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Using Positronium ~Ps! atom as a fundamental probe that maps changes in the local electron density
of the microenvironment and high resolution transmission electron microscopy, C60 aggregation in
neat CS2 solvent is reported over a concentration range 0.02 to 2.16 g/dm3. Spontaneous formation
of stable spherical C60 aggregates in the colloidal range ~;90–125 nm! was observed over a critical
concentration range of 0.06 –0.36 g/dm3, beyond which the clusters broke. Specific interactions of
the Ps atom with the surrounding revealed the onset concentration for stable aggregate formation in
this solvent to be 0.06 g/dm3. The solution phase C60 structure in the critical concentration range was
analyzed to be a spherical fractal aggregate with a fractal dimension of 1.9 and the growth mode
followed a diffusion limited cluster aggregation mechanism. At concentrations beyond 0.36 g/dm3,
an entropy driven phase change was noticed leading to the formation of irregular, but oriented
crystalline components. A microscopic diffusion model was applied to calculate the o-Ps lifetime
density function and diffusion coefficients of o-Ps and the C60 aggregates in the solution. With
randomly distributed C60 fractal clusters, the o-Ps density function resulted in a good agreement
between the calculated and the experimental o-Ps lifetimes, revealing the diffusion coefficients of
C60 fractal cluster and the o-Ps to be 2.2731026 cm2 /s and 25.131025 cm2 /s respectively.
© 2003 American Institute of Physics. @DOI: 10.1063/1.1594177#

I. INTRODUCTION

stable and durable colloidal dispersions in these systems and
established repulsive electrostatic interactions between the
particles to be the origin of their stability. The most recent
work of Yevlampieva et al.8 reports C60 aggregation in neat
N-methyl pyrrolidone using spectral and electro-optical
methods. Our recent work14 on C60 aggregation in neat CS2
solvent determined the onset concentration for stable C60 aggregate formation to be 0.06 g/dm3, beyond which the clusters broke down with further structural reorganization of the
medium. While recalling this work, the present investigation
focuses on application of a microscopic diffusion model to
the stable aggregated C60 clusters, whereby the interaction
process of o-Ps with the fullerene aggregates is revealed
quantitatively.

With a similar magnitude of the specific surface energies
of interaction amongst the C60 and the solvent molecules, the
fullerene molecules in solution display a trend towards
aggregate/cluster formation.1– 8 The nonmonotone temperature dependence of solubility9 and the solvatochromic
effect10,11 are to name a few. A thermodynamic approach to
the description of cluster formation in C60 solutions was put
forward based on the droplet model of a cluster.12 Based on
modern approaches to the description of mechanism of fractal cluster growth, Ying et al.3 showed a slow aggregation of
C60 in neat dilute benzene in a concentration range 0.78 –
1.39 mg/ml at room temperature to be reversible. The DLS
intensity indicated the aggregates to be fractals of dimension
2.10, with the aggregation kinetics exhibiting an essentially
exponential behavior. The fractal growth of C60 aggregates
followed a reaction limited cluster aggregation ~RLCA!
mechanism emphasizing that the mass of aggregates grew
with time. Slow C60 aggregation in neat toluene over a fairly
dilute concentration range 0.18 –0.78 g/l has also been studied both experimentally and theoretically6 at room temperature. The aggregation kinetics described the clusters to be
fractals with stable (C60) n clusters of sizes .1.2 nm and
aggregation number n>3. Extensive work on aggregation of
C60 , C70 , and their mixture in a number of solvent mixtures
has been reported.11,13 Recently, Alargova et al.4 confirmed

II. EXPERIMENT
A. Materials

C60 of 99.51% purity was purchased from MER Corporation, USA and the purity was confirmed through HPLC and
Mass spectrometry. Carbon disulphide ~Analytical Grade,
SRL Chemicals, India! was freshly distilled and dried over
molecular sieves prior to use. C60 solutions in the concentration range 0.02–2.16 g/dm3 were prepared by ultrasonication
and degassed to remove the dissolved oxygen. These concentrations were much below the saturation concentration/
solubility limit2 in CS2 (7.92 g/dm3 '7.9 mg/ml). During
the acquisition of the spectra, no visible color change in the
solutions was observed. Bezmel’nitsyn2 reported that at concentrations three orders of magnitude less than the saturation
limit ~at ;0.007 g/dm3!, practically no clusters exist in the
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fullerene solution and contains only the isolated C60 molecules.
B. Positron annihilation spectroscopy

Positron lifetime spectra were recorded by a fast–fast
timing coincidence system consisting of BaF2 scintillation
detectors with a timing resolution of 300 ps full width at half
maximum ~FWHM! for a Co-60 prompt. The positron source
was ;15 mCi of 22Na–acetate sandwiched and sealed in thin
Al foils ~2.5 mm thickness!. All measurements were performed at room temperature (2261 °C). The lifetime spectra in our experiments was obtained as a combination of 3
exponentials as
n

y ~ t ! 5N S

( a i l i I ~ t ! * exp~ 2l i t ! ,

~1!

i51

where a i represents the probability of different annihilation
channels and I(t) represents the instrumental resolution
function. The asterix ( * ) sign indicates a convolution of the
2 terms. The lifetime spectra were resolved into three exponentially decaying components by the PATFIT15 program. The
o-Ps lifetime and intensity are represented as t 3 and I 3 , respectively.
C. Transmission electron microscopy

HRTEM measurements and electron diffraction studies
of the solutions were performed using a Philips STEM instrument ~Model SM12! equipped with a field emission gun
operated at 120 kV. Microfilms for TEM studies were prepared by placing a drop of the solution on a carbon coated
copper grid and then drying of the solvents by evaporation at
ambient temperature. Samples were then transferred to the
microscope in a special vacuum transfer sample holder.
III. RESULTS AND DISCUSSION
A. TEM of C60 fullerene aggregates
in the concentration range 0.06–0.36 gÕdm3

Figures 1~a! and 1~b! represent images at two different
concentrations, 0.06 and 0.36 g/dm3 of C60 aggregates. The
pictures show spherical clusters whose average size was seen
to decrease with concentration. At 0.06 g/dm3 concentration,
a cluster size of 125 nm is observed as opposed to a cluster
size of 90 nm seen at 0.36 g/dm3 concentration. The structure
looks spherical with rodlike tails protruding outwards, making possible the attachment of one fullerene molecule with
the other. A complete removal of C60 molecules from the
solution to the aggregate form could not be achieved indicatKm

ing an equilibrium between them as mC60↔ (C60) m . Also, in
the viewed grid region, the cluster size variation is more
prominent for the latter, i.e., (C60) m , in Fig. 1~b! as compared to that for the 0.06 g/dm3 concentration @Fig. 1~a!#,
where a narrow distribution is observed. As a comparison,
the TEM image of the 0.02 g/dm3 solution ~Fig. 2! shows a
C60 monomeric species, whose presence is confirmed from
the visible and well-arranged unidirectional crystal planes,
indicating it to be an isolated single crystal. The size of the

FIG. 1. ~a! TEM image of the 0.06 g/dm3 C60 solution microfilm at a higher
magnification ~100 K X! showing the microdomains within the spherical
aggregate. ~b! TEM micrograph of the 0.36 g/dm3 C60 solution microfilm at
100 K X magnification.

crystallite is 90 nm and the average center-to-center distance
between the fullerene molecules is estimated to be about 0.7
nm. Electron diffraction of these clusters taken from the
same area as the image showed a diffused pattern.14 Presence
of a diffused ring rather than discrete spots suggests that the
microdomains within the cluster do not arrange themselves
in a crystalline structure pattern and that the clusters are randomly oriented. Amorphous fractal aggregates have been observed previously in inorganic systems like fumed silica,16
titania,17 and aerosols.18
B. Mechanism of C60 cluster growth

The TEM micrograph of the initial dilute 0.02 g/dm3 C60
solution ~Fig. 2! shows virtually no difference from that of
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TABLE I. Characteristics of C60 fractal cluster aggregates.

FIG. 2. HRTEM image of a fullerene monomer in the 0.02 g/dm3 C60
solution microfilm.

the C60 molecular state. Changes appear with increasing concentration. The appearance of spherical clusters in the conc.
range 0.06 –0.36 g/dm3 thus implies an associative mechanism to dominate at high C60 concentrations that governs the
intermolecular interactions in these solutions. Association of
C60 to form aggregates in CS2 solution, its size, and the
critical concentration of its formation can be explained in
terms of a size-dependent free energy of aggregation; the
latter is a cumulative of C60 – C60 attractive ~van der Waals
forces! and repulsive electrostatic interactions; electrophoretic mobility measured and j-potential calculated for C60
colloidal dispersion in acetonitrile–toluene mixture have
been reported4 to be 23.3031024 cm2 /V s and 232.5 mV,
respectively. The equilibria between the monomeric C60 and
its aggregates of variable size (C60) m could be associated
with a set of equilibrium constants, K m 5 @ (C60) m # / @ C60# m
and the free energy of aggregation is equivalent to the free
0
energy of transfer, DG m
of a simple C60 molecule from monomeric state to aggregate of size m. Thus, 2RT ln Km
0
0
5mDGm
where DG m
is a function of the environmental variables and the aggregate size. The dependence of the aggregate size on the total C60 concentration is closely linked to
the size distribution function. Since the size varied in a narrow range ~125–90 nm!, the size distribution is not very
prominent in our TEM images. Nevertheless, the effect of
concentration on the size at the critical concentration of aggregation ~0.06 g/dm3! revealed a much steeper size distribution, observable in the TEM image as almost similar size
aggregates. In micellar environments, at critical micellar
concentration, a broader distribution was observed.19
C. Fractal nature of the C60 aggregate

Aggregation studies of colloids, e.g., colloidal polystyrene latex spheres,20,21 colloidal silica,22 etc. have served as

@ C60# in CS2
~g/dm3!

C60 aggregate size (R c )
~nm!

Aggregation number ~n!

0.06
0.14
0.36

125
110
90

3.23104
2.53104
1.73104

model systems for describing the fractal nature of the aggregates present, where a correlation between the fractal mass
and size could be attributed as R5 a N 1/d , where R was the
cluster size, N, the number of primary particles in the aggregate, a, the lacunarity constant and d, the fractal dimension.
The 2 limiting regions of irreversible colloids, namely, the
reaction limited cluster aggregation ~RLCA! and the diffusion limited cluster aggregation ~DLCA! have been used to
arrive at the structure and kinetics of these aggregates. The
former is a slow aggregation process and is dependent on the
time taken for particles to overcome a repulsive energy barrier by thermal activation. The fractal dimension in this case
has been found to be 2.1 and the kinetics followed an exponential behavior. In the DLCA model, aggregation is a fast
process between similar size particles and depends on the
time taken for the particles to encounter each other by diffusion and the fractal dimension has been obtained as 1.8. The
very first computer simulation for growth of aggregates
through diffusion limited random walk of primary particles
was put forward by Meakin23 with a fractal dimension d
52.5. For the instantaneously formed mass-clusters at and
beyond the @ C# critical , we estimated the fractal dimension to
be 1.9. Although the magnitude is higher than the general
value of 1.8, owing to a similar size of the clusters as seen in
Figs. 1~a! and 1~b! and the observed fast aggregation, we
attribute the growth process to be governed by DLCA. Fractal dimensions for colloidal dispersions of fluorinated polymer particles, studied by small angle neutron scattering, have
been found to be 1.9 in the framework of DLCA.24 Mass
fractal structures proposed for organic pigments studied by
small angle x-ray scattering have been associated with d
52.5, discussed under RLCA.17 Under the DLCA model,
electrodeposited polypyrrole aggregates have been attributed
with d52.5. When variability of the diffusion coefficient
with particle size and transport regime were considered in
more complicated simulations, Mountain25 found fractal dimensions of 1.89–2.07 for DLCA. Das et al.26 reported d
51.3 for N1 beam induced formation of graphitic clusters
through DLCA in poly~p-phenylene oxide! matrix. Variation
in the d value is thus visualized depending on the embedding
dimension and the statistical nature of the structure of a cluster. The aggregation number ~n! for the fractal clusters at
different concentrations were calculated according to, n
5(R/r 0 ) d and the values are listed in Table I.
D. C60 solution phase structure in the range
„0.36Ëconc.Ï2.16… gÕdm3

At concentrations .0.36 g/dm3, @cf. Figs. 3~a! and 3~b!#,
the clusters further agglomerate to give looser flowerlike
structures with an open hole in the center, upon further ad-
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FIG. 4. Microdiffraction pattern of the agglomerated flowerlike cluster in
the 2.16 g/dm3 C60 solution microfilm.

FIG. 3. ~a! TEM micrograph of the 2.16 g/dm3 C60 solution microfilm
depicting the presence of agglomerated flowerlike structures with an open
hole in the center. ~b! TEM image of the 2.16 g/dm3 C60 solution microfilm
showing formation of fused open-clusters with hollow cores.

dition of single C60 molecules. Also observed are the fused
open-clusters with hollow cores of size varying between 350
and 460 nm. Although inhomogeneously distributed, the molecular aggregates are held together via weak van der Waals
forces when dispersed in the solution. This further complexity in the microphase/structure reorganization/phase separation is unanticipated and we attribute this to a phase transition of the system. These transitions have analogous
counterparts in colloidal solutions where the most commonly
observed phase transition is solidification with formation of a

condensed phase with regular crystal structure, formed upon
a change in the external condition.27 Figure 4 shows the electron diffraction pattern of one of the flowerlike structures to
be highly oriented with discrete diffraction spots. The structural anisotropy may be accompanied by the long-range interactions playing a significant role. Structural analysis resembled the hexagonal close packing ~hcp! lattice structure,
analogous to that shown by C60 fullerites grown from a benzene solution.28
We explain this phase behavior at concentrations .0.36
g/dm3 to be entropically driven by steric repulsion between
the particles, complying with the fact that they are negatively
charged.4 Entropy maximization occurs by minimizing free
energy G5U2TS with U, the internal energy50 for hard
and impenetrable particles.29 Entropically driven microphase
transitions in mixtures of colloidal rods and spheres have
been discussed where it is assumed that attractive interactions are necessary to generate phases with long range
order.30 The physical origin of the phase separation may
be explained as: When the components phase-separate, the
free volume of the suspension is maximized which precedes
the raising of the translational entropy of the molecules at
the expense of lowering the entropy of mixing. At low concentrations, entropy mixing dominates and the solution
is miscible. But at high concentration, with gain in free
volume, phase separation occurs with a repulsive interparticle potential.
E. Positron annihilation spectroscopy

This technique employs Positronium ~Ps! atom, a bound
state of free positron (e1 ) and an electron (e2 ), as a novel
fundamental probe. Ps annihilates by emitting g-quanta in
0.125 ns from the para-Ps ~p-Ps! state and in 140 ns from the
ortho-Ps ~o-Ps! state. In the condensed phase, owing to the
difference in the intrinsic lifetimes, the ortho-para conversion
through electron exchange with the medium and spin conversion in the presence of internal or external magnetic field
affects the o-Ps lifetime, reducing it to ;1–10 ns in liquid

Downloaded 16 Feb 2013 to 132.177.228.65. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

C60 fractals in carbon disulphide solution

J. Chem. Phys., Vol. 119, No. 8, 22 August 2003

4533

phase depending on the matrix structure and composition.
The o-Ps mean lifetime ~t! is the inverse of the Ps annihilation rate ~l! and is given by the overlapping integral of the
positron density and electron density ( r el) at the site of annihilation, as given below, where r e is the classical electron
radius, C e1 is the positron wave function and c is the velocity of light. Here R denotes the thickness of the electron
layer, where annihilation takes place.
1
5l5 p r 2e c
t

E

R

0

u c e 1 u 2 r eld 3 r.

~2!

The basis for employing this technique lies with the fact
that the mechanism of Ps atom formation and its subsequent
interaction with the medium are highly dependent on the
physicochemical properties with locally different electron
structure of the environment. Any reorganization in the liquid structure is reflected in abrupt changes in the spectral
parameters, e1 /Ps lifetimes and/or intensities as a function of
its composition. Reverse micelles have been studied in Sodium AOT–water–isooctane mixtures as a function of AOT
concentration, H2 O to AOT mole ratio and temperature using
Ps as a probe.31 The Ps formation probability ~the intensity
component! has been strongly influenced by micelles formed
upon aggregation of nonionic surfactants, Triton-X 100, in
aqueous medium. The influence of the electrolyte, nature of
the co-surfactant and the solvent on the onset of molecular
association and structure of the dispersions containing anionic and cationic surfactants have been extensively studied
by Ache et al.32–35 with Ps annihilation and different associative structures existed within the reverse micellar system.
Further, important information has been obtained for o-Ps
formation probability versus surfactant concentration in the
critical micelle concentration range.36,37
The interaction of Ps with C60 in the solution microenvironment is represented as a donor–acceptor scheme A.
lp

kf

lc

2
2 g ← Ps1C60↔ @ Ps1 2C60
# → C6012 g .

~A!

kb

The @ Ps–C60# complex formation results from partial electron transfer from Ps to C60 . The presence of a solvent stabilizes the complex to a different degree, depending on the
nature of the solvent. k f and k b are the forward and backward rate constants, l p is the pick-off annihilation rate in
pure solvent and l c is the annihilation rate from the complex, involving the free, ortho- and para-Ps contributions.
The o-Ps contribution, l 3 (1/t 3 ) was obtained from the spectral deconvolution of the raw data and was found to vary
~Fig. 5! in a concentration range 0.02–2.16 g/dm3. The high
value (;1010 M21 s21 ) of the calculated overall secondorder rate constant ~k! suggested that the annihilation occurs
from the @ Ps–C60# molecular complex and validating the
magnitude of l 3 to be a strong indicative of the solution
phase structure of C60 . The o-Ps annihilation rate (l 3 ) follows a completely different trajectory in the lower concentration range ~0.02–0.36 g/dm3! by going through a minimum ~inset of Fig. 5!. The critical concentration at the
minimum of the curve is obtained as 0.06 g/dm3. We attribute this critical point to be the onset concentration for

FIG. 5. Variation of the o-Ps annihilation rate (l 3 ) with the C60 concentration. The critical concentration for C60 aggregate formation, indicated by a
minimum l 3 value, is 0.06 g/dm3. Inset shows an expanded view of the plot
near the critical concentration.

stable C60 aggregate formation instantaneously upon C60
solubilization. At dilute concentrations ,0.06 g/dm3, a decreasing trend in the rate/increasing o-Ps lifetime with respect to pure solvent implies a lower magnitude of local
electron density around the o-Ps and thus a probable coexistence of C60 monomers and pseudo aggregates of much
smaller size is inferred, as evident from the TEM experiments. It has been pointed out2 that at concentrations 3 orders of magnitude lower than the saturation value, clusters
practically do not form and isolated fullerene molecules exist
in the solution. Beyond @ C# critical , a sharp enhancement in
the rate is representative of the existence of C60 clusters in
the solution. A close observation of Fig. 5 reveals a slope
change between 0.06 and 0.36 g/dm3 and between 0.36
g/dm3 and higher concentrations. Beyond 0.36 g/dm3, because of the increased number density of monomers and the
randomly distributed dense C60 particles, an increasing electron density annihilates the Ps efficiently, thereby reducing
its lifetime. Here, the molecular electrons may screen the
e1 e2 Coulomb attraction, resulting in a reduced Ps binding
energy, and consequently, a decrease in t 3 and I3 at the expense of increasing the free positron intensity (I2 ) as was
observed in our experiments. Figure 6 shows the o-Ps inten-

FIG. 6. Variation of the o-Ps intensity (I3 ) with concentration of the C60
solution.
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sity variation over the concentration range studied. The
marked lowering in the o-Ps intensity till @ C# critical is due to
the electron scavenging nature of C60 monomer present in
this concentration range and has a corresponding match in
the annihilation rate profile as shown in Fig. 5.
Although C60 is nonionic, the interface between the
pseudo-aggregated C60 spherical clusters/monomers and the
surrounding CS2 solvent ~with finite dipole moment! at concentration ,0.06 g/dm3 can be viewed as a charge-polarized
interface. The C60 components with a greater polarity act as
traps for the quasi-free electrons that form in the positron
track and inhibit Ps formation. The possibility of such an
interpretation is related to the deeper position of the bottom
of the conduction band for quasi-free electrons in the
microphase.38 Further decrease of I3 at concentrations .0.36
g/dm3 may be attributed to an enhanced trapping capability
arising from the intrinsic polarity of the islands/unevenly distributed aggregates at such concentrations. The latter can create an attractive atmosphere for the charged entity (e1 ) moving in a low viscous solvent, leading to its capture and
reduction of the Ps yield. Similar o-Ps intensity decrease in
Triton–Pentanol aggregates upon water addition was attributed to a transition from swollen micelles to a disclike lamellae structure.39 Thus, the sharp drops in the o-Ps intensity
component at 0.06 and 0.36 g/dm3 concentrations due to the
self-organization in the system imparts a structural rigidity to
the solution phase structure of C60 and are a sensitive means
to determine the onset of aggregation in fullerene systems.
Consequently, the annihilation rate l 3 cannot be the
weighted average of the rates of annihilation of thermalized
positrons residing in various environments as found in the
direct–reverse micellar systems, but will be the annihilation
rate from the @ Ps–C60# complex. Hence, unlike in micellar
systems, our experimental data show as predominant a
change in l 3 / t 3 as that seen in the I3 values. Association in
anionic and cationic dispersion systems have been intensely
studied using the ortho-positronium lifetimes and
intensities39– 41 and it was reported that the formation of the
thermalized Ps atom, i.e., the intensity parameter, is greatly
reduced when increasing amount of water becomes solubilized in the reversed micelles formed by sodium bis~2ethylhexyl! sulfosuccinate in apolar solvents. The application
of this technique to potassium oleate–alcohol–oil–water
mixture emulsions concluded that a certain water–oil ~a long
chain aliphatic hydrocarbon, such as hexadecane! ratio is essential for the microemulsion formation. Upon further addition of water, the positron annihilation data sensitively reflected structural rearrangements in these systems, such as
the transition from spherical aggregates to disclike lamellae
structure. Application of a rigorous diffusion model to a reverse micellar system42 implied the o-Ps formation to take
place in the aqueous part of the micelles, with water aggregates acting as efficient traps.
F. The microscopic diffusion model

In this section, we apply the microscopic diffusion
model42 connecting the o-Ps lifetime in aggregated C60 solution with the microscopic parameters of the system such as
the C60 concentration, the size of the aggregate and its diffu-

A. D. Bokare and A. Patnaik

sion coefficient, the aggregation number in the cluster, o-Ps
formation and its lifetime in the pure solvent and in the C60
solutions and its diffusion coefficient. This formulation,
which resembles the o-Ps lifetime in porous media43,44 has
been proved successfully with the parameters of sodium
dodecyl sulphate ~SDS! micellar system and applied to the
o-Ps diffusion coefficient determination as a function of temperature in D2 O. 45 The basic features of the model are
~1! Spherical C60 aggregates are formed upon diffusion limited cluster aggregation and are in stepwise dynamic
equilibrium with the monomer C60 ;
~2! the aggregates are stable during the o-Ps lifetime ~;1
ns!;
~3! the C60 molecules inside the aggregate are perpendicularly oriented to the aggregate–solvent interface. Thus
the average distance between the C60 molecules decreases as a result of an increase in the aggregation number. The C60 aggregates and o-Ps diffuse in the solvent
and the probability of o-Ps getting trapped inside the C60
cage at lowest atomic density is ;1;
~4! o-Ps formed in the solvent, may annihilate within the
solvent or may reach the aggregate, get trapped and then
annihilate;
~5! in the case of o-Ps formation inside the aggregate or its
entering the C60 aggregate from the solvent, the o-Ps no
longer leaves–escapes the aggregation core and its annihilation occurs from the aggregation surrounding.
The fraction of o-Ps formed in the solvent ~Q! leads to
the fraction formed in the C60 aggregate to be 1-Q and the
o-Ps annihilates exponentially in the two separate phases.
The o-Ps lifetime density function T 3 (t) in the aggregated
solution is given as
T 3 ~ t ! 5 ~ 12Q ! T c ~ t ! 1QT s ~ t ! ,

~3!

where T c (t) and T s (t) are the lifetime density functions in
the C60 cluster aggregate and in the solvent, respectively,
with
T c ~ t ! 5l c exp~ 2l c t ! ,

~4!

where l c 51/t c . The relative diffusion of o-Ps (D o-Ps) and
the aggregate (D c ) takes place pair-wise giving rise to
D5D c 1D o-Ps .

~5!

Details of the formulation of the model and the solution can
be found in Ref. 42. We report here the application of the
model with a brief description to the solution of the diffusion
problem. The lifetime density function T 3 (t) was obtained as
T 3 ~ t ! 5 f s ~ t ! l s exp~ 2l s t ! 1 f c ~ t ! l c exp~ 2l c t ! ,

~6!

where f s (t)5Qŵ N (t) with ŵ N (t) as the probability of finding the o-Ps in the solvent phase. Here (ˆ) implies the configurational average with respect to aggregate coordinates
r¢1 ,r¢2 ,...,r¢N and
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FIG. 7. Boundary conditions for the o-Ps/one aggregate diffusion problem.
The origin of the spherical polar coordinate is set to the center of the absorber and the o-Ps atom is assumed to form in O8 at time t50.

F

u c ~ t ! 512Q ŵ N ~ t ! exp~ 2 ~ l s 2l c ! t !
1 ~ l s 2l c !

E

G

t

0

ŵ N ~ x ! exp~ 2 ~ l s 2l c ! x ! dx ,

~7!

where x as a new variable is equal to l s (t) and N stands for
the Nth aggregate.
The mean o-Ps lifetime ( t p ) in the observed C60 aggregate solution according to the model is then given by

t p 5 t s8 1 t 8c 5

E

`

0

~8!

xT 3 ~ x ! dx,

where

t s8 5

E

t 8c 5

E

`

0

x f s ~ x ! l s exp~ 2l s x ! dx

and
`

0

x f c ~ x ! l c exp~ 2l c x ! dx.

For a single aggregate, N51 and in a realistic aggregated
solution, N@1.
1. o-Ps diffusion in the microscopic environment
of a single C60 aggregate

In Fig. 7, r¢(t) is the coordinate vector of the center of the
aggregate, (R c ) is the aggregate radius and (r 1 ) is the distance between the center of the cluster and the center of the
o-Ps. For a single aggregate, the probability of finding the
o-Ps in the solvent at time t for (r 1 .R c ) is given by

S

D

r1
r 1 2R c
w 1 ~ t;r 1 ,R c ,D ! 512 erfc
.
Rc
2 ~ Dt ! 1/2

~9!

With the volume element of C60 aggregate ,,, that of the
solvent

F SD S

t p 5 t s 11

tc
r 21
r exp 2 1/2
ts
D

DG

,

FIG. 8. Effect of the presence of a single C60 aggregate on the o-Ps lifetime
formed in the solvent at distance r 1 from the aggregate center. t p is normalized to t s and r 1 to R c . The D value has been varied as 0.1, 1, and 10. d
t c / t s 510, n51.0, m t c / t s 510, n50.1, j t c / t s 50.1, n50.1, .
t c / t s 50.1, n51.0, l t c / t s 50.1, n510.

to be able to be absorbed by the aggregate. The size of this
region (R p ) is defined as the radius of the sphere where the
o-Ps moves in the solvent and is given by R p 52(D t s ) 1/2
52R c D 1/2, and is calculated to be 13.5 nm in our case. The
interaction between the o-Ps and the aggregate occurs with
R c ,r 1 ,R c 1R p . For r 1 .R p , no interaction is assumed. t s
in pure CS2 was experimentally obtained as 1.77531029 s.
It is difficult to get the exact value of the concentration dependent (D c ) in C60 molecular solutions. However, D5D c
1D o-Ps vide Eq. ~5! was used in the above calculation and
was estimated to be 2.5531024 cm2 /s with D o-Ps525.1
31025 cm2 /s from our earlier work46 and that of the cluster
aggregate47 (D c ) as 2.2731026 cm2 /s. It has been mentioned that C60 cluster formation in solution reduces the diffusion coefficient of an isolated C60 molecule (18.5
31025 cm2 /s in CS2 at 298 K! by 30%. Since the concentration range in which the aggregates are stable is not very
large ~0.06 –0.36 g/dm3!, the D values are almost the same.
2. o-Ps lifetime distribution function in a realistic
aggregated C60 solution

The boundary conditions for the o-Ps/aggregate diffusion system are depicted in Fig. 9. Here the N-particle function w N (t;r¢1 ,....,r¢N ) is approximated by the product of oneparticle functions w 1 (t;r j ), j51,2,...,N and the approximate
function depends on the initial aggregate/o-Ps distances r j
5 u r¢ j u irrespective of the relative positions of the aggregates.
Thus

~10!

where, r 5r 1 /R c , the dimensionless diffusion coefficient D
5D t s /R 2c and t s is the mean o-Ps lifetime in the pure solvent. We have evaluated Eq. ~10! and the results are shown
in Fig. 8. It is observed that for t c > or < t s , the mean o-Ps
lifetime t p observed in presence of a single aggregate is
related to that in the solvent t s and D determines the region
around the aggregate where the o-Ps atom must be formed,

ŵ N ~ t ! 5

1
VN

E E
¯

V

V

w N ~ t;r 1 ,...,r N ! F N ~ r¢1 ,...,r¢N !

3dr¢1 ,...,dr¢N .

~11!

The finite lifetime of o-Ps limits to the volume element V 0 of
the volume of the solution in which the o-Ps interacts with
the aggregates. Thus, V 0 contains exactly ~k! aggregates and
its probability P k (V 0 ) is given as
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w 1 ~ w , y ,D ! 512

3

3erfc
3

FIG. 9. Boundary conditions for the o-Ps/C60 aggregate diffusion problem.
The o-Ps is assumed to form at the origin O at t50. The absorber spheres
represent the C60 aggregates, randomly distributed. r j is the coordinate vector of the center of the aggregate ( j); R c 5 u Rc j u is the aggregate/cluster
radius, j51,2,...N.

P k~ V 0 ! 5

~ rV0!k
exp~ 2 r V 0 ! .
k!

~12!

The second approximation here is that the aggregate solution
is dilute enough such that the aggregates are treated as uncorrelated particles. r is the particle density of the aggregates
in the solution expressed as r 5cN 0 /N ag where c is the C60
concentration in molarity, N 0 is the Avogadro’s number and
N ag is the aggregation number. r V 0 represents the average
number of aggregates found in the effective volume V 0 ,
where V 0 is given as V 0 54 p /3@ (R c 1R p ) 3 2R 3c # . The configurational average is then given as
ŵ N ~ t ! 5exp~ 2 r V 0 ~ 12ŵ 1 ~ t !!! .

~13!

Table II shows these experimental and calculated values. The
calculation of the configurational average of w 1 is done by
integrating it over the spherical shell drawn around the aggregate with inner and outer radii as R c and R c 1R p , respectively, and is given as Eq. ~14! below.
ŵ 1 ~ t ! 5ŵ 1 ~ t;R c ,D !
5

3
~ R c 1R p !

3

2R 3c

E

R c 1R p

Rc

x 2 w 1 ~ t;x,R c ,D ! dx.
~14!

In terms of dimensionless variables, y 5R p /R c , w 5t/ t s and
D5D t s /R 2c

@ y ~ 11 y /2! 2D w #

~ 11 y ! 3 21

y
Dw
1/2 22
2~ Dw !
p

11

1/2

y
y2
exp 2
21 1D w . ~15!
2
4D w

In this calculation, we have taken t51026 s, corresponding
to the time of attachment of 2 C60 clusters of comparable size
under a diffusion limited aggregation approach45 as discussed in the TEM section. Further, since the diffusion
model is based on the assumption that the o-Ps atoms formed
in the solvent are found there at time t50, an interaction
between o-Ps and the C60 aggregate is justified. With t
51026 s, it follows that 0,ŵ 1 (t;R c ,D),1 for the stable
concentration range 0.06 –0.36 g/dm3. The ŵ N (t;R c ,D) values for these concentrations are listed in Table II. Using
these, we calculated the mean o-Ps lifetime42 in the C60 aggregate solution as

tp tc
5 @ 12Q m 0 ~ 12 t s / t c !# ,
ts ts
where

m 05

E

`

0

ŵ N ~ x, y ,D ! exp~ 2x ! dx,

tp /ts
~Expt.!

0.06
0.14
0.36

1.03
0.96
0.94

n

Rc
~nm!

3.23104
2.53104
1.73104

125
110
90

~17!

and Q is the volume fraction of the solvent, expressed by the
partial molar volume n m of C60 as Q512 n m . With the reported n m of C60 in CS2 solution48 to be 350.6 cm3/mol ~did
not vary substantially with concentration, for solvents toluene, o-xylene, etc.!, the calculated t p / t s values, according to
Eqs. ~16! and ~17!, in the desired concentration range are
listed in Table II, consequent to the evaluation of ŵ N , vide
Eqs. ~13! and ~15!. Figure 10 depicts the experimental and
calculated o-Ps lifetimes, t p / t s ~normalized to that of pure
solvent! versus the C60 concentration with t c / t s 50.5 and
2.0 for the dimensionless diffusion coefficient D t s /R 2c
51022 , the latter complying with the experimental values of
D, t s , and R c .
An excellent agreement between the experimental and
the calculated o-Ps lifetimes implies the validity of the diffusion model to the stable cluster aggregates in CS2 medium
with the following important conclusions:

TABLE II. Experimental and calculated values of the C60 aggregation parameters in CS2 solutions as a function
of concentration.
@ C60#
~g/dm3!

~16!

ŵ N (t)

Dts
Rc2

t p (cald)/ t s
( t c / t s 50.5)

t p (cald)/ t s
( t c / t s 52)

0.999
0.997
0.992

0.012
0.015
0.022

1.0
0.96
0.93

1.01
1.08
1.15
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seemed highly immobilized owing to strong intermolecular
interactions. On attaining the full cluster growth and at a
higher concentration, the rigidity of the cluster core was
greatly reduced and the properties of the cluster approached
that of the bulk, accompanied by a phase separation.
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FIG. 10. The experimental and calculated o-Ps lifetimes ~normalized to that
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~1! The diffusion coefficients of o-Ps and the C60 aggregate
as 25.131025 cm2 /s and 2.2731026 cm2 /s, respectively, are validated.
~2! The model calculation of o-Ps lifetimes fit with the experimental data for C60 aggregates in CS2 solution for
t c / t s 50.5 @Fig. 10, realistic aggregate with t c / t s
50.5], implying the o-Ps lifetime in the C60 aggregate
phase to be half as that of the pure solvent CS2 , if the
o-Ps were to annihilate in individual phases. This indicates a higher electron density around the C60 aggregate
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IV. CONCLUSION
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adopted. An excellent agreement between the calculated and
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