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ABSTRACT

The infrared spectra of many carbon-rich post-asymptotic giant branch stars are dominated by
emission features from aromatic and aliphatic hydrocarbons, but the chemical structure of the carriers
remains unidentified. Class D sources show unusual emission profiles with strong aliphatic emission,
providing a stringent test of carrier candidates. Here we investigate whether hydrogenated carbona-
ceous molecular particles can be the carriers of these features. Rather than assuming candidate geome-
tries we generate the initial structures using ab initio molecular dynamics simulations and optimize
them using density functional theory. We then compare the computed emission spectra to JWST
NIRSpec and MIRI/MRS observations of Class D sources. The best-fitting structures contain sizeable
domains with defect-bearing aromatics and hydrogenated-aromatics connected by aliphatic bridges,
in contrast to the “arophatic” cluster model of isolated two- to three-ring aromatics connected by
aliphatic and olefinic bridges. As a representative example, we discuss in detail the molecular particle
Ci30Hgg (radius of 5.5 A) and compare its computed spectrum to the JWST spectra of IRAS 05110-
6616, a Class D2 source with apparent shifts of the aromatic C—H out-of-plane bands. The calculated
spectra are in qualitative agreement with the observed 3 um profile, the aliphatic C-—H bending bands,
the broad 8 pym feature, the 11-—14 pum C—H out-of-plane region, and the bands at 16 and 21 ym. We
hypothesize that UV photo-driven fragmentation of such molecular particles releases aromatics linked
by aliphatics, followed by the formation of polycyclic aromatic hydrocarbons and fullerenes as these
objects evolve into planetary nebulae.

Keywords: Infrared astronomy — Molecular spectroscopy — Theoretical techniques

1. INTRODUCTION s Carbon-rich stars are important sources of carbona-

w0 ceous materials in the ISM. After ejection, the material
a1 is further processed by UV radiation, energetic parti-
Corresponding author: A. Ricca 2 cles and strong shocks and ends with its incorporation
Alessandra.Ricca-1@nasa.gov s into newly formed stars and planetary systems. Under-
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standing the currently unknown steps along this path
and elucidating the chemical structures of the emission
carriers is of key importance. It is generally thought
that photo-processing can change the ratio of aliphatic
carbon (present in chains or rings, e.g., sp® hybridized
C) versus aromatic carbon (present in aromatic rings,
e.g., sp? hybridized C).

In some benign environments associated with post-
asymptotic giant branch (post-AGB) stars and proto-
planetary nebulae (PPNe), a relatively high aliphatic
fraction has been observed in infrared (IR) emission
spectra. Aliphatic bands peak at 3.4-3.5 um (Geballe &
van der Veen 1990; Geballe et al. 1992, 1994) and at 6.9
and 7.25 pm in addition to broad features near 8 pum
and in the 11-15 um region (Sloan et al. 2007, 2014;
Sloan 2017; Matsuura et al. 2014; Jensen et al. 2022).
In harsh environments associated with Hir regions, Her-
big AeBe stars, reflection nebulae (RNe), diffuse ISM,
and planetary nebulae (PNe), the fraction of C atoms
in aliphatic form observed in the IR emission spectra is
much lower (10%; e.g., Li & Draine 2012; Yang et al.
2016). These spectra are classified as Class A and B
(Peeters et al. 2002). In these objects, aromatic bands
at 6.2, 7.7, 8.6, 11.2 and 12.7 pm, generally attributed
to polycyclic aromatic hydrocarbons (PAHs), dominate
the spectra, while aliphatic bands at 6.9 and 7.25 pum
are negligible. Class C sources include Young Stellar
Objects (YSOs; Acke et al. 2010) and post—-AGB stars
(Peeters et al. 2002; Sloan et al. 2007). Their emission
spectra contain broader features than Class A and B
spectra and the aliphatic/aromatic content is in-between
that of Classes A/B and D sources (Sloan et al. 2007;
Pino et al. 2008). Class D sources have been further di-
vided as Class D1 and D2 (Matsuura et al. 2014; Sloan
et al. 2014). Their emission carriers, which we will refer
here as ProtoPAHs, have spectra that are inconsistent
with PAH spectra (Clark et al. 2026, submitted). The
chemical structure of the carriers remains elusive.

JWST program ID 4678 (PI: G. C. Sloan) observed
a sample of seven targets, all of them carbon-rich post-
AGB objects in the Large Magellanic Cloud (LMC) and
the Small Magellanic Cloud (SMC). The sample includes
two sources with Class D1 PAH spectra, two D2, two
sources known or suspected to have strong absorption
spectra, and one Class B source complemented with
SMP LMC 058, a PN with Class B PAH emission that
was observed as a calibration target by JWST. Class D
observed spectra provide the observational constraints
needed to characterize ProtoPAHs (Sloan et al. 2026,
submitted).

The infrared emission of mixed aromatic/aliphatic
carriers has previously been modeled with density func-
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tional theory, using hand-constructed structures rang-
ing from PAHs with aliphatic side groups (Sadjadi
et al. 2015, 2017) to mixed aromatic/aliphatic organic
nanoparticles (MAONs; Kwok & Zhang 2011; Kwok &
Zhang 2013; Sadjadi et al. 2016).

Jones, A. P. & Ysard, N. (2025) used THEMIS
(The Heterogeneous dust Evolution Model for Interstel-
lar Solid; Jones 2013) to generate a three-dimensional
“arophatic” cluster model, consisting of isolated clus-
ters of two to three six-membered ring aromatics con-
nected by aliphatic and olefinic bridges (Jones 2012;
Micelotta et al. 2012). They further assessed the
photon-driven fragmentation and Coulomb fragmenta-
tion of the “arophatic” cluster model. Alternatively, the
molecular particles can be computed by starting from
its precursor material, namely amorphous carbon (a-C).
Computational ab initio molecular dynamics (AIMD)
methods provide realistic models of a-C for densities
spanning 0.95 to 3.5 g cm™3 (Bhattarai et al. 2018;
Bauschlicher & Lawson 2010). The structures vary from
interconnected wrapped and defective sp? sheets at 0.95
g cm ™3 to almost tetrahedral (diamond-like) structures
at 3.5 g cm—? (Bilek et al. 2000).

In this work we seek to characterize the ProtoPAH
emitters without prior assumptions about their struc-
ture by using a-C as a starting point and the constraints
provided by JWST observations. We should note that
these structures are not being proposed as carriers of
the general AIB spectrum, but only as carriers of the
specific sources that show a spectrum that is markedly
different from the regular AIBs, such as the proto-PAH
targets.

This paper is organized as follows. Section 2 describes
the theoretical methods employed in this paper. Sec-
tion 3 provides an analysis of the infrared (IR) spectral
characteristics and structural properties of the molecu-
lar particle. Further astrophysical implications for these
findings are discussed in Section 4, and Section 5 sum-
marizes these results.

2. METHODS

The steps involved in generating the hydrogenated
carbonaceous molecular particle structures, with a net
charge of zero, are shown in Figure 1. Starting from
a cubic box containing carbon atoms placed randomly
we obtained bulk a-C. We generated a sphere out of
the amorphous carbon cube and then hydrogenated it.
Linear chains containing carbon atoms doubly coordi-
nated (Csp,) were removed and long aliphatic chains were
folded to allow ring formation. The geometry of the
sphere was subsequently optimized.
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amorphization

—

box of carbons

spherical

>

amorphous carbon cube

hydrogenation

refinement

amorphous carbon sphere molecular particle

Figure 1. Steps involved in generating the hydrogenated carbonaceous molecular particle structures.

us Bulk a-C was computed using ab initio molecu-
w7 lar dynamics (AIMD) simulations and employing the
1s Vienna ab initio simulation package (VASP), version
u 5.4.4.18Aprl7 (Kresse & Hafner 1993, 1994; Kresse &
150 Furthmiiller 1996; Kresse & Furthmiiller 1996). The
151 Perdew-Wang 91 (PW91) exchange-correlation func-
152 tional (Perdew & Wang 1992) and a plane wave basis
153 set, in conjunction with the projector augmented wave
15« method (PAW; Kresse & Joubert 1999), were employed.
155 An energy cutoff of 400 eV for the plane-wave basis set
156 and a 1 x 1 x 1 grid of k points were used in all simula-
157 tions.

1553 We generated a cubic cell containing 128 carbon atoms
15s with a density of 2.0 g cm™3. The atoms were dis-
160 tributed randomly in the box with the constraint that
161 their positions be at least 0.5 A away from the edges and
12 that the distance between the carbon atoms be greater
s that 1.3 A. The cubic cell was then replicated along the
164 X,y,z directions to produce a bulk structure. The atomic
165 positions in the cell were relaxed at 0 K while keeping
166 the dimensions of the cell fixed.

17 The amorphization step, shown in Figure 1,
s was performed following the procedure described by
1o Bauschlicher & Lawson (2010) using three steps: ()
o melting consisting in heating and equilibrating at 5000 K
over 0.6 ps; (#) quenching from 5000 K to 1 K over 4
2 ps and (#i7) energy minimization at 0 K.

w3 From the resulting a-C structure we extracted a sphere
17s with a radius of 7 A that captured enough aliphatic, aro-
s matic, and olefinic (non-aromatic C=C double bonds)
e components. The bond connectivity was assessed and
17 defects (carbon atoms with less than four bonds) were
s hydrogenated.

e  The geometries of the neutral molecular particles ob-
180 tained from the MD simulations were reoptimized us-
ing the density functional theory (DFT) method, the
12 6-31G™ basis set (Frisch et al. 1984) and their harmonic
183 frequencies computed using the Gaussian 16 suite of pro-
e grams (Frisch et al. 2016). We ensured that the struc-
185 tures had a minimum on the potential energy surface,
185 i.e. they didn’t produce imaginary frequencies.

17 The harmonic frequencies were scaled to lower val-
188 ues using three scaling factors, namely 0.959 for C-
189 H stretches in the 3 pm region, 0.9715 for the 5-

2

17

oy

18

2

wo 10 pm region, and 0.9821 for everything above 10 pm
w1 (Bauschlicher et al. 2018). The frequencies (in cm™1)
w2 and band intensities (in km mol™!) were synthesized
103 into emission spectra using an emission cascade model.
11« Emission spectra were computed for the absorption of a
105 single photon using excitation in the solar radiation field
s characterized by a 5770 K blackbody (& 3.5 eV), and
107 the entire cooling cascade was taken into account (see
108 €.g., Boersma et al. 2010; Boersma et al. 2011; Boersma
e et al. 2014; Bauschlicher & Ricca 2010). The integration
200 was done over wavenumbers (units of erg) and convolu-
201 tion with a line profile gave units of radiant energy in
o erg/cm~!.  Gaussian line profiles were used with full
203 width at half maximum (FWHM) values of 30 cm ™! for
200 bands shortward of 9 um and 25 cm ™! for bands between
205 9-20 pum, based on comparisons with observations.

26 The geometries and vibrational normal modes were
207 visualized using the software JMol'. All the structural
208 and spectroscopical data will be made publicly available
200 in the NGdb — Theoretical database?.

&

<

210 3. RESULTS
211 3.1. Structural properties

212 We obtained seventy structures and assessed their rel-
213 evance based on comparisons of their modeled emis-
214 sion spectra with JWST observations. Poor fits were
obtained when (i) olefinic double bond chains linked
216 aromatics and hydrogenated aromatics (i.e. aromatics
27 with additional hydrogen atoms) and (i) when only a
218 very small number of aromatic rings were present in
219 the domains. The best fits were obtained for molecu-
20 lar particles containing sizeable aromatic/hydrogenated
an aromatic domains (bright colors) connected by aliphatic
22 links (grey color), as shown in Figure 2. A molecular
23 particle representative of this class is Cy390Hgg with a
radius of 5.5 A. C;30Hgg itself is not a unique astronom-
»s ical carrier. Rather, it serves as a representative exam-
26 ple demonstrating that a single molecular particle con-
227 taining aromatics and aliphatics can account for several
2s features that have previously been difficult to explain

21

o

22

=

I https://jmol.sourceforge.net/

2 https://nanograin.odr.io/
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simultaneously, and that such a structure can indeed re-
produce many of the observed characteristics. This par-
ticular structure with its curved and defective ring sys-
tems, hydrogenated aromatic regions, and aliphatic con-
nections may provide clues to how such particles could
later fragment or rearrange into PAHs and fullerenes. In
a subsequent paper we plan to extend this study to an
ensemble of structures and include distributions in size,
H/C, and Cgp2 /Cyps ratios.

For each domain, the breakdown of aromatic and hy-
drogenated aromatic rings, the total number of connec-
tions to the rings and the number and type of aliphatic
links are given in Table 1. Most of the fully aromatic
rings are six-membered rings whereas the hydrogenated
aromatic rings contain five—, six— and seven—membered
rings. Most of the aliphatic C—H links contain up to
two carbons, with a few links containing three and
four carbons. The number of aromatic carbons is 67,
olefinic carbons is 16 and aliphatic carbons is 47. Twelve

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

aliphatic hydrogens are in 4 CHg groups, 46 aliphatic
hydrogens are in 23 CHs groups, and 16 aliphatic hy-
drogens are in 16 CH groups. Together with the 15
aromatic and 7 olefinic H atoms, this gives a total of 96
H atoms. This mixed character is due to the presence
of defects, such as pairs of five/seven-membered rings,
which reduce the number of aromatic bonds and create
carbon radicals (with less than four bonds) which can
react with hydrogen atoms to form hydrogenated aro-
matic rings and/or with other carbon radicals to form
C—C bonds. The presence of five-membered rings in-
duces curvatures in the structure that depend on the
number of five-membered rings and their relative po-
sitions. The rings are linked by aliphatics attached at
their edges. The structure is more strained and disor-
dered than PAHs linked by aliphatic chains. It can be
viewed as an intermediate component between a-C and

PAHs.

Table 1. Breakdown of the number of aromatic and hydrogenated aromatic rings, along with the total number of
carbon links attached to each domain (total C-links), and the type and number of aliphatic links (CHs, CHz, 2(CHz)
(2C), CHCHCHjs (3C-1), CHCH,CH (3C-2), CHCH2CH; (3C-3), CH,CHCH>CH; (4C)).

Arom. rings Hydr. arom. rings

Total C-links

Aliphatic links

Domain Five Six Seven Five Six Seven CHs; CH, 2C 3C-1 3C-2 3C-3 4C
Red 2 1 1 2 1 1 5 2 1 1

Green 5 1 1 8 2 4 1

Magenta 1 1 1 6 3 1 1
Cyan 6 1 6 1 1 1 1
Blue 1 4 1 1

Yellow 1 1 6

3.2. Emassion spectra

NIRSpec and MIRI/MRS spectra of the Class D2
TRAS 05110-6616 (IRAS 05110 hereafter) source (Sloan
et al. 2026, submitted) are shown in Figure 3 along with
the computed emission spectra of the neutral molecular
particle Cy39Hgg, for the absorption of a 3.5 eV photon.
The computed band positions, intensities, and assign-
ments are given in Table 2.

A detailed analysis of the NIRSpec spectrum of IRAS
05110 was performed using gaussian fits of the normal-
ized, continuum-subtracted emission bands (Clark et al.
2026, submitted). It showed that the main emission
bands in the NIRSpec range can be decomposed into

279

280

28

=2

282

283

284

285

286

287

288

289

290

291

292

293

294

three features: i) a wide aromatic C—H stretching band
at 3.284 pum with some olefinic C—H stretching contribu-
tions at 3.24 and 3.35 um; ) a CHy asymmetric stretch-
ing band at 3.425 um with a shoulder at 3.38 pum due
to a CH3 asymmetric stretching band; 4) an aliphatic
band at 3.489 pm with contributions from a CHs sym-
metric stretching band (3.4838 ym) and a CHz symmet-
ric stretching band (3.5075 pm). No strong band was
observed at 3.40 pm which indicates that superhydro-
genated aromatics, such as 1,2,3,6,7,8-hexahydropyrene
(Demyk et al. 2026), are not present in substantial
amounts.

The computed 3 pm emission (Figure 3) contains three
bands that fall at wavelengths comparable to observa-
tions: 4) an aromatic C-H stretching band at 3.278 pm
with a small olefinic C-H stretching band contribution
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Table 2. Summary of computed band positions (um), intensities (kcal mol™'), and assignments for C130Hogs.

Band position  Intensity Assignment

3.278 0.023737 aromatic C-H stretching

3.424 0.087557 CHj asymmetric stretching in aliphatic links and CH3 asymmetric stretching
3.50 0.02158  CHjy symmetric stretching in hydrogenated aromatics and CH3z symmetric stretching
6.261 0.797 C-C aromatic stretching

6.623 1.10 C-H in-plane bending and CH> scissoring in long aliphatic links

6.813 1.72 CHs in-plane scissoring in short aliphatic links

7.196 (blended) - CHs symmetric bending (umbrella mode)

7.372 - 9.25 9.78 aliph., arom., olef. in-plane C-H bending, skeletal C—C distorsions

10.961 3.99 aromatic CHoeop solo and CHjz in-plane rocking

11.242 5.34 aromatic CHoeop solo

11.783 2.03 aromatic CHoeop solo and CHjz in-plane rocking

12.444 3.82 aromatic CHoop duo

13.371 2.98 CH> in-plane rocking and CHo,p solo

16.16 3.70 skeletal bending

18.63 2.79 skeletal bending

20.70 2.22 skeletal bending

Figure 2. Structure of the hydrogenated carbonaceous
molecular particle C130Hos with the various aromatic/hy-
drogenated aromatic domains, highlighted in different colors,
connected by aliphatic links, shown in grey.

205 at 3.267 pm; 4) a CHy asymmetric stretching band in
206 aliphatic links at 3.424 pm with an inflection point at
207 3.38 pm due to a CHs asymmetric stretching mode and
208 & blue rise starting at 3.32 um due to olefinic C—H and
200 CHy stretching modes; 4ii) a band at 3.50 pm due to a
s00 CHg symmetric stretching mode in hydrogenated aro-
so matics and a CHg symmetric stretching mode. Our
s spectra do not produce a strong peak at 3.40 pm con-
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329
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331
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333

334

sistent with the absence of superhydrogenated aromatic
domains. The ratio 3.4 aliphatic/> (3.3,3.4) is 0.82,
which is slightly larger than the value of 0.7749 from
TRAS 05110 (Clark et al. 2026, submitted). The bands
at 3.278 and 3.50 pm have comparable intensities and
are a factor of 3.9 smaller than the 3.424 pm band. The
larger intensity of the 3.424 pm band is consistent with
the structure containing more CHy groups in aliphatic
links than in hydrogenated aromatics. Despite a larger
CH,/CHjg ratio than observed for IRAS 05110 the over-
all computed 3 pm profile is in qualitative agreement
with the JWST profile. We should note that large struc-
tures with 150 carbon atoms or more are expected to
produce very weak 3 pm bands for the absorption of a
3.5 eV because the absorbed energy is distributed over
more vibrational modes in a larger particle.

The MIRI/MRS spectrum contains several distinct
features: 4) an aromatic C-C stretching band at
6.25 um; ) a CHy asymmetric bending band and a CHg
asymmetric bending band at 6.90 um; i) a CHs sym-
metric bending band at 7.26 pm; iv) a broad feature
extending from =~ 7.4 to 9 pum of unknown origin; v)
three C—H out-of-plane bending (OOP) bands at 11.39,
12.28 and 13.23 pm with decreasing intensities relative
to each other (Clark et al. 2026, submitted). In addi-
tion, in the far-IR the MIRI/MRS spectrum contains
bands at 15.88, 17.0 and the “21.0 ym” feature (Sloan
et al. 2026, submitted).

The computed 5.0-13.7 pum emission (Figure 3) shows
that the intensities of the bands in the 6-10 pym are
smaller than those of OOP bands (11-14 pum region)
by approximately a factor of 3, consistent with neutral
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Figure 3. Comparison of JWST spectra of IRAS 05110 (left) with computed emission spectra for the absorption of a 3.5 eV
photon (right). Dotted vertical lines indicate band positions.

molecules (Langhoff 1996). The aromatic C-C stretch-
ing peaks at 6.26 ym in agreement with observations,
and a weak olefinic C-C stretching band is visible at
6.12 pm. The position of the CHy scissoring mode is

dependent on the level of molecular strain.

aliphatic links, it peaks at 6.811 pym and in hydrogenated
aromatic rings it peaks around 6.9 ym (Sandford et al.
2013; Materese et al. 2017). For long aliphatic links with

345
346
In short 347
348
349

350

us low strain the scissoring mode blueshifts to 6.67 ym. Ta-
aas ble 1 shows that our structure contains more CHy groups
in short aliphatic links than in hydrogenated aromat-
ics, which is reflected in the CHjy scissoring mode peak-
ing at 6.81 pm. A few weaker CHsy scissoring modes
at 6.6 um are due to aliphatic links containing three
and four carbons. In observations, the majority of emis-
sion is centered at 6.90 pm, with only a small contribu-
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tion at 6.81 pum, and has been attributed to an aliphatic
C—H scissoring mode adjacent to an aromatic ring (Clark
et al. 2026, submitted). As the position of the 6.9 um
band is sensitive to the specific chemical structure it
is possible that the discrepancy between our calcula-
tions and observations is due to the specific structure of
our molecular particle. The computed CH3 symmetric
bending mode (i.e. umbrella mode) peaks at 7.20 pm,
at a slightly shorter wavelength than the observed band,
and it is followed by a series of peaks attributed to com-
binations of aliphatic, aromatic, and olefinic C—H bend-
ing modes that are coupled with the collective skeletal
C—C modes. Given the disordered and distorted nature
of these molecular particles and the fact that multiple
structures are likely to be present, it is expected that
many bands from different species will overlap and form
a broad feature in this range (Lazzarini et al. 2016) as
seen in the IRAS 05110 MIRI/MRS spectrum.

Two weak computed olefinic OOP modes peak at
10.34 and 10.85 um and a weak CHs in—plane rocking
band peaks at 9.87 pm. The “11.2 ym” feature is broad
and consists of a band at 10.96 pm, attributed to a com-
bination of an aromatic C—H solo OOP mode and an
aliphatic CHy in-plane rocking mode (in aliphatic link
and hydrogenated aromatic), and a band at 11.24 ym as-
signed to an aromatic C—H solo OOP band. This broad-
ening is consistent with the modification of OOP bands
by the presence of aliphatics (Sandford et al. 2013; Dar-
tois et al. 2020). The band at 12.44 pm is attributed
to an aromatic C-H duo OOP mode, and the band at
13.36 pum is due to a combination of an aliphatic CHy
in-plane rocking and an aromatic C—H solo OOP mode.
The interaction of aromatics and aliphatics explains the
shifting of the bands observed in the Class D2 spectra.

In the far-IR we obtained three bands at 16.16, 18.63,
and 20.70 pm due to skeletal bending modes. The com-
puted band positions at 16.16 and 20.70 pum are in agree-
ment with observations whereas the band at 18.63 ym is
redshifted. It is quite possible that similar species with
slightly different structures can produce an entirely dif-
ferent skeletal mode instead of the one at 18.63 pm as
the skeletal modes are sensitive to the whole vibrational
We should stress that other carbonaceous
particles are likely to contribute to the 21 and 30 pum
bands (see e.g., Papoular 2013; Volk et al. 2020) and
our molecular particle is another example of a possible
candidate.

Overall, our computed spectra show all the general
features observed for IRAS 05110 and one can envision
that an ensemble of hydrogenated carbonaceous molec-
ular particles could provide an even better fit.

structure.
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4. DISCUSSION

Our computed molecular particle is a representative
example demonstrating that a single molecular parti-
cle containing aromatics and aliphatics can account for
several features that have previously been difficult to
explain simultaneously and reproduce many of the ob-
served emission characteristics. It supports the hypoth-
esis by Clark et al. (2026, submitted) that the emis-
sion, in a small subset of Class D carriers, is due to
a single component instead of two coexisting compo-
nents. They based their hypothesis on the position of
the 6.9 pm feature and the perturbation of the aro-
matic OOP modes which suggested that the aromatic
and aliphatic groups are close to one another within
the same carrier. The computed structure of our rep-
resentative component contains aromatic/hydrogenated
aromatic domains, with pairs of five—/seven—membered
ring defects, connected by aliphatic links. It is different
from the three-dimensional “arophatic” cluster model,
which is less strained and contains only small defect-free
aromatic domains without the presence of hydrogenated
aromatics.

During the transition from the post-AGB phase to
PNe, the molecular particles will experience harsher con-
ditions and UV photon-driven fragmentation. Wang
(2017) studied the thermal decomposition of n-hexene (a
partially hydrogenated benzene) and n-hexane (a fully
hydrogenated benzene). The resulting bond (marked by
a ) energies were 3.2 eV for an allyl-adjacent group, —C-
1-C—C=C-, present in n-hexene, 3.8 eV for an aliphatic
—C-1-C--C--C— group present in n-hexane, 4.3 eV for
a C-H bond, and 4.4 eV for an allyl ~C--C=C--C—
group (Jones, A. P. & Ysard, N. 2025). For compar-
ison the National Institute of Standards and Technol-
ogy (NIST) Computational Chemistry Comparison and
Benchmark DataBase (CCCBDB) bond energies of aro-
matic C=C in benzene are 5.4 eV, olefinic C=C in cy-
clohexene are 6.3 e¢V. The common alkynic C=C bond
energy is around 8.7 eV. Based on these values, the —
C--C-C=C- bonds are the most fragile and will be the
first to break. Most of these allyl-adjacent groups can
be found in the hydrogenated aromatic rings present in
the domains. The UV photon-driven fragmentation will
generate aromatic units linked by aliphatics. If these do-
mains have a curvature they can form fullerenes by pho-
toinduced dehydrogenation (Irle et al. 2006; Micelotta
et al. 2012). Alternatively, the UV field will break the
aliphatic links and release the aromatic domains. If
the domains have significant curvature, due to the pres-
ence of five-membered rings, they can close and form
fullerenes (Berné & Tielens 2012; Berné et al. 2015).
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UV processing can further convert the defects (five/-
seven rings) into six-membered rings and form PAHs.

Another fragmentation mechanism could
multi-cation induced Coulomb fragmentation (MCF)
due to the repulsion of charges localized on the aro-
matic domains. Jones, A. P. & Ysard, N. (2025) es-
timated that molecular particles with radii of 0.2 and
0.25 nm would contain on average two aromatic domains
and that each domain would have to carry a charge of
+2/+3 to induce fragmentation. Our molecular parti-
cle has a radius of 0.55 nm and contains six aromatic
domains. This could lead to a total charge of +12 or
more that is higher than the charges found on interstel-
lar grains (Ibanez-Mejia et al. 2019) and this process is
therefore unlikely.

involve

5. CONCLUSIONS

We have selected a potential hydrogenated carbona-
ceous molecular particle containing 130 carbon atoms,
described its structure, computed its emission spectra
for the 3.2-3.6 pm, 5-13.7 pym, and 15.0-22.0 um re-
gions and compared it to the NIRSpec and MIRI/MRS
spectra of IRAS 05110. The structure contains aro-
matic/hydrogenated aromatic domains with some de-
fects (pairs of five/seven aromatic rings) and these do-
mains are linked by aliphatic links. It has some cur-
vature, due to the presence of aromatic five-membered
rings, which reduces the particle’s radius. The com-
puted spectra are in qualitative agreement with the ob-
served spectra. We have attributed the broad plateau,
previously unassigned, to combinations of aliphatic, aro-
matic, and olefinic C—H bending modes that are coupled
with the collective skeletal C—C modes of the disordered
and distorted nature of these molecular particles. The
UV photon-driven fragmentation of hydrogenated car-
bonaceous molecular particles can lead to the formation
of PAHs and fullerenes and help explain the life-cycle of
carbon in the Universe.
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