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® Equation for description DLS size distribution is derived.
® Fractal number is obtained from DLS size distribution.

ARTICLE INFO ABSTRACT

Keywords:

Ceo fullerene
Aggregation
Fractal number
Isodesmic model

Using dynamic light scattering (DLS) data we showed that the main physico-chemical parameters characterizing
Ceo fullerene aggregation in solution, viz. equilibrium aggregation constant and fractal number, may be obtained
from equilibrium thermodynamics approach. We implemented the standard isodesmic model of aggregation for
approximation of experimental particle size distribution and obtained the magnitude of fractal number, dj,
previously known from other physico-chemical methods. We propose that the suggested DLS-based approach

may be applied as a method of analysis of fractal aggregation of other types of nanoparticles, such as silver, gold,
or nanodiamonds, alternative to standard spectroscopic (SAXS/SANS/SLS) methods.

1. Introduction

Aggregation of Cg fullerene nanoparticles in solution has attracted
wide attention in the past 20 years, representing the principal physico-
chemical property of these nanostructures [1-4]. Studies of aggregation
have been accomplished by various physical methods and resulted in a
set of general views on this process, which, in the context of the present
paper, we would formulate as follows:

- Cgo fullerene exerts behavior of a typical colloidal nanoparticle,
undergoing two limiting universal classes of aggregation kinetics,
namely, a diffusion-limited aggregation (DLA, when the inter-
particle energy strength is comparable with the thermal one), and
reaction-limited aggregation (RLA, when the cluster growth requires
a reaction-activated step), leading to irreversible coagulation [2].
Depending on the length of experiment the aggregation may either
be viewed as a kinetic or quasi-equilibrium process [2,5];

Cgo fullerene aqueous solution is a highly dispersed system con-
taining fullerene aggregates (clusters) ranging by hydrodynamic

diameters from unities up to hundreds of nanometers [2,6,7];
- Cgp fullerene aggregation features fractal type of cluster formation,
with the fractal number, dj, ranging from 1.2 up to 2.8 [6,8,9].

Literature review suggests that quantitation of the Cgo fullerene
aggregation has so far been studied using solely kinetic approach and
the main results on quantitative parameters of aggregation were ob-
tained only from non-equilibrium thermodynamics. However, as al-
ready discussed above, the DLA regime of aggregation suggests that
within short experimental times the aggregation may be viewed as a
quasi-equilibrium process governed by equilibrium thermodynamics.
The key property characterizing equilibrium aggregation is the Gibbs
free energy change of the reaction of aggregation, AGr (and the corre-
sponding changes in enthalpy, ASr, and entropy, AHy) or equilibrium
aggregation constant Ky. Surprisingly, despite the very well elaborated
field of small molecules reversible aggregation in solution, we were not
able to find any information in literature regarding determination of
AGyr or Ky for any type of fullerenes, except the few works, viz. the
theoretical estimation of AGr in [10], enthalpy/entropy change in [11]
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and the measurement of Kr in [12]. Most likely this is due to broad
dispersion of fullerene clusters by dimensions, requiring per molecule
enumeration from 1 up to 10%-10° within the aggregation model
[12,13], and spectral overlap [14], which provide an obstacle in nu-
merical analysis of experimental data. In the present work we show that
some key properties of Cgo fullerene aggregation may be directly ob-
tained from equilibrium thermodynamics approach.

2. Experimental

The pristine Cg fullerene aqueous colloid solutions (C¢oFAS) used
in the experiments, were prepared as follows [7,11,12]: a saturated
solution of Cgq fullerene (99.5% purity) in toluene was mixed with the
same amount of distilled water and the resulted two-phase system was
subjected to the ultrasonic treatment until a completion of the toluene
evaporation. Afterwards, the yellow-colored water phase was filtered
for removing the un-dissolved Cgo fullerenes. C¢oFAS was prepared in
0.1 mg/ml (1.39:10 ~* M) Ce fullerene concentration in distilled water.

Preliminary characterization of the obtained Cg( fullerene products
was carried out using UV/VIS spectroscopy and atomic force micro-
scopy (AFM) in aqueous solution. Results (not shown) agree with lit-
erature data well, indicating that Cgo fullerene aqueous solution was
formed (see [7] and references therein).

The size distribution of Cg, fullerene aggregates was measured by
dynamic light scattering (DLS) at various concentrations in the range
0.07-0.002 mM at a 99° scattering angle on a DAWN® HELEOS™ 243-
HHC (Wyatt Technology Corp.) DLS instrument equipped with a Ga-As
laser (60 mW) operating at a wavelength of 658.0 nm. Measurements at
each concentration point were performed in triplicate and mean value
was calculated.

3. Results and discussion

Fig. 1 shows the typical DLS size distribution obtained at each ex-
perimental point for the prepared CgoFAS, qualitatively well agreeing
with literature data (see [6-8] for instance). The concentration/tem-
perature curves have been already described before (see [11,12]),
whereas the size distribution has never ever been linked to equilibrium
quantities of fullerene aggregation, such as equilibrium concentrations
or aggregation constant. If the fullerene aggregation follows the DLA
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regime, hence, the immediate size distribution is governed by a coun-
terbalance of colloidal forces favoring aggregate growth and thermal
motion favoring aggregates’ disruption. Therefore we conclude that the
DLS-derived size distribution must contain information on the equili-
brium quantities of aggregation, and this issue has so far been unin-
vestigated. Taking it as a starting hypothesis we shall further re-eval-
uate the size distribution of Cgo fullerene aggregation in terms of
equilibrium thermodynamics approach.

Let us assume that the CgoFAS is at quasi-equilibrium state, i.e. the
time of observation is much longer that the diffusion timescale for Cgo
molecules (~107° s [15]) and much shorter than the reaction-limited
timescale for Cgo fullerene clusters (~10° s [2]). In such state the
equilibrium is formed by reversible binding of single Cgo molecules, F;,
to Cgo fullerene clusters, F;, containing i molecules, with equilibrium
constant, K, according to reaction

K]
F+F < Ey )}

Let us assume that the binding occurs in non-cooperative manner,
i.e. Kr does not depend on the number of Cgo molecules, i, in cluster. So,
in this case we deal with Kr averaged over all i. Reaction (1) is known as
isodesmic type of molecular aggregation (or self-association) and re-
presents one of the most widely used approach in physical chemistry to
study the aggregation phenomena [16]. The isodesmic aggregation (1)
may be quantified by the EK-model, in which the concentration, f;, of
each cluster, F;, is determined by mass action law [16]

L 1 .
= KTl = — g
h=Kh= g @
where f; is the concentration of single (non-bound) Cgo, molecules;
a = Kgf,.

The total concentration of the Cgo molecules, fo, is given by running
over all i

Ny h _1 a
ﬁ’_zlfi (1 —Kef,??  Kp(l-—a)? 3)

i=1

from which f; may be evaluated. Having the concentration of any
cluster in solution explicitly determined as a function of Ky and fj, it is
possible now to apply this model to description of DLS data of Cgo
fullerene aggregation.

The typical DLS experiment measures the intensity autocorrelation
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Fig. 1. DLS particle size distribution.
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function, C(z), as [17,18]

T
C(r) = lim L fI(t)I(t +1)dt = (121 + b g (1)R)
) “

where I(¢) is the scattered intensity (photon count rates) at some arbi-
trary time, t; v is the delay time between two counts; T is the total
experiment duration over which the products of intensities are aver-
aged; b is an experimental constant; g;(z) is the first-order correlation
function; (I)? is the square of the mean intensity.

For polydisperse solution of fullerene clusters the first-order corre-
lation function is given as [17,18]

gl(r)=‘/'G(D)exp(—Dq21)dD
0 %)

where G(D) represents the relative scattering contribution of particular
fullerene cluster, F;, with the diffusion coefficient, D; (or hydrodynamic
diameter, d;, linked with D; through Stokes-Einstein equation); q is the
wave vector. In typical DLS experiment Eq. (5) is subjected to inverse
Laplace transformation yielding G(d;) as a particle size distribution,
proportional to the intensity, I;, of light scattered from a cluster con-
taining i fullerene molecules.

Fig. 1 demonstrates the typical bell-like shape of experimental DLS
particle size distribution for Cgo molecules. The shape of the distribu-
tion is determined by competition of small scattering from large
number of smaller clusters and large scattering from small number of
larger clusters. For each cluster containing i particles and having mo-
lecular weight, M;, the link to scattered intensity, I;, is given by [19]

I~ MZR(O)C() (6)

where Py(0) is the cluster form-factor and C(f;) is the concentration
factor. As long as DLS experiment is performed at fixed angle, 6, and
the shape of fullerene clusters is known to be mainly spherical [2,7], it
is reasonable to put P(®) as a constant value (this assumption will
additionally be discussed below). Similar may be related to C(f;) as
well, as the fullerene solution used in this work is too diluted (f, ~ 10
M) enabling to ignore non-ideality due to cluster—cluster interaction. It
thus follows that Eq. (2) substituted into Eq. (6) yields L~ M?f, i%d
which in definite form can be written with the proportionality constant,
A, independent of the number i:

I = Aei2egi )

Introducing further the value of maximum scattering intensity, I,
corresponding to a cluster, d,, one can re-evaluate Eq. (7) excluding
constant A:

. \2
i S
L =1, — | eqi™im
S (tm) )
The condition of extremum for Eq. (8) is satisfied at
a = e 2/m (C)]

Now it is reasonable to replace i, i,, in Egs. (8) and (9) by the cor-
responding diameters, d;, d,,, directly measured from the particle size
distribution. The most common approach used in such case is the ap-
proximation of the Cgo fullerene clusters as spheroid objects (see, e.g.
[20]), which results in standard relation

4\
s (E) (10)

where d; is the diameter of a single Cgo molecule.
Substitution of Eq. (10) into Egs. (8) and (9) yields

T )ﬁ.;[l-@if]

m

1)

Distribution Eq. (11) was further used to fit experimental DLS
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particle size distributions at each concentration point. Execution of this
procedure evidenced very poor fit with strong underestimation of the
cluster contributions (see Fig. 1 as an example at a given concentration
point). We further assumed that this result may be the consequence of
ignoring the cooperativity of aggregation (i.e. the dependence of Ky on
i, see above). The physical nature of cooperativity for small molecules
on reversible aggregate formation (not associated with chemical
transformation of the reagents) may be associated with the change in
the number of degrees of freedom [21], increase of the aggregate sur-
face available for binding [15], action of colloidal repulsive-attractive
potential [22]. Each of these factors can be evaluated into functional
form AGg(i) giving the profile Kx(i) and resulting in modified Eq. (11)-
like size distribution accounting for the cooperativity (not shown).
However, none of these factors or their combinations led to satisfactory
fitting of DLS particle size distribution in Fig. 1. It means that the co-
operativity of fullerene aggregation is not the principal factor de-
termining the particle size distribution.

It has long been known that fullerene aggregation leads to forma-
tion of clusters characterized by fractal structure displayed either as
deviation from spherical shape and/or irregular packing of fullerenes
inside the clusters [6,8,9]. Let us introduce the fractal property of the
fullerene aggregation into the model Eq. (11) in terms of the fractal
number, dy [23,24]:

. (d,- )df
in| =
d 12)
For ideal spheroid clusters with regular packing of single fullerenes

df = 3 and Eq. (12) becomes identical to Eq. (10). Substitution of Eq.
(12) into Egs. (9) and (11) gives

oo la) 13)

N\
i Im.(;[ )de.ez[l_(:,;)f]

m

14

Fitting of experimental DLS distributions using Eq. (14) at each
concentration point resulted in excellent goodness of fit equal on
average to R% = 0.92 at d; = 1.51 * 0.17 (we calculated mean value
of ds for each of 9x3 = 27 DLS distributions measured in triple for 9
concentrations). It thus may be concluded that the account for fractal
dimension in the aggregation model should be considered as the most
principal factor, and the use of standard approach based on Egs. (10)
and (11) is inappropriate in case of fullerene aggregation. This result is
similar to the failure in description of small-angle neutron scattering
(SANS) curves for Cgo fullerene aggregates using spherical approach
reported in [25]. Analysis of dy calculated at different concentrations
did not reveal any statistically meaningful change of the fractal number
within the range of dispersion of experimental points (Fig. 2), sug-
gesting that the fractal structure of the fullerene clusters remains con-
stant. At this point it is worth noting that the obtained value of the
fractal number, df = 1.51 = 0.17, may either be understood as a
consequence of formation of non-spherical clusters, or, alternatively,
spherical clusters with irregular packing of fullerenes inside them.
Literature review suggests that the majority of published data which
employ atomic force [7,11] or high resolution electronic [6,20,26]
microscopies evidence the spherical shape of the Cg fullerene clusters
in solution with possible deviation from sphere specifically for large
clusters with diameters > 100 nm [6,9,27]. This fact provides scientific
reasoning for a quite widespread utilization of spherical models in
analytical description of some Cgq fullerene properties in solution (e.g.
[13,20]). It means that the spherical approach used in this work to
derive Eq. (7) is physically appropriate. From the other hand, many
authors agree in view that the packing of individual fullerene molecules
inside the fullerene clusters is irregular. The Ce fullerene clusters ty-
pically contain crystal-like nucleus surrounded by amorphous shell of
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Fig. 2. Concentration dependence of fractal number.

the fullerene molecules, commonly discussed in terms of voids filled by
solvent molecules [8,27,28] or formation of pores [6,9]. This packing
irregularity explains the formation of fractal fullerene clusters and is
responsible for the observed lowering of the fractal number, dy.

Let us further discuss the physical appropriateness of the obtained
results and usability of the suggested approach of DLS particle size
distribution treatment based on Eq. (14).

Literature review evidences the very broad dispersion of d; para-
meter for Cgo fullerene clusters, ranging from 1.2 to 2.8. It indicates
both highly open or porous and compact/dense structures, respectively,
typically measured by static light scattering (SLS) or small-angle X-ray
scattering (SAXS)/SANS [8,9]. Different authors assign the values of
df < 2 specifically to the diffusion-limited aggregation regime
[8,29,30], which is close to that determined in the present work. It
points out on physical appropriateness of Eq. (14). Noteworthy, the
functional form of the size distribution in Eq. (14) resembles that de-
termined long time ago from the solution of Smoluchowski equations
describing nanoparticles’ aggregation kinetics [31]. The observed si-
milarity is due to the fact that both the Smoluchowski equations and Eq.
(14) are grounded on evaluation of mutual probability of cluster for-
mation from smaller clusters as a product of independent probabilities
of their finding in solution. This is often called ‘the law of mass action’,
which is expressed in partial case of the EK-model in Eq. (2). In more
general view, the obtained results confirm the possibility of studying
the Cg fullerene aggregation in terms of equilibrium thermodynamics
as a reversible self-aggregation process, declared before by some au-
thors (e.g. [2,5,32]), but never implemented in experimental research.

Let us further consider the applicability of Eq. (14) and its possible
benefit in practical studies of colloid aggregations. It is a common ap-
proach in such methods as SAXS/SANS/SLS to determine dy by means of
variation of the wave vector, q (see [8,9,30] for instance). However, the
fundamental problem in application of these methods to fractal struc-
ture determination is the restricted range of g variation originated from
limited sensitivity of each particular method. As a consequence, some
authors consider that d; determined from SAXS/SANS/SLS can only be
taken as qualitative indicator of the fractal nature, but not as a quan-
titative measure [6] (with an aim to overcome this problem some au-
thors even suggest to combine SAXS and SLS approach in order to cover
the whole range of q variation [33]). By that reason direct comparison
of d; measured by different methods is not correct (e.g. the df = 2.37
obtained in [6] from SLS is not directly comparable with d; = 1.51
measured in this work), creating a challenge for further studies. In
contrast, the approach suggested in the present work is independent of
q and enables determination of dr from a single measurement of particle
size distribution (with all other system parameters remained fixed) in
the whole range of sizes allowed by DLS instrument (< 10 pm). To the
best of our knowledge, similar result has never been reported before.
We propose that for other nanoparticles, e.g. silver/gold nanoparticles,
nanodiamonds, which strongly aggregate in solution and feature broad

unimodal size distributions measured in experiment, the suggested
method based on Eq. (14) may also be utilized as an alternative to
conventional methods such as SAXS/SANS and SLS. Another important
issue is that the DLS particle size distribution, Eq. (14), was derived in
this work from the knowledge of the basic mechanism of fullerene
isodesmic aggregation (see Egs. (1) and (2)). In contrast to that, the
most common approach currently used elsewhere to treat DLS data is to
restore particle size distribution from the measurement of the intensity
autocorrelation function (Eq. (4)) by means of numerical transforma-
tion of Eq. (5) with further fitting by empirically selected functions (e.g.
log normal or Schulz-Zimm functions [18]). Hence, the fitting of ex-
perimental DLS data may be accomplished by the ‘physically-defined’
particle size distribution as an alternative to the empirical functions. In
practice, it means that Eq. (14) may be incorporated into standard
software used by commercially available DLS instruments as a proce-
dure of DLS data fitting and/or automatic dy determination.

The equilibrium thermodynamics approach discussed above pro-
vides a new opportunity for expansion the arsenal of physical chemists
for investigation the aggregation of nanoparticles. Assuming that an
estimate of dy parameter is known from independent spectroscopic
study (SAXS, SANS, SLS or DLS), one can use Eq. (13) and d,,,, measured
from particle size distribution, to determine a. In theory, knowledge of
a enables to estimate the magnitude of equilibrium aggregation con-
stant, Kg, from Eq. (3) at single concentration point as

a

Kp= ——
TR —ap (15)

However, there is a difficulty in direct application of Eq. (15) for Ky
estimation for aggregation of particular nanoparticles in solution. Eq.
(15) originates from application of the EK-model which explicitly de-
fines the set of microscopic reversible reactions Eq. (1) forming dy-
namic equilibrium of clusters in solution. In each particular case of
nanoparticles’ aggregation the particular model may be different, i.e.
the determination of Kr is always model-dependent. In case of Cgo
fullerene it is considered that the aggregation proceeds by formation of
aggregates, which contain a compact core with diameter, dy, and M
molecules in it, not disrupted even at infinite dilution [6,12], and
having the concentration expressed in terms of fullerene monomer
molecules (estimated as C'py=10° M at the highest fullerene con-
centration [12]). The aggregation is considered as simultaneous
binding of R fullerene molecules at concentration, Cg;, with the core
aggregates with macroscopic equilibrium aggregation constant, K. It
follows, that specifically for the Cg fullerene aggregation Eq. (15)
should be rewritten as

a

Kg= ———
K Oyl —a)? (16)

where a = Kz Cg;.
The link between microscopic constant, Kr, and macroscopic con-
stant, Kz, is given as Kr = Kr+R = Kp+B+M, where B = 0.914,
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M = (do/d,)?, d; = 0.7 nm, dy = 280 nm [12]. According to the data in
[12] the 100-fold dilution (i.e. C'3o=10~7 M at which cluster—cluster
interaction may be neglected) gives d,, =280 nm. Now, the value of Kr
can be estimated as 10° M, which is close to that reported in [12] from
dilution study. Although this result claims to be just a way to estimate
the magnitude of Ky, it, in fact, evidences the internal agreement of
various approaches to the description of Cg, fullerene aggregation, used
in the present work and based on equilibrium thermodynamics.

4. Conclusion

Using DLS data we showed that the main physico-chemical para-
meters characterizing Cgo fullerene aggregation in aqueous solution,
viz. equilibrium aggregation constant and fractal number, may be ob-
tained from equilibrium thermodynamics approach. The key idea of the
performed study is to implement the standard isodesmic model of ag-
gregation (the EK-model) for approximation of particle size distribution
measured in standard DLS experiment. Such analysis was accomplished
in the present work yielding, to the best of our knowledge, the first
demonstration of successful fitting of DLS particle size distribution
evaluated in terms of the ‘physically-defined’ Eq. (14) derived from the
aggregation model. The results evidence that the suggested approach
enables determination of the value of fractal number, dy, as well as the
correct estimation of the magnitude of equilibrium aggregation con-
stant. It confirms the possibility of application of the instruments of
equilibrium thermodynamics to fullerene aggregation studies. More-
over, the developed method of df determination, based on single mea-
surement of DLS particle size distribution in the whole range of particle
sizes, may be superior to the application of standard spectroscopic
SAXS/SANS/SLS methods (which use variation of the wave vector, g,
and provide qualitative rather than quantitative estimate of dy (due to
restricted range of g variation)). It thus would be interesting to apply
this method to analysis of fractal aggregation of other types of nano-
particles (such as silver, gold, or nanodiamonds). The main limitation of
the suggested approach is the utilization of spherical approximation of
fractal fullerene clusters, which should be additionally testified when
applied to other types of nanoparticles.
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