting the current solution concentration, S is the sat-
uration concentration or the maximum solution concentration (in case there is no
excess fullerene added), k is the dissolution constant. The parameters of (10.1) were
determined for more than 10 samples, allowing to analyze their dependencies on
preparation conditions [52]. In general, it was reconfirmed, that at equilibrium con-
ditions, fullerene dissolution up to saturation concentration proceeds slowly (~7 days
for toluene). On the opposite, in the unsaturated case and especially when stirring
is applied, the process is much faster. The characteristic values of dissolution rate
parameter k for C60 in two liquids are ~2 · 10−4 s−1 for toluene and ~10−4 s−1 for
benzene. The applied conditions vary k by an order of magnitude.
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Fig. 10.1 Time evolution of fullerene C60 concentration in benzene (black squares) and toluene
(green triangles) at different conditions, together with respective change of absorption coefficient
A for C60/NMP solution (blue circles) [52]. Bold black and green lines present a fit by dissolution
kinetic equation

As it was already discussed, the evolution of theUV-Vis spectrum of the C60/NMP
solution is qualitatively different from the case of weakly polar solutions. Temporal
solvatochromism is observed for the A(λ,t) spectra [26, 30]. There is thus no direct
relation between absorption and concentration, because it is affected by the formation
of C60-NMP complexes. The investigations of these complexes, occurring in polar
C60/NMP solution have been performed, for example, by fluorescence methods [55].
Some DFT calculations [56] also reveal their formation, and another extensive DFT
study is underway.

To determine the concentration of the solution at a given point in time from the
measured UV-Vis spectrum, we must propose a method for separating the complex
formation and cluster growth contributions. In the evolution of the absorption coef-
ficient of light with λ = 330 nm for a solution of C60/NMP there is a non-monotonic
dependence, the output to the equilibriumvalue occurs at a speed that does not depend
on the speed of mixing in a certain range (<300 rpm). The maximum of the absorp-
tion coefficient seems to be associated with the disappearance of the characteristic
“monomeric” peak and, thus, reflects the relaxation time of one of the processes
occurring in the system—the formation of complexes. A rough estimate of this time
gives a value of about 3000 s.

To extract the kinetic constants from the measurements, we suppose once again
that the dissolution of fullerene is determined by the Noyes-Whitney equation (with
the dissolution rate k1) and that the complexes are formed simultaneously (the reac-
tion rate k2). Thus, it is possible to introduce a system of kinetic equations [31]:
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{ dc(t)
dt = k1(Cs − c(t))

dy(t)
dt = k2(c(t) − y(t))

(10.2)

where c(t) is the concentration of “free” fullerenemolecules in the solution (those that
have not yet formed complexes), y(t) is the concentration of C60–NMP complexes in
the system and Cs is the saturation concentration or available concentration of C60

(in case the unsaturated solution is prepared). For the considered experiments, when
the initial stage is the addition of fullerene to NMP, the initial conditions for (10.18)
should be: c(0) = y(0) = 0.

Aftermost fullerenemolecules form complexeswithNMP in solution, theUV-Vis
spectrum presents a monotonically decreasing curve. The observed peak at ~330 nm
corresponds to the concentration of “free” C60 molecules. Thus, this height of the
peaks at any time is proportional to (ε1c(t)− ε2y(t)), where ε1 and ε2 are the absorp-
tion coefficients for “free” molecules and complexes, respectively. The values of
these coefficients are unknown, we will assume that they are of the same order.
This assumption allows us to directly associate the peak height of ~330 nm over the
monotonically decreasing type of the UV-Vis spectra with a concentration of “free”
C60 molecules, equal to (c(t) − y(t)). Figure 10.2 shows a typical evolution of the
corresponding peak heights for T = 50 °C, vs = 100 rpm and vs = 400 rpm. The
absorption is normalized to the corresponding concentration of the solution, so it
estimates the difference (c(t) − y(t)), which can be obtained directly from (10.2):
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Fig. 10.2 Evolution of normalized peak λ = 330 nm height above monotonic UV-Vis slope at
50 °C and rotation speeds of 100 rpm (squares) and 400 rpm (triangles). Points represent measured
data, lines—fits by using the proposed model [31]
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Fig. 10.3 Dependence of
kinetic coefficient k1, in
10−4 s−1 units, reflecting
complex formation speed on
solution temperature and
stirring rate, obtained from
model fitting of UV-Vis data

c(t) − y(t) = f (k1, k2, t) = Csk1
(
e−k1t − e−k2t

)
k2 − k1

(10.3)

The quality of the fit of the experimental data presented in Fig. 10.2 reflects the
applicability of the proposed method and approximation. The resulting expression
was used to fit various experimental curves to obtain k1 and k2 values for different
temperatures and mixing rates. An example of the whole obtained 2D dependence
of kinetic coefficient on both temperature and stirring rate is presented on Fig. 10.3.

Summarizing, the presented review and results of experimental research of kinetic
processes shows, that in low-polar and polar solutions of fullerenes one regularly
observes cluster formation and growth. This process is occurring simultaneously
with changes of fullerene electronic state after certain interactions with the solvent
or oxygen. In the next part of the chapter, we present an approach for theoretical
description of kinetics of fullerene aggregation in polar solutions and their mixtures
with water.

10.3 Theoretical Description of Kinetics of Fullerene
Cluster Growth

10.3.1 C60 Aggregation in Polar Solutions

In order to theoretically describe the kinetics of cluster growth in polar (e.g.
C60/NMP) solutions, the approach previously developed to describe the nucleation
processes and the corresponding segregation of particles during phase transitions is
used [57]. The evolution of the cluster size distribution function f (n,t) is obtained
from a set of ordinary differential equations. The basic assumptions made to derive
the equations are: clusters are quasispherical particles with densities as of a macro-
scopic solid phase; clusters grow or decompose only by joining and separating one
particle (monomer) from the cluster. The second assumption works well for the ini-
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tial stages of cluster formation and growth and can be revised for subsequent stages.
Nevertheless, we will stay with this approach for the sake of simplicity of the results,
thus obtaining a qualitative picture and some general estimates. Consequently, the
following system of kinetic equations can be written [40, 57]:

∂ f (n, t)

∂t
= w(+)

n−1,n f (n − 1, t) + w(−)
n+1,n f (n + 1, t) − w(+)

n,n+1 f (n, t) − w(−)
n,n−1 f (n, t), (10.4)

wherew(±)
n,m are the probabilities that amonomer is attached/removed from the cluster,

thus cluster size changes from n tom per unit time (m is n + 1 or n − 1). Hereinafter,
the “cluster of size n” is a cluster consisting of n monomers. For comparison with
experiments, we will further shift to f (r,t) functions, were r is the cluster radius. The
procedure of obtaining f (r,t) from f (n,t) is straightforward. Equation (10.4) with the
boundary conditions and the introduction of some modifications will be the basis for
calculating the evolution of f (n,t).

From thermodynamic consideration, the ratio of the probabilities of monomer
addition and decomposition from the cluster depends on the work of cluster forma-
tion, �G(n) [37, 38]:

w(+)
n−1,n

w(−)
n,n−1

= exp

{
−�G(n) − �G(n − 1)

kBT

}
. (10.5)

In (10.5), �G(n) is the change in the Gibbs free energy of the solution if n
monomers form a cluster (work of cluster formation). Thus, if a specific expression
is given for w(+)

n,n+1 and �G(n), then (10.4) are complete.
The expression for the probability of monomer addition is obtained from consid-

eration of the diffusion of monomers from the bulk solution to the cluster surface of
size n [57, 58]:

w(+)
n,n+1 = 4πDc

(
3vs
4π

)1/3

n1/3 (10.6)

where D is the diffusion coefficient of the monomers in the solution, c is their
concentration, vs is the volume per particle in the cluster. For a kinetically limited
aggregation regime,when the probabilityw(+)

n,n+1 is determined by the time of addition

of the monomer to the cluster, w(+)
n,n+1 is proportional to n

2/3.
In previous works [35, 59, 60] it was shown that the classical liquid drop model

is inapplicable for describing cluster growth in fullerene solutions. One of the ways
to proceed is to modify the expression for the work of cluster formation �G(n), the
so-called limited growth model [61–63]:

�G(n) = −n�μ + α2n
2/3 + knβ (10.7)
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In (10.7), the first two terms correspond to the classical model (the volume and
surface terms, respectively). With the third term, as in (10.7), for k > 0, β > 1, cluster
growth is limited (the clusters stabilize) at a certain size. This approach, however,
requires to physically justify this third term and propose either an estimate or, better,
some expressions for k and β values. While this can be done for growth limited
by Coulomb interactions, or for nucleation and growth in pores, a straightforward
approach for fullerene solutions has not been developed. We will proceed in a dif-
ferent way by modifying the probabilities of cluster growth and decomposition (see
below).

The expression for the difference of the chemical potentials of the monomers in
the bulk solution and in the cluster, �μ, is taken as for the ideal solution:

�μ = kBT ln

(
c

ceq

)
(10.8)

In (10.18), c is the time-dependent monomer concentration of the segregating
phase (single fullerene molecules), and ceq is the equilibrium concentration with
respect to aggregation. If the concentration of the solution is higher than ceq (super-
saturated solution), then clusters grow. If c is below ceq (unsaturated solution), then
the molecular solution is stable. We consider ceq here as an equilibrium concentra-
tion with respect to cluster growth. For polar solutions, ceq may be unequal and even
much lower than the saturation concentration of the solution, csat. The reason for this
is considered to be interaction between C60 and solvent molecules in solution. As
experimental studies show, this is a relatively slow kinetic process. Thus, ceq here
corresponds to C60 complexes with solvent molecules (which tend to aggregate),
and csat corresponds to saturation concentration of unbound fullerene molecules. To
some extent, the system under consideration can be compared with solutions of sur-
factants, where there are also various limiting concentrations, for example, first and
second critical micelle concentrations (CMC). The established theory of the kinetics
of the growth of micelles is given in [64]. Similarly to the above paper, the numerical
approach can be found in [65]. Indeed, in this case, the aggregates in solution are
not microcrystallites and qualitatively differ from the solid phase in some properties.
Introducing the difference between ceq and csat, we assume that a similar situation
exists for fullerene solutions.

To describe the kinetics of aggregation in polar solutions of fullerenes, it is neces-
sary to propose a modified model that takes into account the effect of the formation
of fullerene-solvent complexes on cluster growth. As was shown in [30, 66, 67], the
limitation of the processes of growth and decay of clusters due to complex formation
can be qualitatively taken into account if the probabilities w(+) and w(−) are changed
according to the formula:

w′(±)
n,m (t) = w(±)

n,m(t)e− t
τ , (10.9)

where τ is the model parameter corresponding to the characteristic time of formation
of complexes in the solution and w′(±)

n,m (t) are the modified probability functions.
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Equations (10.4) are solved for a reduced time scale, where the scaling factor is
(4πDceqr0). Further in the text, in most cases, by t we will mean this dimensionless
time. In other case, units will be indicated to avoid confusion.

Obtaining a full evolution of f (n,t) using numerical calculations is not possible
(for n ~ 108 and more), so in [68] a method, based on the analytical calculation of
the asymptotes of the late stages of cluster growth, developed by Slezov, Lifshitz
and Sagalovich [69], is proposed. For the application of this method, it is shown that
the distribution functions correspond to analytical functions, obtained by Slezov and
colleagues, and the evolution of the average cluster size can be reduced to the t1/3 law
by transforming the time scale. This allows for any τ to obtain the functions f (r,t)
for any value of t. As an example, calculations are made further for the evolution of
the cluster state of fullerenes C60 in a polar solution.

To simulate the aggregation of fullerene in a particular solvent, it is necessary
to set the following system parameters: the surface tension energy, σ , the degree of
supersaturation of the initial solution c(t = 0)/ceq, the diffusion coefficient of C60

in the liquid D, as well as the formation time of the fullerene-solvent complex, τ .
For polar solvents (NMP, pyridine, etc.), the values of the first three parameters of
the model are unknown. Thus, a “model” solvent will be considered, for which σ is
estimated from the calculations of the enthalpy of dissolution of C60 in C6H5CH3 [70]
(α2/kBT = 8); the diffusion coefficient is also taken for toluene,D= 9.1 · 10−10 m2/s,
the equilibrium concentration is estimated as 10% of the maximum concentration of
the solution in NMP, ceq = 7.525 · 1022 m−3. An estimate of characteristic time of
C60-NMP complex formation was reported in previous section to be τ ~ 103 s. The
radius of the C60 molecule in a solution is r0 ~ 0.5 nm. The transition coefficient for
reduced to real time scale is, thus: 4πDceqr0 ≈ 4.3 · 105. It follows that τ ≈ 4.3 · 108.
It is necessary to obtain cluster distribution functions f (r,t) for a given τ . For this,
sequential calculations of f (n,t) were performed for a set of τ values in the range
from 104 to 106. This is sufficient to carry out a complete estimate of the evolution
of the functions f (r,t).

Analysis of the evolution of the cluster state in a solution we begin with the time
dependence of the average particle radius in the solution:

〈r〉 =
∑nmax

n=nmin
f (n, t)r0(nγ )1/3∑nmax

n=nmin
f (n, t)n

, (10.10)

where γ is the packing density of particles in a cluster, nmax is the maximum size
of particles in the solution, and nmin, the minimum size from which the summation
starts, is used to eliminate the effect on the <r> value of the equilibrium monomer
concentration that is always present in the solution (in present work, nmin = 10). The
calculated dependences <r> for different τ are presented in Fig. 10.4.

As can be seen, the dependence <r> is determined by the value of τ : at times
t exceeding τ by two to three times, a stable particle size (and cluster distribution
function) in the solution is achieved. In general, the growth of clusters takes place by
four stages, the last is the stage of Ostwald ripening, where there is a steady growth



10 Kinetics of Cluster Growth in Fullerene Solutions … 259

100 101 102 103 104 105 106 107 108

0

20

40

60

80

100

<r
>,

 n
m

t, t'

τ=105

τ=2*105

τ=5*105

τ=106

τ=107

 Reduced t'

I
II

III

IV
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of large aggregates. In [71], it was shown that for aggregation limited by diffusion,
the so-called “t1/3 law” is implemented at this stage:

R̄3 = R̄3
0 + 4

9
Dαt, R̄ >> R̄0, (10.11)

where R̄0 is the average radius of clusters at stage III (independent growth stage). To
reduce the dependence of the average particle size to the form (10.11) for a model
of limited growth, we need to scale the time with regard to the parameter τ . It can
be shown that the t′ following expression should be used:

t ′ = τ
(
1 − e−t/τ

)
. (10.12)

In terms of t′, all curves <r>, regardless of the value of τ , coincide. Moreover, for
a sufficiently large time value t′, the law (10.11) will be satisfied. Thus, if we take the
initial stages of cluster growth (I–III), as well as the transition stage between III and
IV from the numerical calculations, then add an expression of the form (10.11), we
will have the full dependence of <r> on t ′ at our disposal. For a given τ , the inverse
transformation to the time scale t is performed by the formula:

t = −τ ln

(
1 − t ′

τ

)
, t ′ < τ. (10.13)
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Similarly, calculations can be performed for the dependence of the number of
monomers in a solution, for which an analogue of the “t1/3 law” also exists. The
monomer concentration in the system is required to calculate the exponentially
decaying distribution function of small clusters in size (for n < nmin). On Fig. 10.4 the
dependency <r>(t), obtained by the described method for τ = 107, which roughly
corresponds to 102 s—the 10% of time of formation of fullerene-NMP complexes in
a C60/NMP solution. The dash-dotted line on Fig. 10.4 represents the general depen-
dence of <r> on t′ [before applying formula (10.18)]. Calculations for τ = 108 are
not shown on Fig. 10.4, because in the selected scale <r> almost coincides with the
dashed curve.

Since, after the time scale was transformed, the dependence of the basic param-
eters of the model system is similar to asymptotic calculations for classical kinetic
nucleation theory, it can be expected that the cluster size distribution functions coin-
cide with the function proposed in [69]:

f (R, t) = n(t)P

(
R

R̄

)
1

R̄
,

P(u) =
⎧⎨
⎩

34e
25/3

u2 exp
(
− 1

1−(2/3)u

)
(u+3)7/3((3/2)−u)11/3

0, u ≥ 3/2
, 0 < u < 3/2, (10.14)

where n(t) is the time dependence of the number of particles in the system. For
our model system, the cluster size distribution of type (10.14) is already applicable
for t > 2τ . Thus performing numerical calculations in the range t = 0 − 2τ and
supplementing themwith asymptotic approximations, described by (10.11)–(10.14),
we will obtain the whole f (r,t) evolution for a model C60 polar solution. The results
of such procedure for τ = 4 · 108 are presented on Fig. 10.5. Indeed, f (r,109) in this
case is almost stabilized and will not change much further with time.

The method described here can be utilized for modeling the cluster growth in
different polar solutions of fullerenes. A similar approach has been developed in
[72] to describe the kinetics of AgCl separation in photochromic glasses already
in 1990. In [72] the authors considered Ostwald ripening in a viscoelastic material,
obtaining modifications for cluster growth equations with similar exponential decay,
as introduced phenomenologically here in (10.9). Moreover, the same changes to the
time scale, (10.12), were also considered.

In the next Section, we demonstrate the application of the model results for
describing the critical effect of clusters decomposition on dilution of polar fullerene
solutions by water.
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Fig. 10.5 Evolution of size distribution function of fullerene aggregates in a model polar solution,
calculated via procedure described in the text and in [68]. The values of model parameters here are:
α2/kBT = 8, D = 9.1 · 10−10 m2/s, ceq = 7.525 · 1022 m−3, τ = 4 · 108. The corresponding CSDs
for t = 107, 108, 109 were multiplied by 10, 100 and 500 for better visualizing

10.3.2 Critical Effect of Cluster State Reorganization
on Water Addition to C60 Polar Solutions

Using neutron scattering, an interesting from the point of view of cluster formation
kinetics effect was discovered in [2]. Namely, it was found that when some C60 polar
solutions are dilutedwithwater, the size of clusters in a solution decreases: from sizes
>100 nm to sizes in the range of 10–100 nm. The effect itself is of a threshold nature,
and occurs when the volume fraction of added water exceeds ~0.4. The destruction
of the clusters occurs immediately after dilution. For a long time, this effect remained
unexplained, although this phenomenon seems to be of a general nature (for fullerene
solutions, at least).

In [73] it was shown, that direct approach to dilution cannot explain the critical
character of the effect. Herewe shall recount a specificmodel of dilution of a colloidal
solution with water for a qualitative explanation of this effect [74]. The key factor
influencing the change in cluster sizes is the strong dependence of solubility on the
composition of the mixture, characteristic of some binary liquids [75, 76]. Estimates
of changes in cluster sizes at different stages of growth have been obtained for
different volume fractions of added water.

Dilution of the considered colloidal solution with water changes the physico-
chemical properties of the solvent, which affects the size distribution of clusters. To
reflect this, a dimensionless parameter X, defining the proportion of added water is
introduced:
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X = VH2O

VH2O + VSOL
, (10.15)

where VH2O is the volume of water added, and VSOL is the volume of the initial
solution before dilution. Thus, X ∈ [0, 1], where 0 and 1 are the limiting values: X =
0 corresponds to the case when no water was added to the solution; X = 1—infinitely
large volume of added water.

The evolution of the system at dilution, qualitatively, is the following. First, at
the time of dilution, the values of the function f (n,t) are scaled, since the addition of
liquid to the solution changes the concentration of the solute:

f ′(n, t) = f (n, t)
1 − X

1 + X
. (10.16)

Secondly, the values of the parameters D, ceq, α2/kBT and τ change. The ratio of
the diffusion coefficients of particles in water and the initial solvent can be estimated
by the Stokes-Einstein formula. As a rule, the diffusion coefficient does not change
more than twice. Further, we assume that this parameter varies linearly:

D′ = DSOL + X (DH2O − DSOL), (10.17)

whereD′ is the value of the diffusion coefficient of the particles in the mixed solvent.
The change in τ is not considered in this work; however, upon dilution with water,
we restore the original values of the probabilities ω(+) and ω(−) [reset the exponent
in (10.9)].

The main parameters that determine the behavior of the distribution function after
dilution are surface tension (parameter α2/kBT ) and the equilibrium concentration of
ceq. These parameters affect the shape of the potential, which determines the growth
and decay of clusters in the solution. The first term in �G(n) changes not only with
the cluster size, but also with a change in the concentration of monomers c(t). The
value of the α2 parameter affects the size of the critical cluster in the system. We
can approximately suppose that the ratio α2 in the initial solvent and water is equal
to the ratio of the dielectric permittivities of these liquids. In most cases in these
calculations, the change in the surface term in �G(n) does not significantly affect
the size of large clusters (hundreds of nanometers). We arrive at the conclusion that
themain part in describing the effect of cluster decomposition upon dilution is played
by the change in the value of ceq.

For a complete formulation of themodel, it is necessary to assume the nature of the
change in ceq when diluting the initial solvent with water. Fullerene is a hydrophobic
molecule; however, its transfer from a polar liquid to water is not equivalent to direct
dissolution. For example, in the case of NMP, upon mixing with water, the fullerene-
NMP complexes are being transferred (thus, they have non-zero solubility in H2O).
Within the framework of the general model, we assume that the concentration of ceq
should continuously change from cSOLeq at X = 0 to some unknown value cH2O

eq at X =
1. To select the dependence, let us use the results of [75, 76], which describe the use
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of NMP as a liquid, which significantly improves the water solubility of drugs. The
expression for the concentration that describes this property is:

cMIX
eq

cSOLeq

=
(
cH2O
eq

cSOLeq

)X

(10.18)

The value cH2O
eq < cSOLeq is thus a parameter of the model. Further results will be

analyzed in sense of a dimensionless parameter S = cSOLeq

/
cH2O
eq .

The investigation of effects of dilution on f (n,t) via the proposed model was
performed for a dimensionally small system, with maximum cluster sizes nmax ~ 105

particles and τ = 105. As it was shown in the previous section, all the results can be
extrapolated to the real-scale systems.

The dilution in the framework of the proposed approachwasmodeled for different
values of the parameter cH2O

eq . In addition to expression (10.18), for the dependence
on X, the linear dependence was also checked [74]. It was obtained that only the
power-law dependence gives the qualitatively corresponding to the described effect
results. For simplicity, t further corresponds to the second stage of the modeling (that
is, after dilution) and reflects the elapsed time since the initial solution was diluted.

Figure 10.6 shows the calculated evolution of the average cluster size in a solution
in a SOL–H2O binary mixture for several values of X. Weak dilutions with water
do not lead to a change in the cluster state. Starting from a certain, threshold value
of X, cluster decomposition upon water addition is observed. For the case shown
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Fig. 10.6 Change of mean cluster size, <r>, of fullerenes in binary mixture after water addition to
the polar liquid [74]
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in Fig. 10.6 this occurs in the region Xc = 0.35. It is interesting to note that in the
interval X > 0.4, the average cluster size drops to a certain value and does not further
depend on X. Subsequent slow growth of the clusters is largely determined by the
value of D′.

The threshold value Xc, at which cluster decomposition occurs, is determined by
the ratio of the saturation concentrations cH2O

eq and cSOLeq . To estimate the nature of
this dependence, calculations were performed for different values of S, the results are
presented in Fig. 10.7 in the form of the dependence of the average size of aggregates
in a solution on X at t = 1 after dilution. The position and width of the region in
which the transition to the cluster size reduction mode shifts left as S grows.

The cause of the observed in Fig. 10.7 behavior of the integral characteristics
of the cluster state is the change of the ratio of the saturation concentration in the
solvent mixture and the monomer concentration f ′(n = 1). Depending on the S val-
ues, there may be a region of X in which a strong supersaturation of the solution(
f ′(n = 1) � cMIX

eq

)
occurs. Thus, nucleation and growth of clusters rapidly under-

goes the initial stages (I–III), which leads to the formation of a new peak in f ′(r,t).
A bimodal distribution is formed (Fig. 10.8), in which both peaks slowly grow with
time. At the same time, as reflected in Fig. 10.7, in this region the average cluster
size, <r>, decreases in comparison with its value before dilution.

Let us also note, that in the region of large X values there is a threshold X value
above which a bimodal distribution is not formed. For example, for S ~ 104, this
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Fig. 10.7 Dependence of the mean cluster size in solution, at moment of time t = 1, after dilution
by water on the value of X for different values of ratio S = 103, 104, 105 (lines from right to left)
[74]. The procedure of definition of Xc is visualized
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Fig. 10.8 Cluster size distribution functions of initial polar solution of fullerenes (black curve) and
for the binary mixture after dilution (blue curve). The f (r,t) after dilution was multiplied by (1 +
X)/(1 − X) factor [see (10.16)] for better comparison. Parameters: S = 105, X = 0.6

occurs in the region X ≈ 0.999–0.9995. At X > 0.9995, the dilution transfers the
solution to an unsaturated state, so that large clusters will decrease in size, emitting
monomer particles into the liquid phase.

Summarizing, a model has been developed for describing the critical character of
fullerenes cluster decomposition on water addition to C60 polar solution. Moreover,
the simulated effect is of a general nature and can be observed in systems in which
the stage of Ostwald ripening takes a long time. In these cases, the addition of a
solvent to the system, in relation to which the particles are lyophobic, will lead to a
significant decrease in the concentration of ceq, and, consequently, the realization of
bimodal particle size distributions.

10.4 Discussion

The reviewed investigations of cluster formation and growth, both experimental and
theoretical, reveal the following general picture. It is evident that fullerene macro-
molecules have a tendency to aggregate in the liquids due to several different reasons.
These can be solvent-nanoparticle interactions or excitations of fullerene oxidation
by light. The size of C60 and C70 places them at the boundary between colloidal par-
ticles and atoms (and small molecules), thus leading to many intriguing effects. The
interaction between fullerene molecules in solution occurs via van der Waals forces
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(similar to C60 crystal) and is generally less or of the order of kBT. Thus aggregation
in non-polar liquids will not take place, until fullerene state is changed. In polar
liquids lyophobic interactions may shift the state towards cluster growth, yet one
can argue that if the equilibrium dissolution to molecular state is observed for some
systems, then aggregation without additional effects is against the second law of
thermodynamics. Thus most probably in these cases the aggregation also occurs via
dispersion forces between fullerene-solvent complexes. The colloidalwater solutions
of fullerenes in this sense are standing separately, because they require either very
intense treatment or transfer of already aggregated particles into water. A number
of density-functional theory simulations is being performed presently, to enlighten
additionally interactions of fullerenes in different media.

The developed theoreticalmodels aim at describing the kinetics of fullerene aggre-
gation from a general viewpoint. While initial attempts of considering low-polar
solutions were made [36, 77], the obtained results are mostly applicable to polar
C60/NMP and similar systems. To some extent this is due to the basis of the theory
on cluster formation and growth by nucleation in the liquid media [78]. We thus
suppose the existence of a kinetic barrier, and also must define the value of ceq as
the equilibrium concentration of monomers with solid phase at a planar interface.
For low-polar solutions, generally ceq ≈ csat, and thus aggregation via nucleation
will proceed only if some non-equilibrium methods will be utilized to obtain the
supersaturated solutions. For ceq ~ 2csat, for example, the cluster growth will be quite
limited in low-polar C60 solutions. On the other hand, one can imagine ceq 	 csat
in polar solutions, where ceq now corresponds to solubility of fullerene complexes
with NMP. The additional models of confined growth were proposed for accounting
of this effect.

On the other hand, a perspective for description of kinetics of fullerene aggregation
in such solvents, as toluene and benzene, must be, from our viewpoint, based on
applying segregation equations exploiting the hypothesis of binding of fullerene
oxideswith each other andC60 molecules in thesemedia. For these types ofmodeling,
a set of kinetic equations for two-dimensional cluster size distribution functions must
be developed and solved numerically. This work is being performed at present.

Further, the developed method for obtaining cluster-size distribution functions for
any stage of aggregation in the solution can be applied, for example, for modeling
the small-angle scattering curves [71], or for comparison of the results with DLS
measurements, which have been performed quite some time ago [28, 42] or recently
[19], and are also underway for these and other liquids. The application of these
models allows also to investigate such effects as dissolution by water [73, 74]. It is
also possible to generalize the developedmodel of dissolution to account for addition
of any other liquid to the system. Three different situations must be considered in
this case: the addition of a low-polar liquid to the solution, εLIQ < εPOL, addition
of similar or the same liquid to the system, εLIQ ~ εPOL, and, finally, addition of
a high-polar liquid, with εLIQ > εPOL. Thus we have to consequently consider a
dissolution of polar liquid by each of three types of fullerene solutions, as proposed
by the classification in [6]. In this work and in [74] we have considered only the
third case, basing, moreover, on the experimental observation for water only [44].
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Let us mention, that there exist several works, where similar effects were revealed
and investigated for other types of relation between εLIQ and εPOL [46, 47, 79]. The
consideration of these effects and development of a generalized model of dissolution
is an interesting research problem.

10.5 Conclusions

The present chapter consists of a review of investigations of fullerenes cluster growth
in different solutions. The experimental investigations of these systems are based
on a number of different methods, such as dynamic-light scattering, UV-Vis spec-
trophotometry, electron microscopy, small-angle neutron and X-ray scattering and
others.A general classification of fullerene solutionswith respect to cluster formation
and growth properties can be given, revealing three distinctive classes of systems.
We present the measurements of kinetic constants, namely the dissolution rate for
low-polar systems at different temperatures and conditions. Additionally, a model-
based UV-Vis investigation of kinetics of both dissolution and complex formation is
reported, allowing to obtain both constants for these processes.

The theoretical description is based on the kinetic nucleation theory, with confined
growth introduced additionally. Thus, the set of kinetic equations is modified to
account for complexes formation and segregation in the solution.We have developed
a method for obtaining the cluster-size distribution functions, f (r,t) at any stage of
systems evolution. The results of its application are used elsewhere, for example,
to model the dependence of SANS curves on time of measurement. Here, on the
other hand, we review the model of addition of water to polar C60 solution, which is
developed for description of the critical character of the cluster state decomposition.
In the final part of the paper we discuss the obtained results, reveal and propose
further perspectives for developments in the field of investigation.
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