N

N

Spectroscopic investigation of interstellar hydrogenated
carbon clusters. Infrared and optical spectra of C24Hn
populations

Clement Dubosq, Paula Pla, Emmanuel Dartois, Aude Simon

» To cite this version:

Clement Dubosq, Paula Pla, Emmanuel Dartois, Aude Simon. Spectroscopic investigation of inter-
stellar hydrogenated carbon clusters. Infrared and optical spectra of C24Hn populations. Astronomy
and Astrophysics - A&A, 2023, 10.1051/0004-6361/202245472 . hal-03954169

HAL Id: hal-03954169
https://hal.science/hal-03954169v1
Submitted on 24 Jan 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-03954169v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

Astronomy & Astrophysics manuscript no. 45472corr
January 20, 2023

©ESO 2023

Spectroscopic investigation of interstellar hydrogenated carbon

clusters

Infrared and optical spectra of Co4H,, populations

Clément Dubosq', Paula Pla?, Emmanuel Dartois?, and Aude Simon*!

! Laboratoire de Chimie et Physique Quantiques (LCPQ), Fédération FeRMI, CNRS & Université Toulouse [UT3],
F-31062 Toulouse, France
e-mail: aude.simon@irsamc.ups-tlse.fr

2 Departamento de Quimica, Universidad Auténoma de Madrid, Médulo 13, E-28049 Madrid, Spain

3 Institut des Sciences Moléculaires d’Orsay (ISMO), CNRS, Université Paris-Saclay, 91405 Orsay, France

Received xxx ; accepted xxx

ABSTRACT

Context. The assignment of the mid-infrared (mid-IR) emission features and plateaus observed in C-rich and H-rich
regions of the interstellar medium (ISM) is still debated. Such mid-IR assignments must also be related to their
contribution to the extinction curve in our galaxy and to the ultraviolet (UV) bump.

Aims. The aim of this work is to investigate the influence of hydrogenation rate on the mid-IR spectra of populations of
carbon clusters in order to constraint the ng /nc ratios in regions of the ISM where carbon is an important component.
Their potential contribution to the extinction curve and in particular to the UV bump is also investigated.

Methods. The absorption IR and optical spectra of tens of thousands of C24H,, (n=0,6,12,18,24) isomers classified into
structural families —namely flakes, branched, pretzels, and cages— were computed using the density functional based
tight binding electronic structure method and its time-dependent version, respectively. Final spectra were obtained by
averaging the spectra of many individual isomers.

Results. The shapes and the relative intensities of the bands centered at ~ 3.25 and 3.40 um and assigned to the C-H
stretch of sp? and sp® carbon atoms, respectively, present a clear dependence on the ng /n¢ ratio. From a comparison
with the astronomical spectrum from the Orion bar H2S1, the most interesting emitting candidates would pertain to
the flakes population; this is the most energetically favorable family of clusters, possessing a high content of five and
six carbon rings and being mostly planar, with no sp* carbon atoms and with a ng/nc ratio of lower than 0.5. The
same conclusion is drawn when comparing the computed IR features in the [4-20 um] region with the observed plateaus
from some C-rich and H-rich planetary nebulae objects of the Small Magellanic Cloud. The contribution of the same
family could be considered for the UV bump. When ng/nc increases, only a contribution to the high-energy part of
the continuum due to o — 7* excitations can reasonably be considered.

Conclusions. These results bring some constraints on the structural features and on the nyg /n¢ ratio of the hydrogenated
carbon populations emitting in the mid-IR domain in interstellar objects such as protoplanetary and reflection nebulae.
The flakes population, with a low ng /nc ratio, is an interesting candidate for the carbon population emitting in these
regions, but not for that absorbing in the diffuse ISM. None of the populations studied in the present work can account
for the UV bump, but they would contribute to a broad extinction rise in this domain. The computed features reported
in this article could be used to interpret future astronomical data provided by the James Webb Space Telescope.
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1. Introduction

Due to its allotropy, a large fraction of interstellar car-
bon is expected to be included in large molecules or in
dust grains with various degrees of organization and aro-
maticity, including fullerenes, polycyclic aromatic hydro-
carbons (PAHs), and amorphous possibly hydrogenated
carbon grains (Dartois 2019). PAHs have attracted consid-
erable and sustained interest since the proposal in the mid-
1980s, based on their photophysical emission properties,
that they are the carriers of the aromatic infrared bands
(AIBs), a set of mid-IR emission bands observed at about
3.3,6.2, 7.7, 8.6, 11.3, and 12.7 ym in many regions of the
interstellar medium (ISM) (Allamandola et al. 1985; Léger

& Puget 1984). However, it is only very recently that spe-
cific PAH molecules (two cyano-naphthalene isomers and
indene) have been successfully detected (McGuire et al.
2021; Cernicharo et al. 2021). Some years earlier, the de-
tection of Cgo and Crg fullerenes in various nebulae was
confirmed (Cami et al. 2010; Sellgren et al. 2010). In gen-
eral, the identification of the specific molecular carriers of
the AIBs is challenging, as they are presumably contributed
by many unknown species that emit in the same regions
of the spectra, therefore leaving many questions still open
(Hansen et al. 2022).

Starting in the mid-1980s, the identification of the car-
riers of the AIBs motivated experimental and theoreti-
cal studies of individual molecules. In particular, quantum
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chemical calculations, mainly based on density functional
theory (DFT) calculations, proved to be very powerful in
computing the infrared (IR) features of many individual
PAHs of different sizes and shapes (Bauschlicher et al. 2009;
Ricca et al. 2012), neutral or charged (Banhatti et al. 2021),
with varying hydrogenation degree (Mackie et al. 2015; Pla
et al. 2020), and incorporating heteroatoms (Hudgins et al.
2005; Oliveira et al. 2020) or complexed to a metal atom
(Simon & Joblin 2010). Such calculations were also used to
build spectroscopic databases of PAHs (Malloci et al. 2007a;
Bauschlicher et al. 2018). However, the AIBs not only in-
clude discrete bands but also broad plateaus, which are a
collection of broad blended features whose carriers remain
elusive (Shannon et al. 2018). For instance, fullerene-rich
planetary nebulae were observed to exhibit a broad plateau
with substructure in the 6-9 um range (Garcia-Herndndez
et al. 2010, 2011b,a, 2012; Bernard-Salas et al. 2012). Sev-
eral types of carriers were proposed, including hydrogenated
amorphous carbon (HAC) compounds (Bernard-Salas et al.
2012) and very small grains (Tielens 2008; Buss et al. 1993).
Very recently, intensive quantum calculations showed that
a so-called cages population of Cgy —containing hundreds
of thousands of isomers characterized by a low asphericity
and a high fraction of sp? carbon atoms— was a good candi-
date to carry the 6-9 pum plateau (Dubosq et al. 2019), while
the planar polyaromatic population (PPAs, or flakes) was
shown to possess features in the 8-10 um range. However,
the so-far unexplained astronomical features of planetary
nebulae in the 10-15 ym range could not be reproduced by
any of the studied populations of Cgg, that is, neither the
more organized (cages, PPAs or flakes) nor the more amor-
phous ones (pretzels and branched), addressing the possible
contribution of hydrogenated carbon populations.

The 3 um region of the IR spectra is especially relevant
for hydrogenated carbon compounds as it accounts for the
C-H stretching features. In many regions of the ISM, the
3.3 pm emission is dominant and associated to aromatic C-
H stretching in polyaromatic systems. This feature is often
accompanied by weaker emission bands at around 3.4 um
on top of a fainter emission plateau, which was assigned to
methylene (-CHjz) and methyl (-CHj) aliphatic resonances,
but the exact identification of the carriers remains under
debate. It was indeed proposed to be due to the emission
from highly excited superhydrogenated PAHs (Bernstein
et al. 1996; Wagner et al. 2000), which are expected be sta-
ble and to form efficiently in the ISM while also having a
catalytic role in the formation of Hy (Thrower et al. 2012).
Methylated PAHs were also proposed (Wagner et al. 2000).
The analysis of the 3.4 um band with respect to experi-
ments and computations on pure aliphatic carbon molecules
(alkanes) revealed that the -CHy/-CHj fraction depended
on the object and that, in dark clouds, -CHg groups were
suppressed while the -CHz groups remained abundant (Du-
ley et al. 2005). In parallel, a 3.4 um absorption band with
a different profile has been widely observed in the diffuse
ISM (Sandford 1991; Godard et al. 2012; Li & Draine 2012).
This band was assigned to a hydrogenated amorphous car-
bon dust component and presents substructures at 3.38,
3.48, 3.42, and 3.50 um that were assigned to asymmetric
and symmetric C-H stretching modes of -CH3 and -CHs
groups, respectively (see Godard et al. (2012) and refer-
ences therein). A contribution of molecular PAHs with ex-
cess hydrogens has also been proposed (Steglich et al. 2013).
In the ISM, the stronger the UV radiation field, the lower
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the 3.4/3.3 pm intensity ratio is, which could be interpreted
as a consequence of the photodestruction of the more frag-
ile aliphatic bonds (Pilleri et al. 2015). Interestingly, the
effect of cosmic rays on this band was studied experimen-
tally (Godard et al. 2011; Dartois et al. 2017), showing the
evolution of the band when the aliphatic C-H bands are
destroyed and, through an appropriate modeling, that the
destruction of just these grains by cosmic rays cannot ac-
count for the disappearance of the 3.4 um IR feature in
denser regions.

Determining the exact nature of the carbon compounds
contributing to the ultraviolet (UV) bump (Stecher 1965)
has also been of longstanding interest. The UV bump
is a broad ultraviolet absorption bump observed on the
ISM extinction curves in systems ranging from the Milky
Way to high-redshift galaxies, with a position centered
at 217.5nm (5.77 eV or 4.65 um~1!) stable to ~2 % with
relatively large variations in width (0.75 to 1.3 um™!) in
different lines of sight (Fitzpatrick & Massa 1986, 2007;
Fitzpatrick et al. 2019). Interestingly, the variations in
the width and shape of the UV bump have been shown
to be related to the presence of defects within the sp?
conjugated carbon network and several theoretical and
experimental studies were subsequently carried out to
unravel the structural origin of these variations. The
contribution of disordered species under the form of HAC
(Jones et al. 1990; Gadallah et al. 2011) and soot particles
(see Gavilan et al. (2017) and references therein) was
proposed. In an attempt to establish correlations between
carbon-grain morphology and spectral data, Rotundi et al.
(1998) proposed that carbon nanostructures ordered on
the micrometer scale could be better candidates to explain
the UV bump than graphitic particles. Recent quantum
modeling also showed that a population of carbon spherical
isomers with a high fraction of conjugated sp? atoms,
the so-called cages population, could contribute to the
astronomical UV bump (Dubosq et al. 2020).

In this work, we aim to investigate the contribution of
populations of Cy4H,, (n=0,6,12,18,24) encompassing tens
of thousands of isomers to emission IR features in the [3-
3.5 um] domain and to the AIB plateaus. Their UV-visible
spectral signatures are also investigated to probe their pos-
sible contribution to the UV bump. To this end, intensive
quantum chemical calculations were performed using an ap-
proximate DFT scheme, namely self-consistent charge den-
sity functional based tight binding (SCC-DFTB) (Elstner
et al. 1998), which is a similar approach to that taken by
Dubosq et al. (2019, 2020) to study pure carbon clusters
Cp=24,42,60. Indeed, as mentioned above, some astronomi-
cal features could not be accounted for by large pure carbon
clusters, revealing the need to consider the role of hydro-
genation. Therefore, in this article, we present the com-
puted IR and UV-visible spectra of populations of Co4H,,
clusters (n=0, 6, 12, 18, 24) that were determined and char-
acterized in our previous work (Pla et al. 2021), as described
in section 2.1. The methodology used in this work to deter-
mine the individual IR and UV-visible (optical) spectra of
hundreds of thousands of isomers is described in section 2.2.
The results are presented in section 3 and the astrophysical
implications are discussed in section 4.
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2. Methodology
2.1. Isomer landscapes of CouH,, populations

In our previous work, the potential energy surfaces of
CoaH, =0 6,12,18,24 clusters (tens of thousands of isomers per
stoichiometry; see Table 1) were investigated using a ge-
netic algorithm (Larsen et al. 2017) in combination with
the density functional based tight binding (DFTB) poten-
tial (Porezag et al. 1995; Seifert et al. 1996; Elstner et al.
1998). Global exploration was achieved using the zeroth-
order DFTB (DFTB0) Hamiltonian (Porezag et al. 1995;
Seifert et al. 1996) and subsequent local optimization was
performed using the second-order (self-consistent charge or
SCC-) DFTB with the mio set of parameters (Elstner et al.
1998), and an empirical dispersion correction contribution
(Rapacioli et al. 2009). The structural diversity was ana-
lyzed using order parameters, in particular the sum of the
numbers of five- and six-carbon rings R/ and the aspheric-
ity parameter 5, which we used to classify the populations
of isomers into families (see e.g., the 2D map for Co4Hio on
top of Fig.1, along with an example of one isomer of each
family for Co4H,, (n=6,12,18, 24) at the bottom of Fig. 1).

The most abundant and lowest-energy population,
which we designated the flakes population, is made up
of isomers of various shapes and large Rs/,; values (see
Table 1). Flakes are characterized by an increasing number
of spherical isomers when npy/nc increases (Pla et al.
2021). The second-most-abundant population, designated
the branched population, contains the isomers with the
smallest Rj/6 values and remains the highest-energy
population for all ng/nc ratios. The fraction of the
pretzels population, which is made up of spherical isomers
with smaller Rjs/6 values, is smaller but increases with
ng/nc. Finally, the fraction of the cages population
(largest Rs/s values), which was the major fraction and
contained the greatest number of stable isomers in the
case of Cgg, remains extremely minor (see Table 1). For all
Ca4Hy—0,6,12,18,24 clusters, the evolution of the carbon-ring
size distribution with energy clearly shows a correlation
between stability and the number of six-carbon rings.
In addition, a result of astrophysical interest, especially
regarding the role of carbon species in the gas ionization,
is that the computed average values of the ionization
potentials of all populations were found to decrease
when ny/ne increases, ranging from 7.9 down to 6.4€V.
This trend was correlated to geometric and electronic fac-
tors, in particular to carbon hybridization (Pla et al. 2021).

2.2. Infrared and optical spectra of Co4H,, populations

In this work, the IR absorption spectra of all independent
isomers of CosH;,—0,6,12,18,24 clusters were computed at the
SCC-DFTB level of theory in the double harmonic approx-
imation. The raw vibrational frequencies were scaled to
match the best reference data in a two-step procedure: first,
the SCC-DFTB frequencies were scaled in order to match
DFT results (see Appendix A). Contrary to pure carbon
clusters (Dubosq et al. 2019), determining scaling factors
for hydrogenated carbon clusters was a challenge because of
the resonance of C-H and C-C modes, for which scaling fac-
tors are different in the same regions of the spectrum. This
leads to some uncertainties in the shape of the presented
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0 L 1 1 1 10,1
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Fig. 1: Adapted from Pla et al. (2021). Two-dimensional
distribution of the isomer population for Co4H1s as a func-
tion of R5/6 and 8 (top) and examples of isomers of CoyH,
for the four families (bottom).

spectra in the [10-16 pm] region. Second, the DFT frequen-
cies were scaled using the 0.9731 scaling factor previously

Article number, page 3 of 16



A&A proofs: manuscript no. 45472corr

Rs /6 B Coy CosHg CoqHyo CosHig CoqHoy
flakes | 3-8  0.3-1.0 | 9449 (62%) 49989 (73%) 41264 (79%) 17889 (69%) 4924 (45%)
9049 8175 8446 4522 1556
branched | 0-2  0.3-1.0 | 5626 (37%) 18191 (26%) 9722 (19%) 5578 (21%) 2889 (27%)
5242 4842 8833 5105 2701
pretzels | 0-8  0.0-0.3 | 95(0.6%) 704 (1%) 1224 (23%) 2293 (9%) 3009 (28%)
94 667 1154 2160 2866
cage | =9 0.0-1.0 3 12 5 259 (1%) 72
3 10 3 249 72
total 15173 68896 52213 26019 10894

Table 1: Total number of structures per family and in total for each Cy4H,, system taken into account to compute the
IR (roman) and optical spectra (italics). The percentage of structures of that family of the total number of structures
for a particular Co4H,, system is reported in parentheses. 5/ and 3 give, for each family, the related to the sum of the
numbers of five- and six-carbon rings and the asphericity parameter, respectively.

determined in the [4-30 pm] region (Dubosq et al. 2019).
Due to the larger anharmonicity of C-H stretching modes,
these were scaled by 0.961 as determined by Bauschlicher
et al. (2018) for the same functional and a similar basis
set as the ones used in the present work. In the absence of
clear information about the underlying thermodynamics,
uniform populations were chosen to reconstruct the typical
IR spectra of the four structural families from the indi-
vidual contributions of each member. We are aware that
such uniform distributions are an oversimplification of the
energetics and this is a limitation of our approach. By sum-
ming over thousands of individual topologically distinct iso-
mers, the spectra are necessarily broad and cannot account
for sharp bands usually assigned to individual abundant
molecules using more traditional methods.

Among these structures, a fraction was selected (see
numbers in italics in Table 1) for electronic spectroscopy
in order to save computational burden. These configura-
tions were selected based on their values of 3, and Rs/s
values lying near the average values of the entire sample
for this family and within two standard deviations of the
corresponding distribution. When the number of configura-
tions meeting this criterion was considered too large with
respect to computational time limitations, some were ran-
domly removed. The time-dependent (TD) DFTB method
in its linear response formulation derived by Niehaus et al.
(2001) was used to calculate vertical excitation spectra for
all minima in our SCC-DFTB sample. This method was
carefully benchmarked in our previous article (Dubosq et al.
2020) and no additional benchmark was performed for the
present study. The electronic spectrum was computed up
to about 15€V for all stoichiometries, which corresponds to
the computation of 600 up to 900 roots for Coy to CosHoy.
However, as explained in our previous study, high excita-
tions are likely to involve orbitals such as Rydberg orbitals
(Malloci et al. 2007b), which are not present in our theo-
retical method due to the use of a confined minimal basis
set. Such orbitals should not be involved in transition below
8 eV, that is to say that the transitions possibly contributing
to the UV bump are not expected to be impacted. From the
former benchmark by Dubosq et al. (2020), all computed
transition energies are scaled by 0.988.
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3. Results
3.1. Infrared spectra

In this section, we discuss the evolution of the IR spectra
as a function of the hydrogenation rate, focusing on the
most abundant and stable population, which encompasses
the flakes isomers. The IR spectra for all hydrogenation
rates are reported in Fig. 2 (c), with a zoom in the C-H
stretching region in Fig. 2 (a). For the next-highest energy
and less abundant family, that is the branched population,
the spectra are reported in Fig. 2 (b) and (d). Interestingly,
the features for these latter two populations are similar.
The IR spectra of the pretzels population are reported
in Fig. B.1 (a) and (c). The fraction of the pretzels
population is small, except in the case of Co4Hoy where
the energy distribution of the isomers is similar to that of
the flakes population. Finally, the IR spectra of the cages
isomers, which are much less abundant, are reported in
Fig. B.1 (b) and (d). In order to interpret the IR features
and their evolution in terms of structural and electronic
characteristics, the ratio of C(sp®)H, (x=1-3, n=1-3)
patterns with respect to all hydrogenated carbon atoms
was determined for all stoichiometries and all families. The
results are reported in Fig. 3 for the flakes and branched
families, and in Fig. B.2 for the pretzels and cages families,
which are expected to be less relevant based on energetic
criteria and number of isomers, respectively. The precise
assignment of the modes is based on an analysis of a
reduced sample of isomers.

3.1.1. C-H stretching modes: The [2.9-3.5 um] region

The C-H stretching features of the flakes population of
Ca4H,, (n=6,12,18,24) are reported in Fig. 2 (a). For all
hydrogenation states, IR features were found to resonate
in three main distinct wavelength (energy) domains:
[2.99-3.00 pm], [3.16-3.30 um] , and [3.37-3.56 um]. These
globally correspond to the resonance of C-H stretches
involving mainly sp!, sp?, and sp® carbon atoms, respec-
tively. As can be seen in Fig. 3 for the flakes and branched
populations, and in Fig. B.2 for the pretzels and cages
populations, the fraction of C(sp?)H moiety is by far the
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Fig. 2: Infrared spectra for the flakes and branched families and comparison with astronomical spectra. Panels (a) and
(b) show a zoom into the [2.8 - 4 um] region. Panels (¢) and (d) show the features represented with dashed lines in
the [10.2 - 22.7 pm] region rescaled using the appropriate factors for C-H bend (see main text and Appendix A). The
final shifted band in the [10.0 - 15.3 um] domain is represented in plain lines. The emission spectra from the Orion bar
H2S1(Van Diedenhoven et al. 2004) and from the SMP SMC 16 planetary nebula (Garcia-Hernandez et al. 2010) are
added for comparison. Error bars are reported in panels (a) and (c) for the most intense bands of the IR spectrum of

Co4Hg flakes only, but can be applied to similar modes for all stoichiometries and families.
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largest among all sp? carbon atoms. Regarding sp® carbon
atoms, the C(sp?)Hz fraction, which is much smaller than
that of C(sp?)H, is the dominant one. The fraction of
C(sp')H moieties remains small (below 20%).

A first weak band assigned to C(sp!)-H stretch is lo-
cated at 3.00 um (3331 cm ™) for n=6 and becomes slightly
blueshifted up to 2.99 um (3384cm~!) for n=24 when
increasing ny /ne. A weak band is also observed at 3.17 um
(3155 cm™1) except for n=6 and its intensity increases with
ng /ne. This band was assigned to antisymmetric (as) C-H
stretching modes of terminal C(sp?)Hs groups. Two broad
bands are observed at higher wavelengths. A first one is
observed in the [3.22-3.30 um] range ([3029-3105 cm~1]) for
all values of n, with the intensity of this band increasing
with ng/ne. The maximum is located at 3.26 um for
n=6,12,18, a blue shoulder appearing for n=18, whereas
two maxima appear at 3.24 (3086cm~!) and 3.28 um
(3048 cm~1) for n=24. This band includes (C2)C(sp?)-H
stretches but also C(sp®)-Hs as stretches, the fraction of
the latter remaining minor with respect to that of the
former for all ny/ne ratios and for all families (see Fig. 3
and Fig. B.2). Finally, a broad and structured band is
observed in the [3.37-3.56 um| range ([2805-2965cm™1])
with two maxima at ~3.39 um (2947 em~!) and ~3.45 ym
(2896 cm~1). This band was assigned, by decreasing order
of energy, to (C2)C(sp?)-H stretches, (C2)C(sp?)-Hsp as
and symmetric (s) stretches, C(sp?)-Hz s stretches, and
(C3)C(sp?)-H stretches.

As can be seen in Fig. 2 (a), the positions of the bands
fluctuate when ngy/ne increases, but the most striking
evolution concerns the relative intensities of the different
energy domains, namely [2.99-3.00 pm], [3.16-3.30 pm],
and [3.37-3.56 um], which reflect the fractions of sp!, sp?,
and sp> carbon atoms, respectively. This is quantified by
the intensity ratios reported in Fig. 4. For all families,
the I2.99-3.00um/12.99—3.56um ratio was shown to decrease
following an exponential law as a function of ngy/ne (see
Fig. 4 (a)) On the contrary, the I3~37*3~56um/I2~99*3'56Mm
ratio was shown to increase with ng/ne following loga-
rithmic (flakes and branched) or linear laws (pretzels). The
evolution of I3.16-3.30um/I2.99—3.56pm could not be fitted
by a simple function. For the flakes and pretzels families,
this ratio decreases as a function of ngy /ne whereas its be-
havior is not as clear for the branched families: it increases
up to ng/ne=3/4 and is smaller when ng/nc=1. The
evolution of the I3s37_356um/Is.16—3.30um ratio was also
reported in Fig. 4 (d). This ratio increases with ng/nc
for the three families, the major evolution occurring for
the branched family, and the minor evolution occurring
for the pretzels family. In between, the data points for
the flakes family could be fitted by an exponential function.

These trends can be interpreted based on the evolu-
tion of the ratio —with respect to the total number of hy-
drogenated carbons— of C(sp”)H,, moieties (x=1-3,n=1-
3) as a function of ngy/ng (see Figs. 3 and B.2).The
C(sp?)H fraction remains the largest one, but it decreases
when ny/ne increases (84 % down to 44 % for the flakes
family) while the C(sp?)Ha fraction increases but re-
mains small (2% to 7 % for the flakes family). This is
in line with the trend observed for the evolution of the
I3.16—3.30um/12.99—3.56um ratio. Regarding the Sp3 carbon
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Fig. 3: Evolution of the C(sp®)H,, (x=1-3, n=1-3) fraction
as a function of ngy /ne for the flakes (a) and branched (b)
families

atoms, the major fractionis that of C(sp®)Hs, which in-
creases when ny/n¢ increases (from 5% (ng=6) to 25%
(ng=24). The C(sp*)H fraction also increases, although re-
maining smaller (from 3 % to 13 % for the flakes family), as
does the C(sp®)Hj fraction, which remains a relatively mi-
nor fraction (0.1% to 5% for the flakes family).

These results are in line with the increase in the
Is.37—3.56pm/I2.99—3.56um Tatio and also contribute to
explaining the decreases in 12,99_3,00,””/12,99_3,56’“71 and
I3.16—3.30um/12.99—3.56um when IlH/I’lC increases. Although
the trends are relatively similar for all families, we note
some differences. The C(sp!)H fraction remains small for
all stoichiometries (between 5 % and 7% for the flakes fam-
ilies depending on the stoichiometry), indicating a small
number of terminal C-H bonds. However, it is larger for the
branched (15% down to 5%) and pretzels families (14 %
down to 8 %) reflecting the larger I5.99—3.00um/12.99—3.56m
ratio (Fig. 4 (a)). Interestingly, the C(sp?)H fraction is
more important in the cages family than in the other
families (from 9% to 29 %) because of the spherical shape
of the clusters. Globally, the increase in the fraction of
sp® carbon atoms to the detriment of sp? carbon atoms
when ng /ne increases is illustrated by the evolution of the
13.3773.56/177’7//13.1673.30/14771 ratio reported in Flg 4 (d)
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Fig. 4: Intensity ratios 12.9973.00um/12.9973.56;“71 (a),

I3.37-3.56um/12.99—3.56pm (), I3.16-3.30um/12.99-3.56um (C),
and Iss37-356um/I3.16-3.30pm (d) as a function of the
ng/ne fraction for the flakes family (black crosses),
branched family (red squares), and pretzels family (blue
triangles). The dashed lines either result from the analyti-
cal data fitting (when starting below x=0.25; see Table B1
in Appendix B for the coefficients) or were drawn to guide
the eye.

3.1.2. C-C and C-H modes: The [4-30 zm] region

The IR features of the families of pure C,, carbon clusters
(n=24,42,60) were described previously by Dubosq et al.
(2019). Focusing on the flakes population of Coy (Fig. 2),
an intense narrow band can be found in the [4.47-5.14 pm]
region. This is due to the resonance of the C-C stretch of
sp! carbon atoms. The intensity of this band clearly de-
creases when ng /ne increases, reflecting the decrease in the
fraction of sp' carbon atoms. For all families except that
of the cages, this band remains intense up to ng/nc=0.5
and nearly disappears for ng/nc=1, while its intensity de-
creases for ny/ne=0.75. The maximum of this band is
found at 4.80 ym for Cy4 (flakes family), at 4.77 um for
CQ4H6 and CQ4H18, and at 4.78 pm for CQ4H12 and CQ4H24.
A wide IR band is observed in the [5.4-12.8 pm] wavelength
range for Co4 and its shape depends on the family. Globally,
the [5.4-10.2 um] wavelength range features are assigned to
the C-C stretches of sp? carbon atoms and also of sp® car-
bon atoms at the longest wavelengths. When decreasing
the energy up to ~ 12.8 um, softer CCC in-plane bending
modes are found. Above 15 ym, more collective deformation
modes of the carbon skeleton occur.

As mentioned in section 2, the difficulty in addressing
the spectra of hydrogenated carbon clusters is caused by a
difference of scaling between the C-H bending modes and
some CC stretches and CCC bends that occur in the same
energy domains; that is, above ~ 10 ym. In this region, C-H
bending modes are expected to be dominant, especially
when ng/ne increases, and therefore we used the scaling
law for the C-H bends determined in the Appendix A
for the [10.2-22.7 pm] wavelength range (CC scaling), the
band in the latter domain being finally shifted to the
[10.0-15.3 pum] domain (see Fig. 2 and Fig. B.1). In the
remainder of this paper, the results are presented using
this final wavelength domain.

When ngy/ne increases, the relative intensity in the
[5.4-10.2 um] range decreases, whereas that in the [10.0-
15.3 pm] region increases for all families. As can be seen
in Fig. 5 (a), the Iig.0—15.2um/I5.4-10.3um ratio globally
increases with ng/ne, reaching similar values (between
0.4 and 0.45) for the flakes, branched, and pretzels fam-
ilies when ngy/ne=1. The features in the [5.4-10.2 pm]
wavelength range are due to pure C-C stretches at the
smaller wavelength but when the wavelength increases, the
resonant vibrational modes include combinations of C-C
stretches and C-H bends. The resonance of C-H bends
appears above 10.0 um. Regarding the flakes family, the
maximum of the band in the [10.0 - 15.2 ym)] region is found
at 12.4, 12.3, 12.1, and 11.8 ym from ny=6 to 24. This
band appears globally slightly blueshifted, with a blue tail
starting at 11.2 ym for ny=6 and at 10.8 um for the higher
hydrogen ratios; its shape is also modified when ng/ne
increases: its lower-energy part becomes more intense to
the detriment of the higher-energy part, which contains a
higher fraction of features due to CC modes. Because of
the difference in scaling between C-H and CC modes in
this region, the profile of the band has to be considered
with caution. However, it is clear that the presence of C-H
bonds leads to new features in the [11.0 - 13 ym| domain
with respect to pure carbon clusters. As in the case of
pure carbon clusters, less intense and delocalized soft
modes occur at higher energies. Interestingly, we notice
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a slight bump at 14.8 um for ngy/nc=0.5 and 0.75. From
our analysis, this appears to be due to the C-H bend of
terminal C(sp!)-H bonds. As could have been expected,
this bump is more intense in the case of the branched
family for all stoichiometries (see Fig. 2 (d)). In the case
of the branched families, hydrogenation also clearly leads
to new features in the [10.0 - 15pum], range with more
intensity in the lower energy domain (maximum at 12.4,
12.1, 11.9 and 11.8 um for ny from 6 to 24, respectively).
The red tail of the band finishes by a small bump at
14.8 pm. Contrary to the flakes family, a small bump is
observed at 9.5, 9.3, and 9.3 ym for ngy from 12 to 24. The
evolution of the spectra for the pretzels families is similar
to that of the branched families (see Fig. B.1 (c)) although
the features due to the C-H bending modes start at a
higher wavelength (above 11.0 um and the broad band in
the [11.0 - 15 ym] region has a maximum at ~ 12.5, 12.3,
12.1 and 12.1 pm for ny from 6 to 24). The features for
the cages families are reported in Fig. B.1 (d). However,
due to the lack of isomers, these cannot be considered to
interpret the astronomical plateaus.

3.2. UV-visible spectra

The computed UV-visible spectra for CyuH, (n=0,
6,12,18,24) are reported in Fig. 6 for the flakes and branched
populations, and in Fig. C.1 for the pretzels and cages pop-
ulations. Regarding the flakes population, all spectra are
characterized by a wide plateau starting at ~ 1eV for Coy
and at higher energy, up to ~ 2 ¢V, for Co4Hay when ng /ne
increases. The occurrence of such low-energy transitions is
expected for unsaturated carbon clusters such as Coy. C,
(n=24,42,60) clusters were indeed shown to have their low-
est energy transitions below 1€V and a high density of low-
energy electronic states, all the more as the cluster size
increases (Lacinbala et al. 2022). These transitions corre-
spond to the promotion of the higher energy 7 (delocalized)
electrons to the lower energy 7* orbitals. When ng /n¢ in-
creases, the fraction of electrons in covalent o bonds in-
creases to the detriment of m bonds, leading to relatively
less intense features in the lower-energy part of the spec-
trum.

The shape of the plateau depends on the hydrogenation
degree. In the case of Cayy, it presents two bumps centered
at ~ 4.75eV and ~ 8.40eV. Although our method of calcu-
lation does not allow us to trust the spectrum above 10¢€V,
it appears that transitions are still expected at higher ener-
gies and that the spectrum resembles a continuum. Interest-
ingly, good agreement is found between this spectrum and
that of the Cy4 population obtained from a set of struc-
tures determined using a replica exchange molecular dy-
namic (REMD) algorithm (Dubosq et al. 2020).

In the case of Co4Hg, this structured plateau is replaced
by one single wide band starting at ~ 1.7eV with a maxi-
mum at ~ 6.8eV. As in the case of Coy but to a lesser ex-
tent, transitions are expected at energies higher than 10eV
and the blue tail of the bump slopes gently downwards.
For Cy4Hq5, the bump starts at the same energy as for
CosHg with a redshift of the maximum down to ~6eV.
This could be expected, as the maximum in the average
spectrum of 40 PAHs (below 10€V) is found at ~ 6 eV Mal-
loci et al. (2007b). Its shape is more symmetric than in
the case of Co4Hg, with a steeper blue tail. Regarding the
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Fig. b5: Intensity ratios 110,0_15,2,”71/15‘4_10,3“7,1 (a),

Lio.o—15.2um/Ta.a7—10.3um (0), and Is.a1-10.3um/la.47—5.4m
(c) as a function of the ny /n¢ fraction for the flakes family

(black crosses), branched family (red squares), and pretzels
family (blue triangles). The dashed lines in plots (a) and
(b) were drawn to guide the eye, whereas in plot (c), these
lines show the exponential fitting of the data (see Appendix
B for the details of the fit).

overhydrogenated molecules Co4H1g and CoyHoy, their UV-
visible spectra are very similar and present a bump shifted
towards higher energies with a maximum of ~ 7.4eV for
both clusters.
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The electronic transitions below 9eV involve m—m*
transitions, mixed with o—n* transitions when the energy
increases (see some examples in Fig. C.2). The blueshift
of the maximum for Co4H1g and CyyHsoy with respect to
Co4H15 is consistent with the more important fraction of
sp> C atoms leading to o—7* transitions. Transitions to
o* orbitals are found at higher energies (above 9¢eV). In-
terestingly, for the flakes population, when integrating the
spectra between 2 and 9eV, a clear decrease in the oscil-
lator strength can be seen in this region when increasing
ng/ne (see Fig. 7, black crosses).

Regarding the branched families, all spectra are also
characterized by a wide plateau that, as in the case of the
flakes family, appears at ~ 1eV for Cyy and at higher en-
ergies up to ~ 2 eV for CoyHay when npy/ne increases.
The difference in the shapes of the plateaus with ng/ne
is less obvious than in the case of the flakes. As in the
case of the flakes family, the 2-9€eV oscillator strength de-
creases when ng/ne increases. The oscillator strength in
the higher-energy part of the spectrum (6-9eV) increases,
whereas that in the 2-6 eV domain decreases when ng/ng
increases, with a maximum at approximately 8.2eV up to
ngy/ne=0.5, and 7.8 and 7.5 eV for ng/ne=0.75 and 1,
respectively.

Regarding the pretzels family, the trends are similar (see
Fig. C.1 (a) and Fig. 7). The maximum of the plateau is at
approximately 8.3 eV for Ca4, 7.6 eV for Co4Hg and CoyHyo,
and at a lower energy for Co4H1g and CoyHoy. The evolution
of the UV-visible spectra of the cages (see Fig. C.1 (b)) is
not discussed as they cannot be considered as a population
due to the small number of isomers.

4. Astrophysical implications

The astronomical IR spectra reported in the present work
are emission spectra and the computed spectra are absorp-
tion spectra. Simulating a full radiative emission cascade
approach for comparison is out of the scope of this arti-
cle. To first order, for the relatively large systems studied
here, the emitted spectral positions should in any case re-
main within the error bars of the scaling of our absorption
spectra.

Regarding the C-H stretching region, the error bars on
the scaling factors may amount to 0.1 um due to the high
concentration of data on a small wavelength range. How-
ever, the relative intensities in the three different wave-
length regions assigned to sp,, (n=1-3) carbon atoms could
be a good indicator of the structural characteristics and
of the ny /ne ratio of the IR band carriers in the C-H re-
gion in the ISM (see Fig. 4). For instance, comparing the
spectra computed in this work with the astronomical spec-
trum of the Orion bar (a so-called class A in the AIBs
astronomical spectral classification; i.e., the more aromatic
AIBs class), it appears that isomers with the characteristics
of the flakes family (large number of five- and six-carbon
cycles and mostly planar) with a ngy /ne ratio smaller than
0.5 with no sp! carbon atom, are the most interesting can-
didates.

In the view of interpreting future astronomical observa-
tions, the 13,37,3,56“771/13,16,3,30Hm intensity ratio reported
in Fig. 4 (d) could be used to bring constraints on the
ngy /ne fraction in regions where hydrogenated carbons are
expected. From the dependence of the C(sp*)H,, (x=1-3,
n=1-3) fraction on ng/nc reported in Fig. 3, we derived
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Fig. 6: TD-DFTB optical spectra of Co4H, (n=0,
6,12,18,24) for the flakes (a) and branched (b) families. The
average Galactic extinction curve adapted from Fitzpatrick
& Massa (2007) is reported in dashed lines.

the C(sp?)Hs/C(sp®)H; fraction as a function of ny /n¢ for
the flakes, branched, and pretzels families (see Fig. 8 (a)).
As can be seen in Fig. 8 (a), this fraction remains small for
all families (lower than 0.3) but increases with ng/ne. In-
terestingly, the shape of the [3.3-3.6 um] band for the flakes
and a ny /ne ratio of 0.5 is very similar to the astronomical
features recorded for the protoplanetary nebula CRL 618
(Chiar et al. 1998). Chiar et al. (1998) deduced from their
analysis that the 3.4 ym band was due to the presence of
relatively short chains of aliphatic hydrocarbons, with a
CHj3/CH;, fraction estimated at between 0.4 and 0.5, which
is larger than our estimation for low ng/ng fractions.
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Fig. 7: Oscillator strength ratio in the [2-9¢eV] region be-
tween CoqH,, (n=6,12,18,24) and Cay4 for the flakes (black
crosses), branched (red squares), and pretzels (blue trian-
gles) families. The data points were fitted by a linear law
(see Appendix B).

In the diffuse ISM, the C(sp3)H3/C(sp3)Hy fraction was
estimated to be in the range of 2-2.5 (Matrajt et al. 2005;
Sandford et al. 1991; Pendleton et al. 1994), and therefore
the populations considered in this work are not good
candidates for the HAC in these regions. On the contrary,
the C(sp?)H;/C(sp®)H, ratio is larger and remains above
0.4 (see Fig. 8 (b)). For the lower values of ny/n¢, the
smallest C(sp®)H; /C(sp?)Hz ratio is obtained for the flakes
populations.

Regarding the IR features above 4 pum, the sharp
band at ~4.77um due to C=C stretch is not observed
in astronomical spectra. For instance, similarly to the
3.00 pm C(sp!-H) stretching band, the 4.77 um band is not
observed in the astronomical emission spectrum of Orion
bar H2S1. Therefore, among all the isomers considered
here, those possessing C=C bonds are not observed in
astronomical emission spectra. If they are formed in the
ISM, then their lifetime is expected to be insufficient to
be detected. The reason that can be invoked is that C=C
bonds are expected to be more reactive than C=C bonds.
Consequently, the isomers possessing sp' carbon atoms are
expected to isomerize under the action of either photons
or collisions, leading to most stable isomers possessing a
majority of sp? atoms. The isomers containing sp* carbon
atoms could also be reactive intermediates in the growth
of larger carbon clusters considering a bottom-up process.
A shortcoming of the present work is that all isomers were
taken into account without any energetic consideration,
and we show that the higher the fraction of sp' atoms, the
less stable the isomers are (see Fig. 10 in the article by Pla
et al. (2021)). The intensity ratios reported in Fig. 5 could
be used to estimate the ng/ne ratio in regions of the ISM
where the presence of hydrogenated carbon clusters can be
expected. It is clear that Iip.o—15.2um/I5.4—10.3um (Fig. 5
(a)) and Iip.0-15.2um/Ta.a7—10.3um (Fig. 5 (b)) increase
with ng/ne for all families, leading to similar values of
ny/nc=1-—namely 0.40-0.45 for the former and 0.3-0.4 for
the latter— for all families. However, these evolutions could
not be fitted by a simple law. The 15.41_10.3’1””/14_47_5.41“7”
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ratio increase as a function of ngy/ne could be fitted by
an exponential law (see the coefficients in Appendix B)
and could also be used to constrain the hydrogen rate and
to a lesser extent the structural features of astrophysical
candidates. Interestingly, the I5-41*10-3l‘«m/14~47*5~41#«m
ratio increase for the pretzels families is less pronounced
than the same increase for the branched and flakes families,
which appear similar.

As the computed spectra are absorption spectra, and
the profile of the band in the [10.0 - 15 pm] range remains
uncertain due to the difference of scaling factors for C-C
and C-H modes, only trends can be compared to astronom-
ical data. However, we compared the computed IR features
to the astronomical emission spectrum recorded in a C-rich
and H-rich planetary nebula of the Small Magellanic
Cloud (SMC), where both fullerenes and PAHs have been
detected (Garcia-Herndndez et al. 2010). Interestingly, it
appears that the plateaus observed in the [6-10] and [10
- 15 ym] ranges could be accounted for by the resonance
of the C-C stretches and C-H bends, respectively. The
best agreement in terms of the shape of the bands and
their intensity ratio qualitatively corresponds to the flakes
family populations, which possess a ng/nc rate below
0.5. This conclusion is similar to the one drawn after the
analysis of the C-H stretching features in the Orion bar
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H2S1. However, we are aware that the relative intensities
of these regions should be in favor of the lower energy
range in astronomical emission spectra.

This study, based on the analysis of the relative inten-
sities of the IR features in different domains, brings some
constraints on the chemical nature of hydrogenated carbon
clusters (structural organization and hybridization of
carbon atoms) and on the ng /ne ratio of these clusters in
the regions of the ISM where they are detected. Our results
are clearly in favor of the flakes population cleared from sp'
atoms with low ng/ne ratio. It is interesting to compare
these trends with the experimental results obtained by
Dartois, E. et al. (2020). In this study, interstellar-relevant
dust particles were produced by high-energy mechanochem-
ical synthesis from carbon-based solids (graphene flakes,
fullerenes, nanotubes) under hydrogen atmosphere. From
the experimental measurement of the ngy/ne ratio and
from the comparison of the IR-measured intensities of
the produced grains and the AIB features of the so-called
class C-D spectral family, which contains aromatic and
aliphatic moieties, these latter authors concluded that
the ngy/ne ratio within polyaromatic-emitting structures
should be very low, between 3% and 7%, which is one
order of magnitude lower than the estimations provided
in the present work. However, the size of the produced
species in these experiments is much larger than that of
the carbonaceous systems studied in this work. Regarding
pure carbon clusters, quantum chemical calculations show
that when size increases, the cages population becomes
energetically more favorable than the flakes population
(Dubosq et al. 2019). However, interestingly, a recent
theoretical study by Perez-Mellor et al. (2022) shows
that both entropy and addition of a moderate amount of
hydrogen favors planar structures analogous to the flakes
populations studied in this work. Typically, regarding the
hydrogenated isomers of Cgg, the flakes population was
determined as the most favorable for CgoH,, with 12<n <
60 stoichiometries for T between 0 and 3500 K. Therefore,
we may reasonably assume that the IR features for larger
clusters such as CgoH,, with 12 <n <60 are similar to the
ones obtained for Cy4Hg. However, for a hydrogen fraction
lower than 0.20, the most stable population for CgoH,, is
roughly that of the cage, which is also the most stable but
encompasses fewer isomers for carbon clusters with less
than 30 atoms. It is therefore hazardous to extrapolate
our results to clusters of a larger size with a larger number
of carbon atoms and a lower ng/nc ratio than the one
considered in the present study.

When comparing the computed UV-visible spectra of
the flakes families (this work) to the average interstellar
medium extinction curve (Fitzpatrick & Massa 2007), it
appears that the Co4Hy5 family is the one contributing the
most to the UV bump, and CoyHg is that contributing the
least, its maximum being blueshifted with respect to the
astronomical data. Furthermore, larger pure carbon clus-
ters pertaining to the cages —and to a lesser extent the
flakes— family were shown to be good candidates (Dubosq
et al. 2020). When increasing the hydrogenation degree,
only a contribution to the high-energy part of the absorp-
tion continuum can be considered. As for the spectrum of
Cay, it could also contribute to the continuum considering

carbon-rich regions, but not to the UV bump, and this is
also the case for the branched and pretzels populations.

5. Conclusions

In this work, we report the IR and optical absorption
spectra of populations of Cy4H,, (n=0,6,12,18,24) clusters
containing up to several tens of thousands of isomers.
These were obtained by summing individual DFTB (IR)
and TD-DFTB (optical) spectra of individual isomers. We
also present correlations between spectral features and the
ny /ne ratio for different structural families.

Regarding the IR features, the computed bands in the
[2.99-3.00 pm], [3.16-3.30 pm], and [3.37-3.56 yum] domains
are assigned to C(sp”)-H stretches with n=1, 2, and 3, re-
spectively. The intensity ratios within these three domains
could be an indicator of the ny /ne fractions in the regions
of the ISM where the presence of carbon species is expected.
The comparison of the computed spectra with the Orion bar
H2S1 spectrum suggests that the flakes population, which is
deprived of sp* atoms with an ng /ne lower than 0.5, could
be at the origin of these IR features. However, error bars
due to the limited wavelength range where scaling factors
were determined are expected on the absolute positions of
the C-H stretching modes. Hydrogenation of carbon clus-
ters also leads to a plateau in the [10-15 pum] region —which
is more intense as ny/ne increases—, where no feature is
observed for pure carbon clusters.We clearly show that the
ratio between the intensities in the [10.0-15.2 um| domain
with respect to the [5.41-10.3 um] increases with ngy/ne.
This could also be used to analyse future astronomical IR
data to provide a constraint on the ng/ne fraction. The
comparison between the computed IR features in the [10-
15 pm] and [6-9 ym)] regions and the observational data of
a C-rich and H-rich planetary nebula indicates that hydro-
genated flakes with a low ny/ne ratio (lower than 0.5) are
good candidates to be the carriers of these plateaus.

However, an intense narrow band resonating at ~ 4.8um
and due to C=C stretch is observed in all calculated spec-
tra, with its relative intensity decreasing when ng/ne
increases. To our knowledge, such a feature has not been
observed in the astronomical IR spectra of the ISM in
C-rich and H-rich regions. However, in emission spectra,
the intensity of this band is expected to be considerably
decreased. As discussed in this article, sp! carbon atoms
are expected to be more reactive than sp? carbon atoms
and are expected not to be stable over time. A question
that will be addressed in the future is the evolution of the
spectra of populations with a low ng/ne ratio when only
the most stable isomers —which also possess the fewest sp’
carbon atoms— are taken into account in order to improve
the agreement with astronomical features. In the present
work, neither energetic constraints nor reaction processes
were taken into account. The results reported here could
be of interest for the interpretation of new JWST data, in
particular in the framework of the PDRs4All program.

Regarding the optical features, a wide band in the
case of the flakes and pretzels families, and a sort of
continuum in the case of the branched family, are observed
in the [1-9eV] range. These were assigned to m,0 — 7*
transitions. The total intensity decreases when npy/ne
increases. Comparison with the astronomical spectrum

Article number, page 11 of 16



A&A proofs: manuscript no. 45472corr

suggests that the most stable CoqHjo flakes family (and to
a lesser extent the CoyHg flakes family) could contribute to
the UV bump. When ng /n¢e increases, more higher-energy
features are observed with an increasing contribution of
o — 7* transitions and these could contribute to the
high-energy part of the continuum of the extinction curve.
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Appendix A: IR spectra benchmark

Benchmarking was performed against well-known DFT har-
monic spectra presented in the literature. This was done for
a set of 15 isomers of CyqHy, 13 isomers of CoyHs, and 15
isomers of CoyHis. All of these geometries were relaxed at
the B3LYP /pc-1 level with the Gaussian 09 software suite.
Corresponding IR spectra are computed at the correspond-
ing level of theory. To this set of structures, we added the re-
sults of a previous benchmark performed over a set of 50 Coy
isomers (Dubosq et al. 2019). The benchmarking was per-
formed as follows. For a given isomer, for each nondegener-
ate C-H vibrational mode and most remarkable C-C vibra-
tional modes at the B3LYP /pc-1 level, we identify the same
modes at the SCC-DFTB level. Doing this, we can corre-
late the vibrational energy computed at BSLYP/pc-1 level
with the corresponding SCC-DFTB value (see Fig. A.1).

4000

T
benchmark ¢
CC soft: A=0.9046+/-0.0021 ——
CC hard: A=0.9983+/-0.002
CH hard: A=0.843+/-0.016, B=627+/-48 cm ', ——
CH inter: A=0.581+/-0.016, B=1346+/-47 cm 1
CH soft: A=0.594+/-0.063, B=376+/-45¢cm™ ———

3500 |

3000 |

DFT (cm’
&
8

2000 |

]
Eel &8,
£ 8~y
£ 1500 e .
3 ;
y

= 1000 | s .

500 e ,

W
0 ‘ ‘ ‘ ‘ ‘ ‘
0 500 1000 1500 2000 2500 3000 3500

Wavenumber, SCC-DFTB (cm™)

Fig. A.1: Correlation graph between SCC-DFTB and
B3LYP/pc-1 wavenumbers. The black dotted line corre-
sponds to a perfect correspondence between SCC-DFTB
and B3LYP/pc-1 vibrational energy.

For soft and collective C-C vibrational modes (v < 1750
ecm~ 1), we determined a scaling factor of 0.9046 + 0.0021,
while for harder C-C stretching modes (7 > 1750 cm™1!),
the scaling factor was found to be 0.9983+0.0020. A distinc-
tion between soft and hard C-C vibrational modes occurs
around 1750 cm™! with an overlap of ~ 100 cm™! around
this value. To allow a smooth transition between these two
trends, we proposed the following equation to express the
scaling factor depending of the vibrational energy:

Scaling factor = A (erf (m—l?'é()) + B> ,
o

where constant A and B are determined by asymptotic
limit. The « value is defined to have a 75% scaling factor
of the soft C-C vibrational mode at 1700 cm ™! and a 75%
scaling factor of the hard C-C vibrational mode at 1800
cm ™! Values of these three parameters are given below:

19029
T 2x A

A=0.04685 ; B o = 104.835808.

Concerning the C-H vibrational modes, three energy
regions corresponding to three different types of vibrational
modes were distinguished and fitted with affine functions

a X x + b. The first range of C-H vibrational modes (500
-850 ¢cm~!) corresponds to out-of-plane C-H vibration
(affine law : 0.594 +0.063 x z+ 376 =45 cm~1). The second
range of C-H vibrational modes [2440 - 2990 cm™1] is
associated to C-H stretching modes of -CHy type. For such
modes, the 0.581 + 0.016 x 2 + 1346 £+ 47 cm™! affine law
was determined. These modes were mostlyobserved in our
set for the Co4Hyo. The last vibration modes correspond
to C-H stretching modes for C-H sp? and sp' atoms (7 >
2950 cm~!) and the 0.843 4 0.016 x x + 627 & 48 cm™*
was obtained. Due to the difficulty in distinguishing C-H
out-of-plane vibrational modes from C-C soft modes of
vibration from a pure energetic point of view, we do not
take into account the affine law determined for the C-H
out-of-plane vibrational mode at first to plot the spectra,
but the law is applied to the [450-1000 cm™?] region after-
wards, without proposing a smooth transition between the
two regions, as this seemed beyond our capabilities within
the scope of this work, where a tremendous number of
isomers and modes are involved.

However, due to the clear distinction we have for the
highest-energy C-C and C-H vibrational modes, we were
able to propose a smooth transition of the scaling between
the two types of C-H stretching modes, and we propose the
following form:

Scaling factor = A(x) x x + B (z)

with

A(z) = a (erf (35_72990> + 5)
s o(22) )

We define the parameter as for the smooth transition of the
two different C-C modes of vibration and we find that

0.712
=0.131 ; = —
a=0181 5 F=0q5
986.5
o =-3595cm™ ! 6’2—359.5 cm ™!

v =10.5 cm™ .

Appendix B: IR features
Appendix B.1: Infrared spectra for pretzels and cages families

Appendix B.2: Coefficients of the fits for the intensity ratios
of Fig. 4, Fig. 5, and Fig.7
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Fig. B.1: Infrared spectra for the pretzels and cages families. (a), (b) Zoom into the [2.8 - 4 um]| region. The intensities
were multiplied by 4 for Ca4Hg and by 2 for Co4Hio to make the structures of the bands visible. (c), (d) The features
represented with dashed lines in the [10.2 - 22.7 pm]| region were rescaled using the appropriate factors for C-H bend
(see main text and Appendix A). The final shifted band in the [10.0 - 15.3 pm] domain is represented in plain lines. The
emission spectra from the Orion bar H2S1(Van Diedenhoven et al. 2004) and from the SMP SMC 16 planetary nebula
(Garcia-Hernandez et al. 2010) are added for comparison.
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family a0 50 al b1
flakes 0.28 + 0.02 3.49 + 0.28 0.32 + 0.03 10.0 £ 1.6
branched 0.66 £ 0.06 3.15 + 0.26 0.23 £+ 0.02 19.0 + 3.0
pretzel 0.65 + 0.08 3.98 + 0.41 0.20 + 0.01 0.62 + 0.02
a2 b2 a3 b3
flakes 0.14 + 0.02 3.74 £ 0.15 0.98 + 0.02 -0.53 + 0.04
branched 0.056 £ 0.020 3.73 £ 0.39 0.999 + 0.001 -0.489 + 0.001
pretzel 0.056 £ 0.010 4.90 + 0.19 1.03 £ 0.03 -0.61 + 0.04
Table B.1: Coefficients of the analytical fitting equations for the intensity ratios as a function of ng /n¢ for
Fig. 4 (a) : f(z) = a0 x exp(—b0 * ),
Fig. 4 (b) : f(x) = al xlog(bl % ) for flakes and branched, f(z) = al + bl * = for pretzels,
Fig. 4 (d): f(z) = a % exp(b* x) for flakes with a=0.39 £+ 0.03 and b=2.21 + 0.09
Fig. 5 (c) : f(x) = a2 * exp(b2 * z),
Fig. 7: f(x) = a3+ b3 xx
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Fig. B.2: Evolution of the C(sp*)H,, (x=1-3, n=1-3) ratio
as a function of ngy/ne for the pretzels (a) and cages (b)
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Appendix C: Ultraviolet-visible spectra for pretzels Cas o UNMM
1.0 2.0 3.0 4

and cages families 0.0 0 50 60 70 80 90

Energy (eV)

Fig. C.1: TD-DFTB optical spectra of CoyH, (n=0,
6,12,18,24) for the pretzels (a) and cages (b) families. The
average Galactic extinction curve adapted from Fitzpatrick

& Massa (2007) is reported in dashed lines.
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Cy4His Ca4Hyy

Fig. C.2: Representation of some relevant transitions for some isomers of the flakes families of Cy4H,, (n=6,12,18,24).
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