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Abstract

DFT calculations both at 0K in energy optimization procedure and at finite tem-
perature in ab initio molecular dynamics (AIMD) calculations are used to characterize
the adsorption of the hydrogen chloride molecule on a carbonaceous cluster in which a
carbon vacancy has been created by removing one carbon atom. This aims at modeling
the defective surface of the small graphitic basic structural units that constitute soot
nanoparticles, as experimentally evidenced. The results show that HCIl can be easily
dissociated at the vacancy site of the surface, resulting in the formation of a chlorinated

site at the carbonaceous surface, which could have different structures depending on



the thermodynamics of the reactions. Then, the resulting chlorinated carbona-
ceous surfaces are used as model substrates to characterize the first stages
of the adsorption of water molecules on chlorinated soot. It is thus shown
that adsorbed chlorine atoms may act as an efficient nucleation center for
water trapping at the surface of soot. These results represent a new step towards
a better understanding of the soot behavior in industrial or domestic fire situations, as
well as in marine atmospheric environment where oxidant and chlorinated species are

ubiquitous.

Introduction

Aerosols are ubiquitous in the Earth’s atmosphere and play a central role in recent climate
evolutions as well as in public health.! Indeed, besides their direct effect on climate coming
from their ability to scatter or absorb radiation, thus affecting the Earth’s energy balance,
aerosol particles can serve as nuclei for ice crystals and liquid droplets leading to an indirect
effect on climate by impacting on cloud formation and precipitation.? Aerosols also partici-
pate in heterogeneous chemical reactions, thus modifying the abundance and distribution of
trace gases in the atmosphere.® Moreover, their role in transporting irritant gases into the
lungs after inhalation is now recognized to pose a major threat to public health.*

Among the huge variety of atmospheric aerosols that has to be better characterized,
carbonaceous particles coming from fossil fuel or biofuel combustion deserve special atten-
tion because of the increasing importance of transport activities that contribute 20-25 % to
the total anthropogenic emission of carbonaceous particles.® Although several different tech-
niques have been used to characterize the formation, the structure and the physico-chemical
properties of this so-called “combustor soot” from many years, %7 significant deficiencies still
remain in our understanding of particle formation and aging, i.e., the evolution of soot in
8

the atmosphere due to its reactivity with the surrounding gas species.

Although the structure of combustor soot may depend on the process conditions, there



are some common general characteristics that are now well-recognized.®!! Thus, soot is
made of primary particles of nanometer size, that are agglomerated to form more or less
compact aggregates exhibiting random fractal structures and having sizes ranging from tens
to hundreds of nanometers.!'*® The soot primary particles exhibit a so-called turbostratic
structure in which graphitic basic structural units (BSU) are randomly stacked on various
spheres of increasing radii, as it has been evidenced by means of electron microscopy. 47
These BSUs are generally made of 2-3 aromatic layers with an interlayer space of about 3.4—
4.2 A,'8 and layer lengths ranging from less than one to a few nanometers. 7 Each layer
can be viewed as a graphene-like sheet containing a certain amount of topological defects,
the concentration of which being much more important at the surface than in the bulk of
the primary particles.!” These defects may be, for instance, heptagon-pentagon connections
(i.e., similar to the so-called Thrower-Stones-Wales defects observed in various carbonaceous

20.21 carbon vacancies or unsaturated carbon chains.!” In a general way, the

structures),
high non-graphitic carbon ratios evidenced in the experiments point out the
very defective nature of the outer graphene layers of the soot primary particles.'”
Thus, heterogeneous chemistry at these defective sites may likely participate in the reactivity

£22,23

and hydrophilicity of soo as it takes part in the reactivity of graphene and graphite

surfaces. 2425

Characterizing the interaction of soot particles with the surrounding atmospheric gaseous
species is of fundamental interest to better understand how soot aging may impact on their
physico-chemical properties and, thus, modify the possible influence of soot on climate as
well as on air pollution and health.?¢"% Tt is also mandatory when considering fire situations
during which smokes, that can be viewed as mixtures of gases, vapors and particulates
including soot, can be inhaled and, thus, transport irritant gases deeply into the respiratory
system. 30

Considering that 1) hydrogen chloride (HCI) is one of the main chloride species produced

in combustion of electrical elements and materials containing polyvinyl chloride (PVC) dur-



ing domestic and industrial fires,3! 11) chlorinated species are ubiquitous in the marine en-
vironment3? where their interaction with soot particles emitted by shipping engines3? can
influence the formation of ship tracks®* and, thus, modify the impact of the marine traffic
on the terrestrial albedo, 335 111) the interaction between HCI and soot has been yet poorly
characterized in the literature, we have recently studied the trapping of hydrogen chloride
(HC1) and atomic chlorine (Cl1°*) at various sites of two polycyclic aromatic hydrocarbon
(PAH) molecules (Co4Hjy and Cs4Hig) by using density functional theory (DFT) methods
with different functionals and basis sets.?® Indeed, quantum chemical methods can provide
such a detailed direct insight into the molecular level mechanism of chemical reactions that
cannot be achieved by any experimental method itself. Moreover, since reactivity is usually
a local phenomenon, its theoretical characterization does not require a detailed description
of the whole soot particle that can, thus, be accurately represented by small carbonaceous
clusters of size typically falling in the BSU size range. Thus, we use large PAH (C,H,)
molecules as a proxy to model the surface of the graphene-like platelets that form the BSUs
constituting soot primary nanoparticles, as in previous works based on quantum chemical
calculations. 3740

Our results showed that the considered chlorine species can be either physisorbed or
chemisorbed at the face or at the edge of the soot BSU, respectively. In addition, the theoreti-
cal characterization of the interaction of small water aggregates with the resulting chlorinated
PAHs indicated that chlorine species may favor subsequent water adsorption on soot and,
thus, participate in the hygroscopic behaviour of soot, for instance in smokes of industrial
fires.30

Here, we go one step further by considering theoretically the interaction of HCI with a
large PAH radical containing one carbon atom vacancy, i.e., a PAH species from which one
carbon atom has been removed. This system aims at modeling the face of defective BSUs such

as those recently evidenced at the surface of soot primary particles.'” It is worth mentioning

that carbon atom vacancies in the soot BSUs do not result from carbon atom removing from



already existing perfect graphene-like surfaces. Indeed, this process would require very high
energy and can only be observed after, e.g., irradiating a carbonaceous surface with electrons
or ions. > Rather, carbon atom vacancies at the surface of soot BSUs are likely directly formed
during incomplete recombination of the soot precursors, as it has been evidenced in various
numerical simulations of the soot formation at the atomic scale.44

We consider the specific situation of a defective BSU that we model by removing one
central carbon atom from the large CggHay molecule, thus forming a platelet made of fused
carbonaceous rings arranged in a single atomic layer, that contains 79 carbon atoms, the
edges of this BSU being saturated by hydrogen atoms. Note that the largest size of this
molecule is about 1.5 nm, which falls in the size distribution of real BSUs, as
observed in the experiments.!” The optimized geometry, at the DFT level (see below), of
this C79Has radical is shown in Figure 1. Of course, this defective PAH is only a crude model
of the soot surface. In particular, real soot BSUs are made of clusters of PAHs, separated
by interlayer distances slightly larger than in graphite.'” The influence of such clustering on
the surface relaxation of the surface layer exposed to the gas phase is, however, difficult to
take into account in the present DFT approach, in particular because this would involve a
very large number of atoms in the AIMD calculations. Moreover, in a real soot, these
PAH clusters are also tied together by carbon bridges that cannot be taken into account in
our approach based on finite size BSUs.

To characterize the adsorption process of HCI on the Cr9Hqs radical, we perform opti-
mization calculations at the DFT level with the Gaussian 09 quantum chemistry package.**
However, considering the large size of the system modeled here and the difficulty to find its
minimum energy configurations, results of calculations at the semi-empirical Austin Model
1 (AM1) level* are also used as initial guesses for the subsequent search of the energy min-
ima carried out with the more sophisticated DFT scheme. In addition, we perform ab initio
molecular dynamics (AIMD) simulations at the DFT level using the Vienna ab initio sim-

ulation package (VASP)4649 because it has been proven to be an accurate tool to perform



Dangling bond

Pentagonal cycle

Figure 1: Geometry of the C;9Hyy radical after optimization with the PBE functional. This
radical has been obtained from the CgyHss molecule by removing a central carbon atom.
Note, at the vacancy site, the formation of a pentagonal cycle and the position out of the
PAH plane of the carbon atom bearing the remaining free valence. Carbon and hydrogen
atoms are represented as gray and white balls, respectively.

surface reactivity studies.?® Indeed, using AIMD simulations allows to take into account the
possible influence of the temperature on the HCI adsorption process. It also avoids a tedious
explicit characterization of the possible energy barriers that may exist along the reaction
paths of the adsorption process, as evidenced in previous studies of the reactivity of similar

surfaces with H,O and O molecules. 25! .

Computational Details

In the AIMD calculations, the generalized gradient approximation (GGA) is adopted in
the form of the Perdew, Burke and Ernzerhof (PBE) exchange correlation functional.?? The
electronic wave functions are expanded in a plane-wave basis set with an energy cut-off equal
to 500 eV. In order to correctly describe the core electrons, pseudo-potentials generated using

5354

the projector-augmented-wave (PAW) metho are used. Calculations are done in a so-

called super-cell so that the HCI + Cr9Hyy system is isolated from its neighboring images in



a large cubic box, characterized by an edge length of 28 A. This value has been optimized for
our system, which means that using a larger box does not have any influence on the results.
A k-points sampling of 1 x 1 x 1, generated with the Monkhorst-Pack method,?® is found to
be sufficient with such a large simulation box.

In the AIMD study, HCI is initially placed right above the location of the carbon atom
vacancy of the C79Hqs radical. The initial orientation of HCI with respect to C;9Hgs is defined
by the polar 6 and azimuthal ¢ angles, as shown in Figure 2. Then, an initial velocity is given
to the HCI molecule, in the direction of the vacancy site of C79Hss. Two different directions
of the velocity vector are defined, by considering the line connecting the center of mass of
HCI and either the carbon atom having a free valence (position P;) or the geometrical center
of the defect (position Py), i.e., the site of the missing carbon atom, evaluated by the mean
position of its nearest neighbors. The initial distance between the center of mass of HCI and
the positions P, or P is set equal to 5A, a value corresponding to vanishing interactions
between HCI and the surface at the beginning of the simulation runs. A time step of 1fs is
used for the ionic movements.

Then, the simulations involving both HCIl and the defective carbonaceous cluster are
carried out in the micro-canonical ensemble, in order to allow the HCl molecule to move
freely without any periodic rescaling of its velocity by a thermostat, as it would be the case
in the canonical ensemble.

It is worth noting that because of the high computational cost of AIMD calculations
for the large system considered here, only quite short trajectories can be generated during
the simulation runs within a reasonable time. To overcome this difficulty, a large number of
various initial conditions (positions and velocities) should be considered in the simulations,
to ensure a good exploration of the configuration space and, thus, the relevance of the results
from a statistical point of view. However, considering a large set of fully randomized initial
configurations would also be far too time-consuming and is therefore even not realistic. As

a consequence, we rather use a simplified approach in which the initial configurations are



Figure 2: Illustration of the initial configurations of the AIMD simulation runs. The z, y and
z axes are defined according to the direction of an arbitrarily chosen C—C bond and the mean
plane of C;9Hsy. The orientation of HCI in this frame is defined by the polar angle 6 and the
azimuthal angle ¢. The initial velocity of HCI is directed towards a point of incidence that is
either the carbon atom having a free valence (P;) or the center of the defect (P3). Carbon,
hydrogen and chlorine atoms are represented as gray, white and green balls, respectively.

judiciously chosen to accurately sample the configuration space.

For the optimization runs with Gaussian, we use the well-known Becke, three-parameter,
Lee-Yang-Parr (B3LYP) hybrid exchange-correlation functional,5¢ which has already been
used to study the adsorption of halogen atoms on graphene,?” and the half-and-half hybrid
functional BH&HLYP,%® which has proven to correctly describe the structure of chlorine
atom-benzene complexes.?® Because of the large number of atoms in the systems under
investigation, we only consider two relatively small basis sets in our calculations, namely the
6-31G(d,p) and the larger 6-311G(d,p) basis sets, for comparison. Moreover, optimization
runs are also conducted with VASP (in the PBE scheme) in addition to AIMD simulations,
for comparison with the results obtained with Gaussian using hybrid DFT functionals and
atomic orbital basis sets.

Note that various initial conditions, i.e., different positions and orientations of the HCI

molecules above the PAH radical, are considered in the calculations to increase the proba-



bility of finding the global energy minimum of the large systems under investigation.
Because the PAH radicals considered here are characterized by unpaired electrons, all the
calculations with the Gaussian software are performed using the restricted open-shell (RO-
DFT) scheme, to avoid any spin contamination that may affect the results of calculations in
the unrestricted open-shell (U-DFT) approach.® When using VASP, both non spin-polarized
(NSP) and spin-polarized (SP) calculations are performed, the former referring to a R-DFT

scheme and the latter to an U-DFT scheme, in VASP terminology. %!

Dissociative Adsorption of Hydrogen Chloride on a Large

PAH Radical

Relaxation Study

We characterize by energy optimization the adsorption of the HCI molecule on the defective
CroHgs radical presented in Figure 1. Because of the large size of the system considered, we
first perform calculations at the semi-empirical level to get a rough picture of the potential
energy surface corresponding to the HCI adsorption process. Thus, using AMPAC%? with
the AM1 method?® and the restricted open-shell scheme, several configurations are obtained
exhibiting similar energy values. All these structures correspond to final configurations where
the HCI molecule is dissociated at the surface, the H and Cl atoms being chemically attached
to the carbonaceous cluster.

Three main types of optimized structures are found at the AM1 level. In the first one,
hydrogen and chlorine atoms are bound to two different carbon atoms, in cis (structure D)
or trans (structure Dy) positions with respect to the surface of the carbonaceous cluster.
The second type of optimized structures corresponds to adsorption of hydrogen and chlorine
atoms both on the same carbon, structure G; being characterized by a position of the Cl

atom as far as possible from the surface, whereas structure Gy corresponds to the reverse



Figure 3: Pictures of the various optimized C;9Hs3Cl structures, obtained with the semi-
empirical AM1 method after the dissociative adsorption of HCI on C79Hss. For each structure,
top and side views are given. Carbon, hydrogen and chlorine atoms are represented as gray,
white and green balls, respectively.

situation. Finally, in structures of type B, the chlorine atom is located in a bridge position
between two (B;) or three (Bs) carbon atoms, the hydrogen being attached to a neighboring
carbon. All these configurations are shown in Figure 3.

From an energetic point of view, the values of the enthalpy of formation, given in the
first column of Table 1, indicate that structures D; and Gy are less stable than structures
D, and Gy by about 0.5eV. This can be related to steric effects. Indeed, in structure Do, the
H and Cl atoms are in a trans position with respect to the surface and, in structure Gy, the
chlorine atom is attached as far as possible from the carbonaceous surface. The two most
stable structures are By and By (with enthalpies of formation lower than those of Gy and Dy
by about 0.5eV), indicating that the number of Cl-C bonds that can be formed (two and
three, for structures B; and Bs, respectively) is a key factor for the stabilization of the HCI
dissociation product at the AM1 semi-empirical level of calculations.

HCI chemisorption on the defective carbonaceous surface leading to various possible stable
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Table 1: Enthalpies of formation AHY, calculated with the semi-empirical AM1 method,
and adsorption energies F,.qs, calculated at the DF'T level, for the various optimized con-
figurations of the Cr9Hyy + HCI system. Four different functionals have been used in the
DFT calculations, namely B3LYP, BH&HLYP, PBE and PBE-D2. Energy values are given
for calculations performed with the 6-31G(d,p) basis set or the larger 6-311G(d,p) basis set
(values in parentheses) and, for PBE and PBE-D2 calculations, using a plane wave basis set.
Values are given in eV.

AH? EB3LYP [BH&HLYP EFBE  pPBED2
D; 20.727 —1.380 (—1.321) —1.627 (—1.582) —1.157 —1.375
D, 20.186 —1.555(—1.497) —1.831 (—1.783) —1.301 —1.527
Gi 20.132 —1.996 (—1.934) —2.346 (—2.289) —1.718 —1.935
Go 20.680 —1.218 (—1.168) —1.561 (—1.516) —1.045 —1.280
B; 19.673 —0.832 (—0.801) —1.030 (—1.004) —1.050 —1.265

B, 19.582

configurations, it is interesting to find the corresponding transition states and to characterize
the possible existing energy barriers between the minima of the potential energy surface.
Here, we use the implementation in AMPAC of the chain method®® which is a technique
specially devoted to the search of the transition states between local energy minima, again
at the semi-empirical level with the AM1 method to save computational time, the relaxation
of multiple point chain profiles being quite time consuming. The results (not presented)
show that, with the exception of the D; to D, transition which exhibits a quite low energy
barrier of 0.112eV, all the other stable structures are separated from each other by high
energy barriers larger than 1.8 eV. Thus, the various stable structures of the potential energy
surface calculated for the HCI dissociation process on the defective carbonaceous surface are
energetically isolated from each other, meaning that the corresponding system could easily
be trapped in a local energy minimum at 0 K.

Given the approximations related to semi-empirical calculations, it is important to check,
in a second step, the reliability of the results obtained with the AM1 method by performing
a set of higher level calculations. Thus, we use the DFT method with various exchange-
correlation functionals, including BH&HLYP, BSLYP and PBE, and various basis sets to

characterize the minimum energy and the corresponding structure of the product of the HCI
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adsorption process on the C;9Hoo radical. Note that the results of the previous semi-empirical
calculations are used as a guide for this minimum energy search at the DFT level.
In the DF'T calculations, the adsorption process, whether dissociative or not, of HCI on

the defective surface is characterized by the adsorption energy F,4s defined as :

Eads - E[C79H22 + HCI] - E[C79H22} - E[HCH (1)

where E[Cr9Hoy + HCI] corresponds to the total energy of the system after adsorption takes
place whereas E[Cr9Hgy] and E[HCI] are the energies of the isolated reactants. These three
energy values are obtained using the same calculation methods and parameters. The results
of the DFT calculations (obtained with Eq. 1) are given in Table 1. From these energy values,
conclusions similar to those obtained with the semi-empirical approach can be drawn. Indeed,
the same type of structures, D, G, and B, are found, structures G; and Dy corresponding to
the lowest energy values, these two structures thus appear to be the most stable. However,
in contrast with AM1 calculations, structure By is not found in the DFT approach and
structure B; corresponds to the configuration of highest energy. Note also that including
dispersion contributions in the calculations by using the PBE-D2 functional does
not change these conclusions, the dispersion interaction adding however about
—0.22 €V to the calculated adsorption energies. This comparison clearly indicates that
although calculations at the semi-empirical level could give interesting qualitative results for
such large systems, the most stable structures have to be confirmed by the more sophisticated
DFT method. It is worth mentioning that similar results are obtained with the various
functionals and basis sets used in the DFT approach, at least in terms of comparative
stability of the various structures found during the energy minimization process. This gives
confidence in the present conclusions based on the DFT calculations.

Because the substrate considered in the present calculations has a finite size,

structural changes (i.e., surface distortion) are evidenced upon dissociation of
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Table 2: Interaction energies Fi,; and deformation energies Fy.f, calculated at the DF'T level
for the Cr9gHas + HCI system, with the PBE and PBE-D2 functionals. Values are given in
eV.

E.PBE E_PBE—D2 Eclie]?E [C79H22] E(};el?E—D2 [C79H22]

int int

D, —-2.697 -2.919 1.539 1.545
Dy —2.558 —2.791 1.258 1.264
Gy —2.627 —-2.819 0.909 0.884
Gy —2.584 —2.782 1.539 1.501
By —-3.038 —3.293 1.989 2.029

the HCI molecule as shown on the equilibrium configurations given in Figure 3.
As a consequence, the adsorption energy, calculated as the difference between
the energy of the most favorable configuration of the C7;9H33Cl complex and the
sum of the energies of the isolated, well-optimized, C79H>2 and HCI species (see
Eq. 1), accounts not only for the interaction energy between the HCI adsorbate
and the substrate but also for the deformation energy of C;9Hs,. It could thus be
interesting to calculate separately the interaction energy, Ej,;, which corresponds
to isolated Cr9Hss system with the atomic geometry of the C;9gH23C1 complex.
In this approach, the difference between E.4s and FEj,; is termed the deformation
energy Fgcr. % Using both PBE and PBE-D2 functionals, the deformation energy
for the various stable configurations given in Figure 3 varies between about 0.9
to about 2.0eV, the lowest value being for the G; configuration, whereas the
largest one is for the B, structure. These results indicate that a large part of the
differences between the adsorption energies corresponding to the various stable
configurations comes from the deformation of the PAH upon HCI dissociation.
By contrast, the differences in the interaction energies only lie within a 0.5eV
range between the various stable configurations (see Table 2). Thus, the results
obtained here may depend on the deformation of the surface, i.e., on the size of
the PAH considered.

As a consequence, to quantify the effect of the size of the PAH, we also per-
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Figure 4: Geometry of the Cio9Hsg radical after optimization with the PBE functional.
Carbon and hydrogen atoms are represented as gray and white balls, respectively.

form a set of optimizations at the DFT level on the larger C,29H>g radical, shown
in Figure 4. The corresponding results obtained with the PBE and PBE-D2 func-
tionals are given in Table 3. They show that the adsorption energies calculated
on the Ci9Hzg system are larger, in absolute value, than those obtained on
Cr9Hy2 by about 0.2eV for D structures, whereas they are very similar for G
structures. Anyway, G; remains the configuration corresponding to the lowest
HCI1 adsorption energy, followed by D,, irrespective of the substrate size. Note
also that the B; configuration is not found stable on this large PAH radical.

In addition, to model larger carbonaceous sheets, we also perform similar
calculations by keeping fixed the carbon and hydrogen atoms located at the edge
of the Ci39Hog species, as if these edge atoms are maintained in their positions
by surrounding atoms within a larger BSU. The corresponding results given in

the last two columns of Table 3 still indicate that G; and D, correspond to the
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Table 3: Adsorption energies F,q4s, calculated at the DFT level using the PBE and PBE-D2
functionals, for the adsorption of HCI on the C;9Hsy and Cio9Hag radicals. In addition, results
are also given for a Cja9Hag substrate for which the carbon and hydrogen atoms at the edge
have been kept fixed during the calculations (last two columns). Values are given in eV.

CrgHao Ci9Hog C129Hag fixed edges
PBE PBE-D2 PBE PBE-D2 PBE PBE-D2
Eads Eads Eads Eads Eads Eads

D, -—-1.157 —-1375 —-1330 —-1.533 -1.136 —1.361
D, -1.301 —-1.527 —-1534 -—-1.765 —1.174 —1.405
G; —1.718 —-1935 —-1.734 —-1.956 —-1.676 —1.891
Gy —1.045 —1.280 —1.054 —-1.289 —-0.979 —1.209

lowest adsorption energies.

Up to this point, only singlet state systems have been considered in our study. Some
additional calculations are thus performed by considering triplet state systems. Here, triplet
state calculations give systematically higher adsorption energies than singlet state ones, the
energy differences ranging from 0.13eV for Dy to 0.80€eV for G,. Thus, we can reasonably
conclude that the most stable structures for the product of the HCI adsorption process on

the Cr9Hgs radical correspond to singlet states.

AIMD Study

To get further insights on the reactivity of HCl with C;9Hss, we also perform an AIMD study
using VASP with the PBE functional, thus allowing us to take into account the dynamic
effects on the adsorption process. As it has been shown above for the energy optimization
procedure, these functional and plane wave basis set give results in global accordance with
those obtained from hybrid functionals and atomic orbital basis sets, as implemented in
Gaussian (see Table 1).

The first set of calculations is devoted to a carbonaceous surface at an initial temperature
of 0 K with an initial kinetic energy of the HCI molecule equal to 0.04 eV, which corresponds
roughly to the average translational kinetic energy for a HCIl molecule at 300 K. Let us first

detail the results obtained when the initial velocity vector is directed perpendicular to the
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surface, and the incidence point is chosen to be P; (see Figure 2). In this case, 5 values of the
angle 6 (0°, 45°, 90°, 135° and 180°) and 4 values of the angle ¢ (0°, 90°, 180° and 270°) are
considered because they are roughly representative of the different initial orientations that
the HCI molecule can have with respect to the surface. The simulation results show that
quite short simulation runs (between 1 and 3 ps-long) are sufficient to obtain final structures
similar to those previously evidenced with energy optimization techniques at the DFT level
of calculations. Note, however, that in addition to the expected dissociative adsorption of
HCI at the defect site of the surface, some physisorption states are also obtained in the AIMD
runs, as well as some situations in which the HCI molecule is reflected back to the gas phase,
i.e., no adsorption process is observed. Such a situation is considered as the final result of a
simulation run when the distance between the HCI molecule and the surface becomes greater
than 4.25 A. Overall, the AIMD results show a strong influence of the initial orientation of
the HCI molecule on the final product of the reaction with the surface. This dependence of
the simulation results on the initial orientation of HCI is presented in Figure 5, as a diagram
giving the final configuration of the system at the end of the AIMD runs, as a function of
the # and ¢ angles. As it is shown on this diagram, various configurations are obtained,
namely D; or Gy structures, reflection of the HCl molecule back to the gas phase (R) and
physisorption (P).

Nevertheless, the results shown in Figure 5 indicate that most of the simulations end
with the D; or the G structure, depending mainly on the 6 values. Indeed, structure G,
is preferentially obtained starting with small 6 values, i.e., initial configurations in which
the hydrogen atom of HCI points towards the defective site of the C;9Hoo radical, whereas
structure Dy is obtained at intermediate 6 values, i.e., when the HCl molecule is initially
oriented more or less parallel to the surface. When the chlorine atom points towards the
Cr9Hay radical (a situation corresponding to initial large 6 values), most of the runs end
with the HCI molecule reflected back to the gas phase. Angle ¢ has a much weaker influence

on the results of the AIMD runs, except for the value § = 135°, for which in Fig. ba for
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Figure 5: Results of the AIMD simulations at an initial surface temperature of T'= 0K, for
an initial kinetic energy of HCI of Ey,;; = 0.04¢eV and at an incidence angle of 0°, depending
on the initial orientation angles of HCl with PBE (a) and PBE-D2 (b) functionals. Colored
circles correspond to different products with the following correspondences: structures G,
(blue) and Dy (red), reflection to the gas phase R (black) and physisorption P (green).

instance, either the structure D; or the R situation is obtained depending on the initial
value of the ¢ angle.

Note that calculations are performed with (Figure 5b) or without (Figure 5a) taking
into account the possible dispersion effects that are thus investigated by considering the
DFT-D2 method,% which adds a long-range empirical dispersion correction to the exchange-
correlation functional. Indeed, in our AIMD simulations, the incoming HCI molecule is ini-
tially located quite far from the carbonaceous surface, where long-range dispersion contri-
butions to the energy can possibly play a significant role. However, taking into account the
dispersion corrections by using the PBE-D2 functional does not have a determining effect in
most cases, except for the occurrence of the physisorption state which is observed only when
explicit dispersion contribution is considered in the exchange-correlation functional. In addi-
tion, it appears that this dispersion contribution tends to statistically favor structure G; at
the expense of both structure D; and R situation. In this case, the simulation time required

to observe the formation of structure G; depends on the 6 angle and increases typically from
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0.6-0.7ps to 3-4 ps at small and large angle values, respectively. It is worth mentioning
that nudged elastic band (NEB)%5 calculations (not presented) clearly indicate
the lack of any noticeable energy barrier along the reaction paths leading to the
formation of G; and D; structures. This is in contrast with the dissociation of
water molecule on carbon atom vacancies at the surface of graphite® or large
PAHs,®' which is characterized by energy barriers of about 0.8¢V.

Finally, note that some simulations are also carried out using the spin-polarized scheme.
A careful examination of the spin states during the course of these AIMD calculations un-
ambiguously shows that initial and final systems are open state singlets, as already obtained
in static DFT calculations. In addition, using a spin-polarized scheme does not show any
influence on the AIMD results, with however a strong penalty in terms of simulation times
which are more than doubled.

Other values of the initial kinetic energy of the HCI molecule are also considered for
comparison: 0.005eV, 0.5eV and 1eV. The influence of Ej; is found to be quite weak at
low 6 values, where the products are of type G;. However, at an incidence energy of 0.5eV
or more, the reflection process becomes a dominant exit channel for the HCI molecule, at
0 values equal or higher than 90°, instead of the formation of the D; structure. This might
be related to the fact that the formation of structures D leads to a reorganization of the
carbonaceous surface, as evidenced in the relaxation study (see above), during which the
Cr9Hoy radical flattens after the breaking of the pentagonal cycle near the atomic vacancy.
Note that the formation of structure D; also requires longer equilibration times (for instance,
between typically 1 and 1.3 ps for an incident energy of 0.04 eV, instead of 0.6-0.7 ps for the
formation of structures G; in the same conditions).

For comparison, some simulations are also carried out with different initial orientations
of the HCI velocity vector. Considering our previous discussion showing that the dispersion
contribution to the potential energy can impact on the simulation results, we use the PBE-D2

functional for all these calculations. For an incident orientation of the velocity vector equal
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Figure 6: Results of the AIMD simulations with the PBE-D2 functional for an initial surface
temperature of T = 0K, an initial kinetic energy of HCI of Ei; = 0.04eV and at an
incidence angle of 30°. HCI is approaching to the free valence site (P;) either from the side
where the pentagonal cycle is, or (b) from the opposite side. Colored circles correspond to
different products with the following correspondences: structures G; (blue), Dy (red) and Dy
(orange), reflection to the gas phase R (black) and physisorption P (green).

to 30°, the results show larger occurrences of the physisorption state, particularly when the
chlorine atom is initially closer to the surface than the hydrogen atom, whereas mainly D,
and G, structures are obtained for other initial orientations of HCl (Figure 6). Note that
the structure Dy also appears once in these results (Figure 6a). When considering a grazing
incoming trajectory of HCI (i.e., an incidence angle of 60° or more), the reflection process
becomes dominant. This can be expected considering that, in this case, HCl encounters first
the non defective part of the carbonaceous cluster and, thus, bounces without interacting
with the defect zone.

Likewise, additional calculations are conducted with a different point of incidence; thus,
the initial velocity vector of the HCI molecule is directed towards the point P located at the
center of the carbon atom vacancy of the carbonaceous cluster (see Figure 2). In this case,
AIMD results show a strong predominance of the structure D; in the set of final configu-
rations, whereas no structure G, is obtained. Interestingly, the structure D, is also scarcely

evidenced in these results, at high incidence energy only. Anyway, the main conclusion of
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this AIMD study at a surface temperature of 0 K is the predominance of the structures Gy
and D; as the main products of the HCI adsorption, with an almost equivalent probability
of formation. It is worth mentioning that neither structure G, nor structures of type B are
obtained in these calculations. This is not very surprising because these structures corre-
spond to higher energies, as shown in optimization procedure. Moreover, the structure Do
appears only scarcely as the final product of the HCI dissociation in AIMD calculations.
This could be due to the complex coupling between all degrees of freedom (positions and
momenta) involved in the phase space which can favor the formation of D; with respect to
D5 in AIMD calculations. But we cannot exclude that longer AIMD runs or higher incidence
energy would have been required to evidence the formation of structure Dy because it corre-
sponds to a trans configuration in which chlorine and hydrogen atoms are adsorbed at both
sides of the carbonaceous cluster, an adsorption process that requires a reorganization of the
surface structure.

In a second step, the influence of the surface temperature in the AIMD simulations is
taken into account following a similar procedure to that used by Nattino et al..6"%® First,
AIMD simulations are performed by considering only the C;9Hgs radical, in the canonical
ensemble. At the end of this (N, V,T) simulation run, a set of velocities are assigned to the
carbon and hydrogen atoms, corresponding to the desired temperature 7. These velocities
are then used as initial velocities for the subsequent (N, V) F) simulations including the
HCI molecule. Three initial surface temperature values are considered, namely 100 K, 200 K
and 300 K, which means in fact that three different sets of velocities have been assigned to
the surface atoms at the beginning of the simulations. Note that our AIMD microcanonical
simulations are beyond the frozen surface approximation. Indeed, the surface atoms are
not fixed during the simulations allowing for a more realistic description of the interaction
between the HCI molecule and the Cy9Hyy surface with permitted exchange energy.

Our results show that an initial surface temperature of T'= 100 K does not significantly

impact on the generated configurations. Indeed, AIMD trajectories lead to D; and Gy struc-
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tures as well as reflections back to the gas phase, as exhibited in the diagrams corresponding
to simulation results at 0K (Figure 5). Strong changes are however obtained at an initial
surface temperature of T' = 200 K, for which HCI is finally found in the gas phase without
any adsorption, irrespective of its initial orientation, except for § = 0°, i.e., when the hydro-
gen atom points directly towards the C;9Hgs surface. In this case, simulation results show
the favored formation of the G; structure. At an initial surface temperature of 300 K, no dis-
sociative adsorption is observed anymore, irrespective of the initial conditions (orientation
angle and incidence energy). This might be related to the large thermal motions of the car-
bonaceous surface at this temperature, which complicate the finding of an efficient reaction
path for the dissociative adsorption of the HCI molecule. Note, however, that the number of
initial configurations considered in the present AIMD simulations is rather limited for the
reasons explained above, and it cannot be claimed that such dissociative reaction path does
not exist, although we did not find it. Moreover, it should also be kept in mind that the model
used for the surface is quite simple, and the thermal behavior of such a small carbonaceous
system cannot be simply extrapolated to the very large, real, carbonaceous nanoparticles
forming soot. In particular, the defective BSUs constituting soot nanoparticles are made
of clusters of graphene-like sheets and they are also tied together, a feature which
certainly complicate the modeling of the surface temperature and the corresponding thermal
behavior. This is clearly one of the main limitation of our modeling at finite temperature
and, for these reasons, we do not considered in our approach the higher temperatures that

could be encountered in industrial fire situations.

Adsorption of Water Molecules on the Chlorinated Car-
bonaceous Surface

The previous sections of this paper have been devoted to the dissociative adsorption of

hydrogen chloride on defective carbonaceous cluster modeling the surface of soot BSUs. The
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results of both energy optimization procedure and AIMD simulations have indicated that
the most stable chlorinated surfaces resulting from the HCI dissociation on the defective
carbonaceous CrgHgs radical are the G; and D; configurations. In this section, we focus
on the interaction of these chlorinated surfaces with water, to characterize their ability to
act as water nucleation centers. Thus, energy optimization is performed using static DFT
calculations at the BSLYP/6-31G(d,p) level with Gaussian, following the procedure used in
previously published works. 231,69

From 1 to 6 water molecules are initially located at the vicinity of the chlorine atom
of the C79Ho3Cl surface and several relaxation runs are performed, each of them starting
from slightly different initial configurations in order to optimize the probability of finding
the structure of lowest energy. Because the requested time to reach this minimum dramat-
ically increases with the number of degrees of freedom and, hence, with the number n of
water molecules, we do not consider more than n = 6 water molecules in the calculations.
However, as it will be shown below, it is not necessary to go beyond this value because
any additional water molecule tend to adsorb on the water already attached to the surface,
without interacting directly with the substrate. Clearly, for n values larger than 56, this
situation corresponds to adsorption of water on water.

The results for water adsorption on the structure G; are illustrated by the snapshots of the
corresponding equilibrium configurations given in Figure 7. They show that the first water
molecule (calculations performed with n = 1) adsorb directly on the chlorinated site of the
surface, oriented nearly parallel to the surface and with one hydrogen atom pointing towards
the chlorine atom. The corresponding adsorption energy is F,qs = —0.210€eV, similar to the
energy of a hydrogen bond establishing in liquid water (—0.241¢eV).™ When n = 2, the two
water molecules are adsorbed in the close vicinity of the chlorinated site of the surface, with
one hydrogen bond formed between the two molecules. This equilibrium configuration also
corresponds to the optimization of one donor H-bond with chlorine for one water molecule,

and one acceptor H-bond with the surface hydrogen for the second water molecule. For
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Figure 7: Snapshots of the water adsorption of n water molecules on the structure Gy of
Cr9H3Cl, with n ranging from 1 to 6. Numbers on the snapshots correspond to interatomic
distances given in A. Carbon, hydrogen, chlorine and oxygen atoms are represented as gray,
white, green and red balls, respectively.

larger n values, the energy minima correspond to a subtle balance between hydrogen bonding
with the chlorinated site of the surface and between the water molecules themselves. As a
consequence, the usual structures of the water trimer and tetramer are clearly identified in
Figure 7 for n = 3 and n = 4, as being very stable structures for water aggregates attached
to the chlorinated site. Very similar configurations of the water aggregates are found when
considering the structure D; of the chlorinated surface and, thus, the corresponding snapshots
are not shown.

On a more quantitative level, it is interesting to compare the adsorption energies F,qq
of water molecules on the two chlorinated carbonaceous surfaces (structures D; and Gy),

and also on various oxygenated carbonaceous surfaces. Thus, a few examples of oxygenated
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Figure 8: Adsorption energies per water molecule F,qs/n for the two chlorinated carbona-
ceous surfaces (D; and G; structures) considered here and for three different oxygenated
carbonaceous surfaces taken from the literature. Structure and adsorption energy are com-
puted at the B3LYP/6-31G(d,p) level.

carbonaceous clusters are considered as models of oxidized soot surfaces. They are taken from
the literature and include an epoxy site located on a perfect surface (cluster CggHp00),% a
carbonyl site issued from the dissociation of a water molecule at a carbon atom vacancy site
(cluster C7gH,40),%" and a double oxygenated site, formed after the dissociation of one O,
molecule at a carbon vacancy site. This last structure is characterized by the formation of one
epoxy site on one face, and one carbonyl site on the other face of the carbonaceous cluster
modeling the reactive surface.®® However, because the results of the literature have been
obtained using different calculation methods, here we re-optimize the adsorption energies
of up to 6 water molecules on these various oxygenated surfaces with the same method
used for characterizing the adsorption on the chlorinated carbonaceous surfaces. Then, the
corresponding adsorption energy per water molecule E,q4s/n is given in Figure 8, as a function
of n.

Overall, the curves shown in Figure 8 exhibit a very similar behavior, i.e., the adsorp-
tion energy per water molecule decreases when the number n of adsorbed water molecules
increases, thus showing that water trapping on these chlorinated and oxygenated surfaces is
an energetically favorable process. However, at the very beginning of the water adsorption

process, i.e., up to n = 3, it appears that the most attractive site for water adsorption is
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the carbonyl site of C79gH9209, whereas the less attractive one is the epoxy site of C79Ho205.
For larger n values, adsorption energies converge to very similar values of about —0.5€eV per
water molecule, indicating that any additional water molecule adsorbed after the fifth one
tends to stick on the previously adsorbed water molecules without significant interaction
with the surface. This convergence of the results indicates that it is not necessary at this
point to characterize the adsorption energy of larger water aggregates, especially because
finding the lowest energy structure is an increasingly difficult challenge when n increases.
Anyway, the present results show that chlorinated and oxygenated structures should behave
similarly with respect to the first steps of the water nucleation process on a carbonaceous
surface, as already stated in our previous study.*® Thus, both chlorinated and oxygenated
sites could participate in the hydrophilicity of soot, in fire situations as well as in marine

atmospheric environment.

Conclusion

In this paper, we investigate the adsorption of the hydrogen chloride molecule on a carbona-
ceous cluster in which a carbon vacancy has been created by removing one carbon atom, to
model the defective surface of the small graphitic basic structural units that constitutes soot
nanoparticles. First-principles calculations at the DFT level of theory are performed, for the
energy optimization of the reaction products at 0 K and for AIMD simulations at zero and fi-
nite temperatures. The results show that HCI can be easily dissociated at the vacancy site of
the surface, resulting in the formation of a chlorinated site at the carbonaceous surface, that
could have different structures depending on the conditions of the reaction. In particular, it
appears from the results of the AIMD simulations that the surface temperature could play a
crucial role in controlling the formation of the reactions products. Indeed, high temperature
values could be requested to overcome energy barriers along the reaction paths, while suffi-

ciently low surface temperature would avoid the incoming molecule to be sent back to the
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gas phase. However, it should be mentioned that the influence of the temperature cannot
be taken into account on a realistic way without considering the whole structure of the soot
nanoparticle or, at least without performing, for instance, parameterized Langevin dynamics
allowing accurate treatment of the energy exchanges between the incoming molecule and the
substrate, which is far beyond the scope of this paper. Anyway, the present study confirms
our previous conclusions®® that soot surface could be reactive with respect to the adsorption
of chlorinated species, at least under certain thermodynamical conditions.

Moreover, it should also be mentioned that the availability of unsaturated
sites for HCI adsorption depends on the aging of the soot particle after its for-
mation and on the composition of the gas phase in contact with soot. Indeed, as
already shown in previous theoretical studies, unsaturated sites are also strongly

reactive with respect to oxygenated species®1:¢9

and a thorough characterization
of the competitive adsorption between different species on these sites remains
to be performed.

In a second step, we characterize the adsorption of water molecules on chlorinated car-
bonaceous surfaces and show that these surfaces could favor water nucleation on soot, as
oxygenated surfaces do. From the present results, it can be inferred that the two main factors
impacting on the soot hydrophilicity are the modification of its surface by the interaction
with chlorinated or oxygenated molecules, and the surface distribution of the resulting chlo-
rinated and oxygenated sites, rather than the chemical nature of these sites. Note that the
first factor would depend not only on the exothermicity of the corresponding reactions but
also on their kinetics (which however has not been taken into account in the present ap-
proach). The second one is related to the fact that water nucleation on graphitic surfaces
proceeds by coalescence of the growing water aggregates that are tied to the trapping sites
of the surface, a process that is, of course, strongly influenced by the distance between these
trapping sites. "t 73

Although the reported data are far to provide a realistic model for the chemistry in
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industrial or domestic fire situations, they can, at least qualitatively, be related to some
experimental observations on the hydrophilic behavior of soot produced in industrial instal-
lations. ™ 7% The present study thus represents an additional step for a better understanding
of the soot behavior in industrial or domestic fire situations, as well as in the marine envi-

ronment where chlorinated species and atmospheric oxidants are ubiquitous.
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