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Abstract

Once emitted into the atmosphere, soot nanoparticles undergo ageing processes during which
they may collide and form aggregates, possibly modifying their physico-chemical properties.
Here, we especially focus on their optical properties and the Dynamic Atomic Dipole In-
teraction (DADI) approach has been used to calculate the refractive index and the mass
absorption cross section of two carbonaceous nanoparticles modeling soot. Three typical sit-
uations have been considered: separated particles, particles just in contact, interpenetrated
particles. Molecular dynamics simulations based on a reactive interatomic interaction po-
tential have been used to get the atomic coordinates in the three configurations considered
and the graphite parametrization has been used for defining the polarizability tensors of
the carbon atoms. The results of the DADI calculations show that the interpenetration of
the nanoparticles actually modifies both their refractive index and their mass absorption
cross section with respect to well-separated particles. Because the corresponding changes
are shown to be tightly bound to local modifications of the close neighborhood of the carbon
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atoms, the present study emphasizes that an as precise as possible description of the coales-
cence process at the atomic scale is required to better quantify the influence of aggregation
processes on the optical properties of carbonaceous nanoparticles. In addition, calculations
at the atomic scale via the DADI method allow the computation of refractive indices taking
into account the local modifications of the particles, which are shown to be then usable
as inputs in macroscopic models, such as T-matrix. This would certainly help at better
assessing, e.g., the actual impact of soot on climate.

1. Introduction

The carbonaceous fraction is an important component of atmospheric particulate matter
(PM). It includes both organic and refractory light-absorbing parts [1, 2], which mainly
originate from incomplete combustion processes of carbon-containing fuels as well as from
biomass burning [3]. Although distinction has been made between brown (BrC) and black
(BC) carbon particles as a function of their organic carbon content [4, 5], all the carbonaceous
particles interact with ultraviolet and visible solar radiations, thus directly impacting on the
global Earth’s radiative balance [6, 7]. These particles may also act as cloud condensation
nuclei or ice nuclei by trapping water molecules, thus playing an essential role in cloud
formation [8], which adds to their potential impact on climate (indirect effects) [9, 10].
Thus, the carbonaceous fraction of the atmospheric PM has become an important concern
for atmospheric sciences, with the evident need for a better characterization of the physico-
chemical properties of the corresponding particles [3].

Although BrC has recently received an increasing attention, a thorough understanding
of its role in the atmosphere is far from being achieved, mainly due to the diversity of the
sources, the complexity of the formation mechanisms, and the huge variety of particles that
can be considered as BrC [5, 11]. On the other hand, BC appears simpler and it has been
quite easily defined by its chemical, physical and spectroscopic properties [12, 13]. Indeed,
BC can be viewed as nanometer-sized particles, mainly made of nearly elemental carbon
with sp2-bonding between carbon atoms arranged in multi-layered more or less graphitized
sheets forming concentric, spherical, monomers which aggregate into open, lacy structures of
various fractal dimensions [12, 14]. These structures may also contain a few percent of H and
O atoms, as well as C atoms with sp3 hybridization [15]. Nevertheless, despite this narrow
definition, numerous research projects are still required to elucidate the physico-chemical
characteristics of BC nanoparticles and, thus, to better quantify their impact on air quality
[16, 17, 18] and on climate forcing [10, 13, 19, 20, 21].

Besides experimental in-situ measurements of their properties [12, 14, 22], numerous ef-
forts have been done towards an accurate modeling of the interaction of BC with UV-Visible-
IR radiation [23]. From a theoretical point of view, absorption and scattering properties of
BC can be computed analytically if the dielectric constant or refractive index is accurately
known [13, 24], by using Lorenz-Mie theory and/or the Rayleigh-Debye-Gans theory for Frac-
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tal Aggregates, and provided that some assumptions are made on the shape, the size and the
chemical composition of these combustion-emitted particles [25, 26, 27]. Powerful numerical
approaches such as the T-matrix [28, 29, 30] or the Discrete Dipole Approximation (DDA)
[31, 32] methods can also be used for quantifying absorption and scattering of radiation by
BC particles of arbitrary shape and by periodic structures [23]. However, despite of their
strong theoretical basis, all these methods have been shown to underpredict the measured
mass absorption cross section (MAC) of BC, a failure which has been attributed to the use of
an inaccurate refractive index, although other possible biases in these models have not been
completely ruled out [13]. The uncertainty concerning the values that must be used for the
refractive index of BC can be, in principle, overcame by developing theoretical methods that
go down to the most precise scale as possible, i.e., methods that are based on an atomistic
description of the carbonaceous nanoparticles under consideration.

We have thus developed in Besançon a numerical method called the Dynamic Atomic
Dipole Interaction (DADI) model, which is devoted to compute optical properties of carbona-
ceous nanoparticles, provided that the positions and the frequency-dependent polarizabilities
of each type of atoms constituting the particles are defined [33, 34, 35, 36, 37]. Whereas
realistic atomic positions in model nanoparticles can be obtained by, e.g., performing molec-
ular dynamics simulations guided by experimental results (such as those coming from high-
resolution electron microscopy studies [15, 38, 39, 40]), obtaining accurate values for po-
larizabilities appears as a trickier task, although it has been shown that reasonable MAC
values for BC nanoparticle models can be computed when using frequency-dependent atomic
polarizabilities extracted from available experimental data obtained on graphite [33, 34, 35].

In real environment, BC is usually made of aggregates of more or less spherical primary
nanoparticles, presenting different fractal structures and compacities [12, 14]. Thus, it is
expected that optical properties of BC would depend on the morphology of these aggregates,
on their coating, on the degree of mixing with the coating, and on the refractive index of the
corresponding materials [41, 42, 43, 44]. For instance, it has been shown that overlapping and
necking between primary nanoparticles forming BC aggregates could have a strong influence
on the depolarization of soot aggregates and should be considered in order to achieve good
agreement between the calculated depolarization and the experimentally determined one [45].
However, taking into account, as precisely as possible, all these ingredients in theoretical
approaches with the goal of interpreting experimental measurements and/or observations
still remains challenging [46, 47, 48].

Here, we thus made use of our DADI model to compute optical properties, in the UV-
Visible range, of two carbonaceous primary nanoparticles described at the atomic scale, with
a special focus on three situations commonly arising in soot, namely separate, touching, and
interpenetrating primary nanoparticles. Molecular dynamics simulations based on a reactive
interatomic interaction potential have been performed to get the atomic coordinates of the
carbons in the three configurations considered, and the graphite parametrization has been
used for defining the polarizability tensors of the carbon atoms. More precisely, carbon atoms
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have been assigned either anisotropic or isotropic polarizability tensors depending on their
environment, as in our previous works [33, 35]. This allowed us to characterize the influence
not only of the different relaxations of the atomic positions in these three situations, but
also of the change of the resulting atomic polarizabilities, especially in the touching and
coalescence zones. As stated above, the atomistic approach on which the DADI model is
based avoids the thorny question of defining a priori a refractive index for the BC primary
particles, more particularly in the coalescence zone, which would otherwise be a prerequisite
for using other theoretical methods such as DDA [13]. On the contrary, we even propose here
a theoretical method to compute this refractive index based on results obtained with the
DADI model combined to the standard equations of the Rayleigh Debye-Gans approximation.

In Section 2, we briefly recall the details of the methodology used to model the primary
nanoparticles and their interpenetration, together with the main ingredients of the DADI
method and of the calculations of the refractive indices for BC nanoparticles. The results
of the MAC for the systems considered are given in Section 3 and those for the refractive
indices in Section 4. The main conclusions of this study are summarized in Section 5.

2. Computational details

2.1. The DADI model

Although the parametrized semi-empirical DADI model has been extensively presented in
previous papers [33, 34, 35, 37], a brief overview is given here to recall the main ingredients of
this numerical approach which allows computing the optical properties of large carbonaceous
systems, on the basis of their atomistic details.

Indeed, following the classical equations of the DDA method [31, 32] with the Cartesian
coordinates, and using the frequency-dependent atomic polarizability tensor of each atom
as in the point dipole interaction (PDI) approach [49, 50, 51], the dipole induced on the

atom i, by an external electric field E⃗0(r⃗i, ω) at the position r⃗i of this atom, as well as by
the induced dipoles of all the surrounding atoms, can be self-consistently calculated at the
circular frequency ω, as

µ⃗i(ω) = ¯̄αi(ω)E⃗0(r⃗i, ω) +
N∑
j=1

¯̄αi(ω)
¯̄T (r⃗i, r⃗j, ω)µ⃗j(ω) (1)

where ¯̄αi(ω) is the frequency-dependent atomic polarizability tensor of the atom i, and ¯̄T is
the interaction tensor that can be computed from the double gradient of the vacuum Green’s
generalized function for the Helmholtz equation, as

¯̄T (r⃗i, r⃗j ̸=i, ω) = − 1

ϵ0
(∇r⃗i ⊗∇r⃗j +

ω2

c2
¯̄I)(− ei

ω
c
|r⃗i−r⃗j |

4π | r⃗i − r⃗j |
) (2)

where c is the speed of light, ϵ0 the vacuum permittivity and ¯̄I the identity tensor.
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Because in the DADI model the point dipoles are in fact atoms, they are much smaller
than the discretization volumes usually defined in the DDA approach [31, 32]. Hence, the
i = j terms of the interaction tensor ¯̄T are assumed to simplify as

¯̄T (r⃗i, r⃗i, ω) = i
2

3

ω3

c3
1

4πϵ0
¯̄I. (3)

Eq. 1 is thus a 3N×3N matrix system whose resolution gives a 3×3N vector containing
the dipoles µ⃗i(ω) on each atom, corresponding to three values of E⃗0 successively applied
along the three (Cartesian) coordinate axes (as in PDI). Once all the dipoles have been
self-consistently computed, they can be used to calculate global particle polarizabilities and
optical quantities such as scattering, extinction and mass absorption cross sections. Note
that the extinction and scattering cross sections can also be used to estimate the refractive
indices of the system under consideration, as explained further.

2.2. Soot primary nanoparticle models

To calculate the optical properties of BC nanoparticles on the basis of their atomistic
characteristics, the first ingredient of the DADI method is the Cartesian coordinates of each
atom in the system under consideration [35, 37].

To get such information, we have taken into account that BC particles have been reported
to result from aggregation of more or less spherical primary nanoparticles [14, 23, 52, 53],
these primary nanoparticles being reasonably modeled, at the atomistic level, by carbon
buckyonions, i.e., spherules made of carbon layers arranged in a concentric way and con-
taining a certain amount of defects such as missing atoms [35, 54, 55]. Note that the term
spherule will be used below instead of carbonaceous spherule, for simplicity, and in our
approach, a spherule will therefore define our model of primary soot nanoparticle.

Here, a single spherule has been modeled by the three-shell fullerene C540@C960@C1500

from which a certain amount of C atoms have been randomly removed on each shell to create
holes, modeling nanopores (i.e., defects) within the bulk and at the surface of the spherule.
On the two innercore fullerenes, 7 % of C atoms have been randomly removed whereas
10 % have been taken out on the surface shell (i.e., the largest C1500 fullerene), because
experiments have clearly revealed that the outer shell of the soot primary nanoparticles is
more defective than the inner ones [15]. Note that the separation between two successive
shells is equal to 3.4 Å, in accordance with the experimental observations [15]. Overall,
247 C atoms have thus been removed, leading to a defective spherule that contains 2753
C atoms and presenting the main ingredients characterizing rather mature soot.[15]. This
spherule has an external diameter of 36.4 Å, which is at the lower limit of the observed
size distribution for soot primary particles, especially those produced by aircraft.[56, 57]
Larger spherules can of course be considered, however, at the expense of the corresponding
calculation cost.
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Then, to investigate the effect of the coalescence on the optical properties of BC nanopar-
ticles, three situations have been especially considered, in which two identical spherules have
been considered as being either well-separated, or in close contact with each other, or inter-
penetrated.

To model these situations, the single spherule has simply been duplicated to create
(thanks to a short home-made Python script) a system that consists of two separated, identi-
cal spherules, such that the distance between their centers of mass d is initially set to 39.4 Å.
Then, this distance has been decreased such that the spherules come just in contact (d = 36.4
Å) or are interpenetrated (d = 31.4 Å). Because these situations (especially the two latter
ones) do not correspond to any equilibrated state, each of these three situations has been
used as the starting point for molecular dynamic (MD) simulation runs, aiming at obtaining
the Cartesian coordinates of the corresponding 5506 atoms in a relaxed system. These MD
runs have been performed using the open-source code LAMMPS [58] and according to the
following relaxation procedure: first, an energy minimization has been performed by using
the conjugate gradient method, that has then been followed by a short MD run performed
at 5 K, on the N,V,T ensemble. For the MD runs, a timestep of 1 fs has been used and
a total of 100,000 timesteps has been considered, i.e., the total duration of the simulation
has been set to 0.1 ns. The interactions between C atoms have been described by using the
Adaptative Intermolecular Reactive Empirical Bond Order (AIREBO) potential model [59].
Of course, such a quick relaxation procedure cannot lead to a perfectly optimized structure
of minimum energy (which would be a quite trickier task due to the large number of atoms
involved). Nevertheless, it leads to configurations that are sufficiently different from the
initial ones to expect impact on the DADI results (as it will indeed be shown below). In
addition, the relaxation is able to give structures in which acceptable configurations for the
C atoms have been reached, especially in the contact and coalescence zones. This has been
checked by calculating radial distribution functions (not shown) of the C–C distances which
showed that nearest-neighbor C atoms are indeed located at distances less than 0.16 nm
from their next neighbors (as indicated by the first peak of the distribution), which may
thus corresponds to the formation of chemical C—C bonds.

The relaxed systems considered in the DADI calculations thus present the main geometric
characteristics of BC nanoparticles in three typical situations, in which these nanoparticles
are either located far apart (relaxed separated system), or just colliding (relaxed touching
system), or already coalescing (relaxed interpenetrated system). The corresponding struc-
tures are shown in Figure 1 as an illustration.

2.3. Carbon atomic polarizabilities

The spherules considered here only contain carbon atoms. The choice of a parametriza-
tion for carbon atomic polarizabilities in such structures remains arbitrary, since, to date, no
experiments have been carried out to discriminate between different sets of parametrization.
However, using graphite data appears reasonable to get qualitative results [35], as soot pri-
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(a) (b)

(c)

Figure 1: Snapshots taken at the end of the MD runs (see text) showing the relaxed structures of the
spherules considered in the DADI calculations. Three typical situations have been modeled, namely (a)
separated, (b) in contact, and (c) interpenetrated spherules. Carbon atoms are represented as small spheres
and covalent bonds are materialized by connections.
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mary nanoparticles are actually made of graphite-like nanoclusters [15]. Thus, polarizability
values calculated from the permittivity values given by Draine for graphite [60] (which will
be thus called ”Draine parametrization”) have been chosen here, in coherence with our pre-
vious works [33, 34, 35]. These permittivity values have been converted to polarizability
values using the generalized Clausius-Mossotti relation as:

N

V

αlocal
a (ω)

ϵ0
=

ϵa(ω)− 1

1 +Ba(ϵa(ω)− 1)
(4)

where the index a labels one of the three principal directions defining the local basis frame and
N/V is the atomic density. The coefficients Ba are the depolarization factors given by Senet
et al. [61] and confirmed by Andersen and Bonderup [62] for graphite, i.e., B⊥ = −0.606
and B// = 0.803.

Note that, following our previous works [33, 34, 35], the local basis frame has been de-
fined, for any C atom surrounded by three neighbors, by two unit vectors parallel to the
plane defined by these three nearest neighbors and one unit vector perpendicular to this
plane. In this frame, C atoms with three neighbors are thus characterized by an anisotropic
polarizability tensor with two parallel identical and one (different) perpendicular compo-
nents, as any sp2 hybridized C atom in graphite [60]. Thereafter, these atoms will be named
C3 carbons, for convenience. However, by construction our spherules also contain point
defects that correspond in fact to C atoms having less or more than three neighbors. Be-
cause these atoms (hereafter named C1, C2, and C4, depending on their number, 1, 2, and
4, of neighbors) are expected to have different polarizabilities from that of C3, they have
been (arbitrarily) characterized by an isotropic polarizability tensor, i.e., a diagonal tensor
in which all three diagonal elements have the same value, obtained by calculating the arith-
metic average of the (two) parallel and the perpendicular components of the polarizability
tensor of graphite [35].

Proceeding this way, computations with the DADI model have been run using differ-
ent atomic polarizability tensors for C1, C2, or C4 (isotropic) on the one hand and C3
(anisotropic) carbon atoms, on the other hand, depending on their local environment in the
spherules. Note that the respective number of these C atoms is strongly influenced by the
interpenetration process of the two spherules, as resulting from the MD simulations (see
below). In our approach, the coalescence thus impacts not only on the positions, but also
on the polarizability values of the carbon atoms.

2.4. Computation of complex refractive indices

A commonly used method for the evaluation of the radiative properties of nanometer-scale
particles relies on the Rayleigh–Debye–Gans approximation (RDG). This approach presents
the advantage of simplicity and adaptations have been proposed for fractal aggregates as
those formed by soot primary nanoparticles [25, 63, 64, 65, 66, 67].
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Thus, following RDG equations, the scattering and absorption functions, namely F (m)
and E(m), can be computed, at a given wavelength, from the scattering and extinction cross
sections (Csca and Cext, respectively), as follows:

F (m) =
λ4Csca

24π3V 2
(5)

and

E(m) =
λCext

6πV
(6)

where λ is the wavelength in nm at which the refractive (complex) index m is computed, and
V is the common average volume of the whole carbonaceous system computed as N times
the volume of a carbon atom (this value is calculated using the density value of 1.8 g.cm−3

which is commonly used for BC [24]).
The originality of our approach is that Csca and Cext have been calculated with the DADI

model for the spherules considered here. Then, knowing F (m) and E(m) from these DADI
calculations and using their expressions as a function of the complex refractive index m given
by:

F (m) =

∣∣∣∣m2 − 1

m2 + 2

∣∣∣∣2 (7)

and

E(m) = Im

(
m2 − 1

m2 + 2

)
, (8)

it is straightforward to compute the square of the complex refractive index m2 as

m2 =
1 + 2z

1− z
(9)

where z is given by

z = ±
√
F (m)− E(m)2 + iE(m). (10)

Because in a Fortran code, the square root of a complex number returns the principal
value of the square root, the computed z has a non-negative real part (checks were performed
in the code to ensure the consistency of this solution). By writing now the complex refractive
index as m = n+ iκ, we have m2 = (n2 − κ2) + 2inκ. Because of the following equation:

E(m) = Im

(
m2 − 1

m2 + 2

)
=

3Im(m2)

(Re(m2) + 2)2 + (Im(m2))2
, (11)
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Table 1: Number nCi of atoms of the various types (i =1,2,3, and 4, depending on the number of nearest
neighbors) for the three systems considered in the DADI calculations (each system contains a total of 5506
carbon atoms). Because only C3 atoms are characterized by an anisotropic polarizability tensor (see text),
nCaniso

= nC3, whereas nCiso
= nC1 + nC2 + nC4. Note that the number of C4 atoms, corresponding to

sp3-like hybridization (i.e., 4 nearest neighbors), has also been indicated.

Configurations nCaniso
nCiso

nC4 r =
nCaniso

nCiso

Separated spherules 4554 952 0 4.78
spherules in contact 4532 974 33 4.65

Interpenetrated spherules 4596 910 74 5.05

Im(m2) is of the same sign as E(m). Because E(m) is always positive, n and κ must be of
the same sign. With the chosen e−iωt convention, κ has to be always positive for a passive
(absorbing) medium. Therefore, n is also positive, and it finally comes:

n =

√
|m2|+ Im(m2)

2
, (12)

and

κ =

√
|m2| − Im(m2)

2
. (13)

This approach, which combines the classical equations of the RDG method and the cal-
culations of the cross sections with the DADI model, has the distinctive advantage of being
able to compute the global refractive index, as a function of wavelength, of large carbona-
ceous structures made of thousands of atoms, directly from their atomistic details, i.e., the
knowledge of the frequency-dependent polarizabilities and of the Cartesian coordinates of
the atoms forming the systems under investigation. In particular, any assumption on the
shape of the carbonaceous structure is thus avoided and the method allows us to investigate
the influence of any structural or chemical change, even small and/or localized, on the optical
properties of the system.

3. Results

3.1. Mass absorption cross sections

Before the calculations with the DADI model are performed, the exact number of atoms
of each atom type (carbon C1 to C4) has been computed, allowing to discriminate the
carbon atoms characterized by an anisotropic polarizability tensor (C3 atoms) from those
characterized by an isotropic polarizability tensor (C1, C2 and C4 atoms), as explained
above (see Section 2.3). The corresponding values are given in Table 1.

Figure 2 shows the MAC calculated using the DADI model for the three situations
considered here, i.e., two (identical) spherules which are well separated or in contact with
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Figure 2: Mass absorption cross sections of two separated (dashed blue curve), in contact (dashed-dotted
green curve), and interpenetrated (red curve) spherules, as calculated with the DADI model, between 100
and 800 nm. Experimental data coming from Ref. [68] have also been indicated as small black spheres.

each other or interpenetrated. Calculations have been performed between 100 and 800 nm,
using the parametrization for the atomic polarizabilities which is based on the graphite data
[60].

As shown in Figure 2, the MAC curves are characterized by a large absorption peak in
the near UV, the position of which being slightly shifted by about 4 nm, and its maximum
intensity decreasing by about 8 %, upon the interpenetration of the two spherules. It is
interesting to note that this variation of the MAC intensity obtained directly from the
atomistic details of the system and the DADI model is in line with the correction factor of
about 1.1 (i.e., a modification of 10 %) which has to be applied to results obtained with the
RDG-FA theory to take into account the overlapping effects of soot primary nanoparticles
[42]. In addition, it is worth mentioning that the present MAC values are in very fair
agreement with experimental measurements performed over a wavelength range of 450–750
nm for soot of a methane flame, as shown in Figure 2 (note that, as far as we know, this is
a rare example of available experimental data in such an extended wavelength range) [68].

Looking especially at 550 nm (see the results given in Table 2), the MAC calculated for
the two separated (identical) spherules, is equal to 6.16 m2/g, a value which is a bit lower
than the standard value of 7.5 ± 1.2 m2/g recommended by Bond and Bergstrom in 2006
[24]. However, the present value is coherent with other numerical/theoretical estimations of
the MAC values of soot aggregates (see Table 4 of Ref.[13]). It is also worth noting that,
at this wavelength, the MAC value does not significantly differ from one configuration to
another one (decrease of about 2.6 % upon interpenetration), unlike in the near UV where a
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Table 2: Mass Absorption Cross sections as calculated with the DADI model, at 250 and 550 nm, for the
three configurations of the spherules considered here.

Configurations Peak posi-
tion (nm)

MAC at
250 nm
(m2/g)

MAC at
550 nm
(m2/g)

Separated spherules 223 25.80 6.16
Spherules in contact 223 25.38 6.19
Interpenetrated spherules 227 24.32 6.00

decrease of about 5.7 % is calculated for the MAC values at, e.g., 250 nm (see Table 2). The
present results thus give indications that experimental measurement of MAC values for BC
should rather be performed in the near UV than at visible wavelengths, to observe intensity
variations and peak position shifts related to morphological differences within the particles
constituting BC.

Because, in the DADI model, frequency-dependent atomic polarizabilities are directly
used to compute the MAC of carbonaceous nanoparticles, the choice of the corresponding
parametrization remains a cornerstone of the model.

Thus, to ensure that the effects of interpenetration as evidenced here on the calculated
MAC values do not depend on the parametrization that has been initially chosen (i.e.,
parametrization based on the graphite properties [60]), another set of polarizability values
has also been used to compute the optical properties of the systems considered here. The
corresponding calculations have been based on carbon atomic polarizabilities derived from
the experimental permittivity values given by Sohmen et al. for the C60 molecule [69].
Note that, although the values coming from C60 are certainly better suited for highly curved
carbonaceous structures, they have been chosen here because, as those coming from graphite
parametrization, they are not influenced by the presence of any H atom, in contrast with
polarizability values that have been recently computed for polycyclic aromatic hydrocarbon
molecules [37].

The MAC values obtained at 250 nm with the C60 parametrization [69] decreases from
21.80 to 21.05 m2/g (i.e., a decrease of about 3.5 %) upon the interpenetration of the two
spherules, similarly to what has been calculated using the graphite parametrization [60]. By
contrast, the MAC value at 550 nm increases from 6.78 (separated spherules) to 7.51 m2/g
(interpenetrating molecules) when using the parametrization coming from C60

It is also worth noting that, in our soot modeling, we do not made any difference between
the non-graphitized carbon atoms (named C1, C2 and C4) themselves which have been
assigned the same isotropic polarizability tensor. However, this difference could be easily
taken into account in the DADI model if the corresponding atomic polarizability tensors
are known, which is, unfortunately, not the case yet for C1 and C2. Moreover, although
atomic polarizability tensors are available for the C4 atoms [37], they have been fitted for
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aliphatic carbons, i.e., by taking into account the presence of C-H bonds. Because the
spherules modeled here do not contain any H atoms, using the polarizability values obtained
for aliphatic carbons would be questionable. Thus, rather than characterizing the possible
effects coming from various parametrizations of the non-graphitized carbons, a focus has
been made on the influence of other parameters, using the available polarizability tensors for
C atoms (i.e., those coming from graphite). Indeed, as highlighted above, the modifications
of the MAC values upon the interpenetration of the two spherules mainly result from the
local polarizability changes coming from the evolution of the number of neighbors of some
carbon atoms upon the relaxation of the atomic positions. To better identify the underlying
origin of these variations of the MAC values properties, a detailed analysis of the effect
of each parameter modified during the interpenetration process has thus been performed.
Indeed, contrarily to real situations in which the influence of all these parameters would
be hardly distinguishable, the modeling approach allows to focus separately on i) the ratio
between the number of anisotropic and that of isotropic C atoms (r = Caniso/Ciso), ii) the
distribution of the different carbon atom types (i.e. C1, C2, C3 and C4) in the particles, iii)
the orientation of the anisotropic polarizability tensors, and iv) the positions of the carbon
atoms, to determine which parameter has the largest influence, if any.

3.1.1. Effect of the ratio between the number of anisotropic and that of isotropic carbons

In our approach, the ratio r = Caniso/Ciso is directly linked to the number of nearest
neighbors of each carbon atom in the system. Indeed, as explained above, the atomic po-
larizability tensor of C3 has been given the values of the anisotropic frequency-dependent
polarizability tensor coming from graphite data whereas all the other carbons (C1, C2, and
C4, i.e., carbons with one, two or four nearest neighbors) have been assigned an isotropic
frequency-dependent polarizability tensor (obtained by averaging the diagonal components
of the anisotropic polarizability tensor).

As reported in Table 1, the ratio r is modified by the interpenetration process because
the number of nearest neighbors of some carbon atoms changes upon the relaxation of the
interpenetrated spherules. Thus, to check the specific influence of r variations, the MAC of a
model system in which the geometry has been fixed and only the ratio r has been modified,
has been calculated as follows.

The configuration in which the spherules are interpenetrated has been chosen, as a ref-
erence for the fixed geometry. In this configuration, the actual ratio r is equal to 5.05 (see
Table 1).

Then, keeping the same configuration, the ratio r has been decreased by randomly select-
ing carbon atoms (everywhere in the spherules) and arbitrarily switching their polarizability
tensor from anisotropic to isotropic, until the ratio r reaches the value of 4.78. It has to be
noted that the Cartesian coordinates of the selected atoms have not been modified, ensuring
that only the ratio r has changed.

As shown in Figure 3, in the visible range of the spectra (350-750 nm), the MAC value
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Figure 3: Mass absorption cross sections calculated with the DADI model for two coalesced spherules
containing different numbers of anisotropic vs. isotropic carbon atoms (see text), corresponding to r = 5.05
(red curve), r = 4.78 (dashed blue curve), and r = 0 (dotted-dashed black curve).

increases by about 12 % while r decreases from 5.05 to 4.78, in accordance with the results
shown in Table 2. However, in the UV range, the MAC curves are almost undistinguishable
(especially in the region of the maximum), in contrast with the behavior exhibited on Figure 2
upon interpenetration of the two spherules.

Because the two r values considered above correspond to a polarizability change (from
anisotropic to isotropic polarizability tensor) of a few tens of carbon atoms, only (see Table 1),
the extreme situation in which all the atoms have been assigned an isotropic instead of an
anisotropic polarizability tensor has also been considered in the DADI calculations. In this
case, r = 0, and the corresponding MAC curve, also given in Figure 3 (dashed-dotted black
curve), significantly differs from the two other ones (r = 5.05 and r = 4.78), confirming thus
that considering isotropic polarizability tensors in our spherules instead of anisotropic ones
does indeed change the corresponding MAC curves, as already observed in a previous work
[35].

The demonstration is thus made here that MAC changes are, at least partly, driven by
the polarizability changes during the coalescence of the spherules.

3.1.2. Effect of the distribution of the carbon atom types

To better assess the influence of the positions where the polarizability changes take place,
we have again considered the configuration in which the two spherules are interpenetrated
(r = 5.05), as a reference. However, the polarizability tensors have now been randomly
distributed on the carbon atoms such that a C atom has been assigned an isotropic or an
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anisotropic tensor, regardless of its number of neighbors, the constraint being only to keep
the ratio r = 5.05 unchanged.

It should be mentioned that when doing this, it happened that 755 C atoms had to
be assigned an anisotropic tensor although they do not have three next neighbors. But,
as explained in Section 2.3, the parallel and perpendicular components of the anisotropic
polarizability tensor have to be defined with respect to a local frame which is determined
with respect to the plane defined by the location of the three next neighbors. Thus, to over-
come this situation and to be able to perform the DADI computations with the anisotropic
polarizability tensors, it has been arbitrarily decided to choose, for these C atoms, the axes
of the global frame as principal axes of the polarizability tensor, even though we are aware
that this situation is a purely virtual case. Nevertheless, it allows the desired comparison
in the framework of our theoretical approach. Furthermore, to better estimate the influence
of this assumption, two calculations have been performed, one in which the perpendicular
components of the anisotropic polarizability tensors are all defined along the z-axis of the
global frame and the other one in which it is along the y-axis of the global frame.

The corresponding MAC values, between 100 and 800 nm, are given in Figure 4. In
this Figure, the MAC curve calculated for the reference system with the real distribution
of polarizability tensors (already shown in Figure 2) has also been reported for comparison
(note that real distribution means that each carbon atom has been assigned the anisotropic
or the isotropic polarizability tensor which depends on its actual neighborhood).

First of all, the results given in Figure 4 show that the arbitrary orientation of the
755 anisotropic tensors randomly distributed in the system has very little influence on the
corresponding MAC curves which are almost superimposed. By contrast, MAC values appear
influenced by the location of the anisotropic tensors. Indeed, the main peak in the UV region
of the spectra is blue shifted by more than 10 nm when considering random distribution of
the tensors rather than their real positions, while the MAC value at the maximum of this
peak decreases by about 13 %. In addition, above 300 nm, the MAC values calculated when
considering the real distribution of polarizability tensors are about 10-12 % smaller than
those calculated with the random distribution of these tensors.

These results emphasize the role played on the optical properties by the exact location
where the change of the polarizability tensors (anisotropic vs. isotropic) takes place when
geometric restructuring of carbonaceous particles arises upon their interpenetration.

3.1.3. Effect of the orientation of the anisotropic polarizability tensors

Here, we focus on the role that the orientation of the anisotropic polarizability tensors
may play on the optical properties of the system, in the DADI calculations. We again
consider as reference the situation in which the two spherules are interpenetrated, with the
ratio r = 5.05 (i.e. the real ratio), and the atomic polarizability tensors are at their correct
location (i.e., C3 atoms have been assigned anisotropic polarizability tensors while the other
atoms have been assigned isotropic ones). Thus, the calculated MAC curve is that already
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Figure 4: Mass absorption cross sections calculated with the DADI model for two interpenetrated spherules
containing the same number of anisotropic vs. isotropic carbon atoms, corresponding to r = 5.1, but
differing by the location of the anisotropic polarizability tensors. The full red curve corresponds to the real
distribution of the polarizability tensors, whereas the dashed and dashed-dotted red curves correspond to a
random distribution of the atomic polarizability tensor, for which the perpendicular component of all the
anisotropic polarizability tensors has been defined with respect to either the z-axis or the y-axis of the global
frame, respectively.
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Figure 5: Mass absorption cross sections calculated with the DADI model for two coalesced spherules with
r = 5.1 with the consideration (red curve) or not (dot-dashed red curve) of the correct orientation of the
anisotropic tensors.

given in Figure 2. But we have also performed the DADI calculations by considering that
all the anisotropic polarizability tensors are defined in the same global frame, rather than in
their respective local frame as in Figure 2. As an illustration, we have chosen to define the
perpendicular components of these tensors along the z-axis of the global frame. Note that
doing this means that using rotation matrices in Eq. 1 is no more necessary because the axes
of the global frame are aligned with the three directions successively chosen for the incident
electric field (see paragraph 2.1 ). As already mentioned above, this situation corresponds
to a purely theoretical case, for analysis purpose.

The MAC curves calculated in the real situation and in the case for which all the
anisotropic polarizability tensors are defined in the same frame are compared in Figure 5,
in which it is clearly evidenced that the MAC curve is significantly blue shifted in this lat-
ter case with respect to the former one, and that the corresponding MAC values are largely
smaller. These results illustrate the importance of defining the components of the anisotropic
polarizability tensors with respect to their local frames (i.e., those attached to the C atoms
which have been assigned the anisotropic tensors) instead of with respect to the same global
frame.

Finally, an additional test has been performed by comparing the MAC curves obtained
when considering the real and the random distributions of the anisotropic polarizability
tensors (still with the constraint r = 5.05), and when defining the components of all these
tensors in the same global frame. In the corresponding calculations, the perpendicular
component of the anisotropic tensors has been defined with respect to the z-axis of the
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Figure 6: Mass absorption cross sections calculated with the DADI model for two separated spherules con-
taining the same number of anisotropic vs. isotropic carbon atoms (see text), corresponding to r=5.1, but
differing by the locations of the C atoms on which anisotropic polarizability tensors are assigned. Calcula-
tions have been performed when considering a random (dotted black curve) or the real (dashed red curve)
distribution of these carbon atoms. In both cases, the perpendicular component of every anisotropic tensor
is oriented along the z-axis, i.e., in the global frame rather than in the corresponding local frame.

global frame, as an example. Again, these calculations correspond to virtual situations,
but they give the unique opportunity to focus on a system where only the locations of the
anisotropic tensors have been modified, and not their orientation. The corresponding results
are given on Figure 6 in which it can be seen that randomly distributing the anisotropic
polarizability tensors clearly results in a blue shift of the MAC curve with respect to the
situation where these tensors are located at their real position, as well as in smaller MAC
values in the UV-Visible range. Thus, by freeing oneself from the exact orientations of the
tensor components, these additional calculations highlight the role played by the positions
of the C atoms to which anisotropic polarizability tensors are assigned.

3.1.4. Effect of the carbon atoms location

In this last series of calculations, the tensor orientations have been totally disregarded by
considering that all C atoms have been assigned an isotropic polarizability tensor (coming
from the graphite parametrization, as explained before). This means, by definition, that any
polarizability change will be disregarded in the DADI calculations upon restructuration of
the spherules (because the constraint r = 0 has been imposed).

The MAC curves have then been computed for two separated and two interpenetrated
spherules, by taking into account the real positions of their atoms. The corresponding results,
obtained between 100 and 800 nm with the DADI model, are given in Figure 7.

18



Figure 7: Mass absorption cross sections calculated with the DADI model for two well separated (dashed
blue curve) or interpenetrated (red curve) spherules, in which only atomic isotropic polarizability tensors
have been considered.

As it can be seen, the two MAC curves are almost superimposed on the entire range of
wavelengths, which is coherent with the fact that the spherules are of size much smaller than
the wavelength, a situation that corresponds to the Rayleigh approximation. It can be thus
concluded that, for these small spherules, the geometrical changes (i.e., modifications in the
atomic positions) inherent in interpenetration cannot, by themselves, result in a modification
of their optical response (MAC curves), if the corresponding atomic polarizabilities remain
unchanged.

4. Calculations of the refractive indices

The refractive indices for the systems considered here have been calculated, as a function
of the wavelength between 100 and 800 nm, in the three situations described above, i.e.,
when the two spherules are separated, just in contact or interpenetrated, by using the model
developed in Section 2.4.

The real (n) and imaginary (κ) parts of the calculated refractive indices are shown in
Figure 8 for the three situations considered here, as a function of the wavelength. In addition,
their corresponding values at 550 nm, a wavelength typically used as a reference in the
literature [13, 70], have been given in Table 3.

First of all, it is worth noting that the results obtained here on the basis of a combination
between RDG and DADI models are perfectly compatible with those recently reported for
BC particles at 550 nm [13]. Indeed, it has been shown that, to explain measured optical
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Table 3: Values of the real (n) and imaginary (κ) parts of the refractive index calculated at the wavelength of
550 nm for the three situations of the two spherules considered here. The corresponding ratio r = Caniso/Ciso

is also recalled, for information.

Configurations r =
nCaniso

nCiso
n (550 nm) κ (550 nm)

Separated spherules 4.78 1.74 0.90
Spherules in contact 4.65 1.71 0.90

Interpenetrated spherules 5.05 1.65 0.87

properties of soot, the most plausible values of n and κ are expected to be in the ranges
1.5 < n < 1.86 and 0.68 < κ < 1 [13]. In addition, these values of n and κ should be
constrained by 0.32 < E(m) < 0.4 [13], a condition which is again verified in our approach
which gives, from Eq. 8, a value of E(m) = 0.34, at 550 nm.

As it can be seen in Figure 8, the real and imaginary parts of the refractive indices
are both impacted by the configurations of the two spherules, especially above λ = 250
nm, with almost constant differences of about 6 % for n(λ) and 4 % for κ(λ) between the
situation where these spherules are well-separated and that of interpenetrated spherules.
Note, however, that only the values of n appear to be perceptibly modified when the system
changes from separated spherules to spherules in contact. Clearly, the strongest modification
of the refractive index values is calculated when the two particles are interpenetrated, a
situation which can be related to the fact that the relaxation upon interpenetration leads
to a polarizability change for about 1 % of the C atoms (as shown in Table 1), and to the
increase from 4.78 to 5.05 of the ratio between the number of anisotropic and that of isotropic
C atoms. Such small variations have already been shown to impact on the optical properties
of carbonaceous (primary) nanoparticles when using the DADI model [35], and it is thus not
surprising that similar effect is also seen on the refractive index values calculated here.

It is worth noting that the refractive index calculated with this C60 parametrization (see
above) [69] is equal to 1.71 + i1.07 at 550 nm, the values of the real and imaginary parts of
this index being both higher than those calculated with the graphite parametrization, but
still remaining almost in the range of acceptable values for soot [13].

The refractive indices obtained above with the graphite parametrizations have then been
used to calculate the optical properties of the spherules considered here in the framework
of the T-matrix method, adapted for multiple spheres (MSTM code) [71, 72]. The mass
absorption cross sections calculated with this T-matrix approach are given in Figure 9 and
compared with the values directly obtained with the DADI model, for systems consisting
of two well separated and two interpenetrated spherules. As it can be seen, a very good
agreement is obtained between the two methods, in both situations. Indeed, in average,
differences of about 7 and 8 % have been calculated between T-matrix and DADI results,
for separated and interpenetrated spherules, respectively.

In addition, as shown on Figure 10, the interpenetration of the two spherules is responsible
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(a) (b)

Figure 8: (a) Real and (b) imaginary part of the refractive index calculated for two identical soot spherules,
between 100 and 800 nm, when considering three typical situations: separated (dashed blue curve), in contact
(dashed dotted green curve) and interpenetrated (red curve) spherules.

(a) (b)

Figure 9: Comparison between the mass absorption cross sections calculated with the T-matrix (symbols)
and the DADI approaches (doted lines) for the two separated (left) and the two interpenetrated (right)
spherules.
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Figure 10: Mass absorption cross sections calculated with the T-matrix approach for two well separated
(circles) and two interpenetrated (squares) spherules, in which refractive indices calculated with the DADI
model have been considered.

for a small decrease of the MAC values calculated with the T-matrix method, confirming
thus the results obtained with the DADI model. For instance, at 250 nm, this decrease upon
interpenetration of the two spherules is equal to 5.7 % when calculated with the DADI model
(see Table 2) whereas it is equal to 4.7 % when calculated with the T-matrix method.

Interestingly, this fair agreement between the T-matrix and the DADI results indicates
that the refractive indices obtained here by taking into account the atomistic details of the
spherules can be safely used as inputs in other theoretical, macroscopic approaches.

However, it should be kept in mind that because variations of the values of these re-
fractives indices upon interpenetration of the spherules are related not only to localized
polarizability changes in these spherules, but also directly to their structural relaxation, i.e.,
to the variation of the atomic positions in the spherules (as evidenced here), a correct esti-
mation of these indices cannot be obtained without using a theoretical method based on the
atomic description of the system, such as the DADI model.

5. Conclusion

Here, the DADI model has been used to investigate the influence of the coalescence of
two carbonaceous nanoparticles on their optical properties. The results of the calculations
have shown that the interpenetration of these spherules actually modifies the values of their
refractive index and of their MAC by a few percent, and that the corresponding variations are
tightly bound to local modifications of the system, with a subtle interplay between changes in
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both the atomic polarizabilities and the atomic positions. In other words, the restructuring of
the close neighborhood of the carbon atoms upon coalescence is the key point to better assess
the impact of soot ageing on their optical properties and, consequently, on their radiative
forcing (climate impact). Thus, the less the soot primary particles are graphitized, the more
they would contains isotropic C atoms, leading then to lower MAC values, as shown here.

From the theoretical point of view, atomistic modeling based on, e.g., the DADI method,
would certainly be a reasonable way to obtain the requested precision, provided that ac-
curate atomic polarizabilities are available. Meanwhile, sophisticated molecular dynamics
simulations can certainly be considered to improve the modeling of the soot restructuring
upon coalescence. The question remains on whether this level of precision can be attainable
or not by local experimental probes such as high-resolution electronic microscopy (HRTEM).

In addition, changes in the optical properties of soot clearly appear to not only result
from atomic displacements, but also from local changes in atomic polarizabilities. Formally,
this therefore prevents using the same optical index to globally describe by macroscopic
approaches any kind of soot, even with the same composition. On the contrary, different
values of the refractive index may even appear necessary to take into account at least the
particularity of the coalescence zone on the one hand, and the rest of the system on the
other. Calculations at the atomic scale, e.g., via the DADI method, make it possible to
overcome these constraints and allow the computation of refractive indices which are usable
as inputs in macroscopic models, such as T-matrix, as shown here.

In further studies, considering the presence of other types of atoms as, e.g., oxygen or
sulfur atoms, in the soot particles, as well as possible organic coating would be also required
to better quantify the impact of soot ageing processes on climate forcing. Adding new types
of atoms (in the structure or in the coating of the soot) in the DADI calculations is certainly
feasible, provided that the corresponding frequency-dependent atomic polarizabilities are
known, which could come from our inverse DADI method [37] fed by high-level quantum
computation results (e.g., TD-DFT) or experimental results ideally performed in the near
UV, for different soot particle compositions and morphologies.
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[44] H. İ. Yazıcı, H. Ertürk, F. Liu, Effect of necking and polydispersity in aggregate and
primary particle size on the scattering matrix of soot aggregates, J Aerosol Sci 173
(2023) 106226. doi:https://doi.org/10.1016/j.jaerosci.2023.106226.

[45] A. Bescond, J. Yon, T. Girasole, C. Jouen, C. Rozé, A. Coppalle, Numerical investi-
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