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ABSTRACT

Context. The so-called bump spectral signature observable on interstellar extinction curves, peaking at 217.5 nm, is commonly assigned
to ©* « m transitions from carbonaceous carriers, but the exact nature of the carbonaceous carriers remains debated.

Aims. To constrain the chemical structures associated with the bump carriers, we record and compare the UV spectra of a large variety
of carbonaceous molecules to this interstellar feature.

Methods. Large carbonaceous molecules, such as polycyclic aromatic hydrocarbons (PAHs), were produced by a combustion process
stabilized at low pressure under rich flame conditions. Species were extracted and probed through resonance enhanced multiphoton
ionization spectroscopy coupled to a time-of-flight mass spectrometer. Masses and absorption profiles of the carbonaceous molecules
were measured, and their spectra were compared to the bump feature.

Results. Species showing a specific mass progression starting at mass 128 u visible up to mass 394 u with a characteristic progression
of +14 u present a common electronic absorption band profile peaking asymptotically around 220 nm. The first masses were assigned
to a naphthalene C,yHg molecule and two of its derivatives: C;oH;CH;3 and C;oH;C,Hs. The mass progression of +14 u is explained by
successive H atom substitutions by CHj; functional groups. This mass distribution was thus assigned to naphthalene derivatives with
large aliphatic carbon substitution. This derivative family shows an electronic band assigned to §; « S transitions involving electron
promotion within the 7 aromatic orbitals of the naphathlene chromophore. More importantly, after a few substitutions, the position of
the band converges asymptotically to a value close to the interstellar bump signature, independent of the molecule size.

Conclusions. Based on the asymptotic behavior of the larger members in the species distribution, a similar band position is expected
from double aromatic ring substructures within hydrogenated amorphous carbons (HACs). Similar to the conclusions of previous
works, we find substituted naphthalene units as substructures of interstellar HACs to be good candidates as carriers of the bump

feature.

Key words. methods: laboratory: molecular — ultraviolet: ISM — dust, extinction

1. Introduction

Observations of the extinction and emission spectra of the dif-
fuse interstellar medium (DISM) give access to the composition
of its gas and dust particles. Looking at the extinction curve of
the DISM in the visible-ultraviolet range, one of the most rec-
ognizable spectral signatures is the so-called ultraviolet (UV)
bump. This strong signature located at 217.5 nm was discovered
by Stecher & Donn (1965) and was characterized by system-
atic observation along different lines of sight (e.g., Fitzpatrick
& Massa 1986; Sofia et al. 2005). Fitzpatrick & Massa (2007)
compared 328 interstellar extinction curves highlighting spec-
troscopic properties of this signature and provided the following
observations: The bump is superimposed on a continuum rising

* Current address and contact: Institute of Condensed Matter and
Nanosciences (ICMN), UC Louvain, Chemin du Cyclotron 2/L.7.01.07,
1348 Louvain-la-Neuve, Belgium.

toward the VUYV; it is widely observed in the DISM; it remains
nearly invariable in spectral position in the DISM (central posi-
tion varies typically from 215 to 220 nm); and it presents a large
and highly variable band width, typically its full width at half
maximum (FWHM) varies from 1.0 to 1.3 eV.

Potential candidate carriers for the signature of the bump
must fulfill the above observational constraints and, in par-
ticular, must meet the challenge of reconciling the last two
criteria: a fixed position and a width variability. Historically, the
contribution of interstellar carbonaceous species was indicated
through solid graphitic grains (Draine & Lee 1984). Because
of the m* « x transition in aromatic carbon materials and
the high cosmic carbon abundance, theoretical calculations
of light extinction by these grains led to the conclusion that
they are among the best candidates to match the interstellar
bump. Onion-like particles as stacks of curved graphene layers
are also among the most promising candidates (Henrard et al.
1997; Tomita et al. 2002; Li et al. 2008). These particles were
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synthesized from graphite, and a strong UV band showing sim-
ilarities with the UV bump could be observed (Chhowalla et al.
2003). However, this UV band is not observable for onion-like
particles of a few nanometers in size (Jager et al. 2008). Hydro-
genated amorphous carbons (HACs) have also been proposed
as potential carriers. First, they were proposed as carriers of
infrared (IR) absorption bands (Duley & Williams 1983;
Sandford et al. 1991; Pendleton & Allamandola 2002; Dartois
et al. 2004, 2007; Godard et al. 2011), and their contribution to
the UV bump was then proposed through various experimental
results (Sakata et al. 1994; Colangeli et al. 1995; Mennella et al.
1996; Schnaiter et al. 1998; Gadallah et al. 2011; Duley & Hu
2012; Gavilan et al. 2016, 2017).

Polycyclic aromatic hydrocarbons (PAHs) have also been
proposed as UV bump carriers. The PAH molecules are assumed
to carry the aromatic infrared bands (AIBs; Tielens 2008) based
on the well-known PAH hypothesis proposed in the 1980s (Leger
& Puget 1984; Allamandola et al. 1989). The PAH hypothesis
relies on the IR fluorescence after absorption of energetic UV
photons by PAH molecules. Confirmation of the presence of
PAHs in the interstellar medium (ISM) is recent, with two iso-
mers of cyano-naphthalene CoH;CN (McGuire et al. 2021) and
of indene CyHg (Cernicharo et al. 2021; Burkhardt et al. 2021)
in the TMC-1 dense cloud being detected through pure rota-
tional spectroscopy. However, column densities of these specific
species are still far below (by more than six orders of mag-
nitude) the cosmic C required to explain the AIBs, and these
bicyclic molecules would not survive in the DISM where AIBs
are observed. The UV gas-phase absorption spectra of different
PAH mixtures have been measured, and a band profile rele-
vant to the UV bump feature was observed (Joblin et al. 1992;
Cecchi-Pestellini et al. 2008; Steglich et al. 2010). The PAHs in
the DISM must be stable against the harsh VUV radiation of
the interstellar radiation field, and only carbonaceous molecules
with more than about 50 carbon atoms are likely to survive
(Jochims et al. 1994; Allain et al. 1996; Montillaud et al. 2013).
Since the fullerene cation Cgy™ identification as a carrier of dif-
fuse interstellar bands (Campbell et al. 2015; Walker et al. 2015),
Dubosq et al. (2020) proposed the contribution of carbon cage
molecules to the bump signature.

Among these candidates, a fundamental question lies in
their structure. Especially for HAC carriers, they represent a
whole family with various proportions of aliphatic and aro-
matic carbon, hydrogen content, and structural organization.
Studies of the IR absorption of interstellar dust have shown that
H-C,,: bonds contribute more than ten times that of the H-C,,
bonds (Dartois et al. 2007). Spectral properties of various car-
bonaceous dust analogs have been studied, from the far UV
to the mid-infrared, and correlations between spectral features
and the aromatic/aliphatic ratio have been found (Gavilan et al.
2017). Duley & Hu (2012) deduced a ratio of sp?/sp* ~ 0.4 for
nanoparticle analogs that exhibit a band center close to 217.5 nm.
They also inferred a substructure made of PAHs connected by
long aliphatic chains. The probable presence of polycyclic aro-
matic islands in the carbon lattice of HAC carriers was already
proposed by Jones (1990) and might be expected in the DISM
where HAC dust particles observed in absorption coexist with
polyaromatic dust observed in emission. The formation of aro-
matic rings within the carbon structure after the activation of
HAC samples by a UV photon irradiation has been observed
and may result in a bump-like absorption signature in the UV
range (Mennella et al. 1996; Gadallah et al. 2011). Beegle et al.
(1997) synthesized laboratory analogs from a naphthalene pre-
cursor using a plasma reactor. From these analogs, the authors
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observed a resulting UV spectrum showing a band close to the
bump feature. They claimed that the UV profile originates from
a “naphthalene” chromophore as a structural component of an
alkyl-aromatic polymer.

In this article, we present gas-phase UV spectroscopy per-
formed on carbonaceous molecules that were produced in a
flame reactor operated under vacuum. The species produced
were extracted and analyzed by resonance enhanced multipho-
ton ionization (REMPI) and time-of-flight mass spectrometry
(ToF-MS). A specific distribution of molecules with a common
electronic * < m transition centered around 220 nm is identified
in the mass spectrum and assigned to naphthalene derivatives.
For the largest molecules, the resulting band profile has a spectral
position that appears to remain constant regardless of molecular
size. In Sect. 2, the experimental setup is introduced. The UV
spectroscopy coupled with the mass spectrometry results are pre-
sented in Sect. 3. Finally, the results and their implication for the
ISM are discussed in Sect. 4.

2. Experimental setup description

The nanograins setup has already been described by Carpentier
et al. (2013) and is presented in Fig. 1. The carbonaceous species
of interest were produced through a combustion process stabi-
lized at low pressure (40 mbar). A premixed flame produced by
a McKenna burner was continuously fed with ethylene (C,Hy)
and oxygen (O,). Inlet gas was pumped by a primary pump
filled with PFPE oil to avoid reactions with reactive species
produced by the combustion process. Constant pressure in the
combustion chamber was ensured by a controlled butterfly valve.
The opening of this valve was systematically adapted thanks
to the direct feedback from a capacitance gauge measuring the
pressure within the combustion chamber. This setup allowed
us to ensure a stationary combustion process over time. The
flow rates of C;H4 and O, were regulated by two independent
flow controllers (SLA5850, Brooks Instrument). The combus-
tion reaction reached stoichiometry when the following chemical
reaction is fulfilled:

C,Hs +3 0, —» 2CO; +2 HO. (1)

By choosing C,Hy4 and O, flow rates such that C/O is greater than
1:3 (C/O being the carbon-to-oxygen atom ratio at the burner
inlet), the combustion reaction is incomplete, and a large diver-
sity of carbonaceous species is produced. In the early stages of
the incomplete combustion process, PAH molecules are formed
as an intermediate species (Bockhorn 1994; Happold et al. 2007;
Apicella et al. 2007; Faccinetto et al. 2011; Martin et al. 2022).
The early stages of the combustion process can be probed by
adjusting the distance between the burner outlet surface and the
quartz cone, which is usually called height above burner (HAB).
The quartz cone with a 1 mm hole was used to extract the car-
bonaceous species to subsequent parts of the setup. Molecules
from the early-stage combustion process can be extracted with a
small HAB distance, whereas large soot particles are extracted
by tuning the HAB to greater distances. At large distances,
molecules are mostly consumed in the soot formation process.
Spatial positions of combustion stages, and therefore HABs, are
strongly dependent on the combustion parameter set (chamber
pressure, burner total flow inlet, precursor).

Once extracted, the species were found upstream of the Laval
nozzle. During standard use, species are diluted in an argon
buffer gas and are cooled within the supersonic expansion of the
Laval nozzle before being skimmed for spectroscopic analysis.
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Fig. 1. Nanograins experimental setup. This setup can be divided into three main parts: carbonaceous analog production, cooling by supersonic

expansion, and REMPI spectroscopy coupled with ToF-MS.

However, in order to increase the concentration of the extracted
flame products for ToF-MS analysis, the argon gas buffer was
disabled, and the studied species were thus cooled only to room
temperature (see Fig. 4 and in Grosch et al. 2015 for compari-
son with high temperature). Such a temperature is not expected
to play a major role in our results (see discussion on temper-
ature impact in Sect. 4). In this scheme, the chamber between
the Laval nozzle and the skimmer acts as a differential pump-
ing stage. Pumping in this chamber was ensured by a roots pump
backed up by a rotary pump.

After passing through the skimmer, REMPI spectroscopy
is performed on neutral species of the combustion process. In
this study, REMPI was performed with a unique laser using
(1+1) photon process. By ensuring that the energy of the pho-
tons is below the molecule’s ionization threshold, the ionization
of molecules can only originate from an excited state and
therefore by the absorption of the first photon. Consequently,
absorption cross sections of electronic transitions are directly
involved in the ionization rate of the molecules. According to
Boesl & Zimmermann (2021), for a low laser flux, the volume
density of ions n* (in cm™) produced by the REMPI process
can be estimated using the following expression:

2

+ 2
n = E Oelec Tioni (F Tpulse) no,

with oelec and orjen; (in cm?) corresponding to the absorption
cross sections for electronic excitation and molecule ionization
from the electronic excited state, respectively; F (in s'em™)
as the laser photon flux; Tpuse (in s) as the laser pulse duration;

and ng (in cm™?) as the volume density of neutrals in the ground
electronic state.

Compared to classical absorption spectroscopy, REMPI
spectroscopy presents two major advantages. On one hand,
charged molecules formed by this technique can be detected with
a high efficiency thanks to microchannel plate (MCP) detectors.
Therefore, species formed at very low concentration within the
flame can be detected. On the other hand, charged species can
be mass selected. As a wide diversity of species is produced
by the combustion process, selective detection through mass is
mandatory in order to retrieve information on the structure of
the resonant molecule.

In this REMPI study, we used an optical parametric oscil-
lator (OPO) pumped by the third harmonic of a Nd:YAG laser
(Opolette, Opotek). The signal laser beam from the OPO laser
cavity was frequency doubled and allowed for fast tunability
over the 214-285 nm range with a typical laser energy per pulse
between 20 and 200 pJ. In this study, the spectral step is 0.1 nm.
Careful characterization of the OPO laser was performed. The
error in wavelength was estimated through laser calibration and
by comparing the measured spectral profiles of several small
species issued from the flame (benzene, toluene, phenol, pheny-
lacetylene, naphthalene) to measurements in the literature. The
uncertainty in wavelength calibration was estimated to be on
the order of the laser step: 0.1 nm. The laser fluence F tpyse
is strongly dependent on the laser wavelength, and ion signal
variations rely on the laser stability according to Eq. (2). To
correct for these potential fluctuations, a reflection of the laser
beam from the entrance window of the experimental setup was
used to monitor its variation. A dye laser cell (Rhodamine 6G,
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Fig. 2. Sum of all mass spectra recorded over the range 214-285 nm. The main mass distribution discussed in the text is highlighted with red arrows

and shows a noticeable progression of +14 u.

1.25 mg1~! in ethanol 96%) was placed in the path of the laser
beam reflection, and the fluorescence of the dye was recorded by
a photodiode. With this system, the laser beam flux was mea-
sured at each wavelength, and the inherent variations of the laser
photon flux during the laser scan could be corrected.

Neutral flame products were ionized through the REMPI pro-
cess within an extraction chamber of a ToF-MS that we made
ourselves. One major advantage of ToF mass spectrometry is the
detection of all resonant species from a single laser pulse. Our
ToF-MS is in Wiley-McLaren configuration (Wiley & McLaren
1955). The typical kinetic energy acquired by molecules from the
electrostatic potential of extraction electrodes is around 4.8 keV.
With a distance of two meters between the extraction electrodes
and MCP detector, the mass resolution R is R = M/AM =~
550. The MCP detector is composed of two MCPs placed in
a chevron configuration. The electronic signal output is ampli-
fied with a gain of G = X100. The analog electric signal is
digitized by an acquisition card with 10 bit channel entries and
4 GigaSamples s~!, the maximum sampling rate.

3. Results

The mass spectrum of the total ions signal resulting from the
REMPI scans with the OPO laser is shown in Fig. 2, and it
is the sum of all individual mass spectrum measured at each
wavelength step. Each individual mass spectrum is the average
of 1100 laser shots. The sum of the mass spectra shows all the
species ionized during the laser scan. The main mass signals of
this mass spectrum are characteristic of aromatic molecules pro-
duced by the flame, such as benzene (78 u), toluene (92 u), or
pyrene (202 u). These molecules, and tens of others, were iden-
tified through their REMPI spectra but are not discussed in this
article. Most were found to be similar to those of our previous
study (Carpentier et al. 2013).

In this work, we focus on the specific mass distribution high-
lighted in Fig. 2. This distribution presents a recognizable pattern
at high masses above 290 u, and most importantly, all species in
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Table 1. Mass signals in Fig. 2 that exhibit the common electronic band
profile observed in Fig. 3.

Main distribution ) Side mass
signals

+l4umzf1ss Raw Du 4u —6u

progression  formula

128 CoHs

142 CiHyp

156 CppHp

170 Ci3Hy 168

184 CuHje 182

198 CisHig 196

212 CigHy 210

226 CiyHy 224

240 CigHos 238 236

254 CiHy 252 250

268 CyHys 266 264

282 CyHs 280 278

296 CypHs;, 294 292

310 CyHzy 308 306 304

324 CuHjze 322 320 318

338 CysHszs 336 334 332

352 CyHsy 350 348 ®

366 CyHsyy 364 362 ®

Notes. “Raw formula” refers to our assignment. The > main mass
distribution corresponds to red arrows in Fig. 2. The ® masses 346 u
and 360 u are not included in the mass list because of a too low
signal-to-noise ratio on their REMPI spectrum.

this distribution present a similar electronic band profile around
220 nm (see Fig. 3). Mass signals that exhibit this common elec-
tronic band profile are listed in Table 1. The recognizable mass
pattern at large masses with a +14 u progression starts at mass
128 u (no mass signal is observable at mass 114 u).
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Fig. 3. REMPI spectra associated with the main mass distribution (red arrows in Fig. 2). A similar band profile close to 220 nm can be observed,
except for light masses 128, 142, and 156 u. Band structures at wavelengths 2230 nm observed for masses 226, 240, and 254 u were assigned to

PAH molecule isomers also produced by the flame.
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Fig. 4. REMPI spectrum of mass 128 u (black curve) compared to the absorption spectrum of naphthalene C,oH;g at 297 K from Grosch et al. (2015,

red curve).

In Fig. 4, the REMPI spectrum recorded for mass 128 u is
compared to the room temperature absorption spectrum of the
gas-phase naphthalene molecule. A very good correspondence
was obtained between the recorded REMPI spectrum and the
vibronic structures of naphthalene. This allowed for a reliable
assignment of naphthalene to the 128 u mass signal. Accord-
ing to Salama & Allamandola (1991), vibronic profiles observed
in the 245-285 nm domain were assigned to the S, « S

electronic transition, and band profiles observed in the 214—
230 nm range were assigned to the S3 < Sy one. We note
that for the S; « S transition, the maximum of this band lies
outside our laser range, and only the beginning of the tran-
sition on the low energy side is visible in Fig. 4. According
to Grosch et al. (2015), the maximum of the transition falls
at 210.7 nm, and they measured a cross section at the band
maximum of 5.107!¢ cm?, which is 13 times higher than the
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Fig. 5. REMPI spectra (in black) compared to gas-phase absorption spectra reproduced from Suto et al. (1992, in red). Left panel: mass signal
142 u compared to 1-methylnaphthalene C;,H7-CHj3. Right panel: mass signal 156 u compared to 2-ethylnaphthalene C,oH;-CH,CHj.

maximum cross section of the 222 nm spectral feature visible
in Fig. 4.

We next focus on the second and third mass signals at 142 u
and 156 u. Individual REMPI spectra of these molecules in
the 214-230 nm spectral domain are shown in Fig. 5. In the
figure, these REMPI spectra are compared with the gas-phase
absorption cross sections of two molecules at room temperature:
1-methylnaphthalene C;oH;-CHj3 (142 u) and 2-ethylnaphthalene
CioH7-CH,CHj3 (156 u). The S3 « S electronic transitions
of these molecules possess band positions similar to the ones
observed in the REMPI spectra. However, this transition does
not present enough vibronic structure to firmly confirm the
assignment, and the S, « S transitions for these molecules
are not observable in our REMPI spectra probably due to a
lower concentration from the flame. Moreover, the band pro-
files observed in REMPI spectra do not match absorption profiles
from the literature, especially for mass 156 u. We note that the
REMPI spectrum of mass signal 156 u was compared only to
one molecule, 2-ethylnaphthalene, but ToF mass spectrometry
cannot distinguish isomers. By counting the possible dimethyl-
naphthalene and ethylnaphthalene isomers, 12 isomers may be
produced by the combustion process and therefore could con-
tribute to the REMPI spectrum corresponding to the mass signal
at 156 u. As far as we know, in the 200-250 nm spectral
domain, no gas-phase absorption data are available in the liter-
ature for these other naphthalene derivatives. Despite this, from
comparison of the observed electronic band and their masses,
the assignment of these two REMPI profiles to naphthalene
derivatives is meaningful.

Mass signal 128 u was safely assigned to the naphthalene
molecule, and mass signals 142 u and 156 u have a meaning-
ful assignment to the naphthalene methyl- and ethyl-substituted
derivatives. Moreover, the progression of 14 u highlighted in
Fig. 2 can be explained by successive substitutions of an H atom
by a CHj; functional group. These results led us to assign the
observed main mass distribution as coming from naphthalene
derivatives with increasing aliphatic carbon substitution. An
example of such a structure for mass 240 u is presented in Fig. 6.

Only the main distribution has been considered thus far in
the paper, and we now address the side mass signals listed in
Table 1. A zoom in on the side mass pattern around mass 310 u
is displayed in Fig. 2. This pattern is observable for most masses
from the main distribution and is easily recognizable at large
masses where contribution from other flame species is low. This
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Fig. 6. Example of naphthalene derivative CgHy, with a large aliphatic
carbon substitution for mass signal 240 u.

side mass pattern shows several characteristics: (i) dominant sig-
nals for side masses are visible only for even numbered atomic
mass units; (ii) for a given pattern, the mass of the main dis-
tribution (shown as red arrows in Fig. 2) always corresponds to
the largest mass signal that exhibits the common electronic band
profile (see Fig. 7); (iii) side signals are not observable for small
masses of the main distribution, and the contribution of side
masses increases with the mass of the molecules (see Table 1).
The above points can be explained by an increase in the presence
of double covalent bonds within the large aliphatic carbon sub-
stitution. By replacing a single covalent bond with a double bond
in the aliphatic structure, two hydrogens are lost from the parent
structure, which corresponds to the loss of the even number of
2 u with respect to the main distribution. Assuming a progressive
emergence of the double covalent bond with molecular mass, the
observation of the side mass signal patterns is also consistent
with the assignment of large aliphatic naphthalene derivatives.
Several points would need to be further explored in order to
definitively validate the proposed assignments. First, mass distri-
bution assignment to naphthalene derivatives needs to be further
confirmed. In order to do this, one can focus on the REMPI
electronic spectrum of mass 240 u in Fig. 3. In the figure, the
band structures observed at long wavelengths above 230 nm are
assigned to PAH isomers, such as olympicene Ci9Hj,. How-
ever, the band profile around 220 nm for mass signal 240 u
is assigned to naphthalene derivative molecules CigHy4, sim-
ilar to the example in Fig. 6. To confirm these assignments,
mass resolution of our homemade ToF-MS needs to be increased
to measure the mass difference expected between one carbon
atom and 12 hydrogen atoms, which exist between large PAHs
and naphthalene derivative isomers for the mass signal 240 u.
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Mass (u)
—306 ——304 ——313

—310 ——308
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240 250 260 270 280

Wavelength (nm)

220 230
Fig. 7. REMPI spectra of side mass pattern of the main mass 310 u (see
zoom in presented in Fig. 2).

A mass resolution of R = M/AM > 2550 is required to visualize
the mass difference at mass M = 240 u. In addition, part of the
recorded electronic band profile is missing since our laser sys-
tem did not allow us to go to wavelengths below 214 nm. Larger
photon energy laser sources would need to be implemented.
Another way to study the missing part could be to measure the
far UV absorption spectrum of similar naphthalene derivatives
deposited on a substrate in the solid phase.

4. Discussion and astrophysical implication

In Fig. 8, the mean REMPI spectrum of naphthalene deriva-
tives is compared to a parameterized ISM mean extinction curve
(details on the mean REMPI spectrum are given hereafter). The
parameterized curve used is the one proposed for the normalized
extinction curve in Fitzpatrick & Massa (2007):

EA-V)/E(B-V)=c| +cyx+ c3D(x, x0,7) 3)

2
al )

with R Sy ———
(x% - xg)2 + x%y?

D(x, xp,y) =

where E(A — V) is the difference in extinction between wave-
length A and the visible band V (1 ~ 550 nm) is considered as
a reference wavelength. This extinction was normalized using
the difference between blue (B; 4 ~ 440 nm) and visible (V)
extinctions, with the goal being to normalize the extinction with
the same column density of matter. The term x represents the
wavenumber (um™'); ¢; = —0.175 and ¢, = 0.807 um are the
coefficients for the linear extinction part, ¢z = 2.991 pum~2; and
D(x, xo,7) is a Lorentzian-like function representing the inter-
stellar bump with a central position value xy = 4.592 um™!
and width y = 0.922 pm~!. When x = xo, the peak height of
D(x, x9,7) is equal to 1/¥?. A mean REMPI spectrum (S, )(x)
including 39 naphthalene derivatives measured experimentally
was built using the following equation:

N

1 S m(x)
Sm = T o v 5
(Sm)() Nﬂ; (53 5)
where N = 39 is the number of species in the distribution of
Table 1 with a mass strictly greater than mass 184 u. In this

300 260 220 180 nm

3.0 35 4.0 45 5.0 5.5 6.0
Wavenumber (um~1)

Fig. 8. Parameterization of observed ISM mean extinction proposed by
Fitzpatrick & Massa (2007, according to Eq. (3), in black) compared
to the mean spectrum of naphthalene derivatives (S,) (according
to Eq. (6), in red). The dashed line represents the linear part of
the extinction.

expression, each REMPI profile S,,(x) is normalized in order
to get rid of the density variations of the species due to the
combustion process. We note that through such normalization,
absorption cross sections of the different species are assumed to
be all equal at their maximum REMPI signal. A model extinc-
tion curve including the mean REMPI spectrum was built using
the same approach as in Eq. (3):

EQ=V)/E(B-V)=c| +cox + %(Sm)(x), (6)

where the linear part of the interstellar extinction, which is
treated independently of the bump, is added and the mean
REMPI profile (S ,,)(x) is scaled to the bump height c3 /.

Assuming a symmetric band profile for the missing data
at large wavenumbers in Fig. 8, the mean REMPI spectrum
possesses a central position at 4.52 um~' (221 nm), and an
FWHM around 0.35 um~' (17 nm). With a typical position
of 4.5903 um~' (217.85 nm) and an FWHM ranging from
0.7 um~! (33 nm) to 1.3 um™! (63 nm) for the interstellar bump
(Fitzpatrick & Massa 2007), we observed a large difference in
FWHM and a slight redshift of 3.5 nm. Therefore, the absorp-
tions of the large naphthalene derivatives do not perfectly match
the whole ISM UV bump feature. However, as the mean REMPI
spectrum has a narrower FWHM and is close to the position of
the interstellar bump, we propose a contribution originating from
such species.

As mentioned previously, the recorded electronic spectra are
at ambient temperature according to the naphthalene REMPI
spectrum in Fig. 4. Carriers within the diffuse ISM are expected
to be at temperatures well below 100 K. However, three argu-
ments can be made to show that this temperature difference
probably does not call into question the possible contribution of
this type of species to the bump signature. First, the observed
electronic band is assigned to a transition from the fundamental
to the third electronic state, which involves electron promotion
within the 7 aromatic orbitals. Large coupling with the vibronic
structure manifold of lower electronic states can be expected and
would result in a broadening of molecular transitions, even at
low temperature. Moreover, the electronic spectra displayed in
Fig. 3 are the contributions of many naphthalene derivative iso-
mers, each one participating with their individual broad vibronic
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Fig. 9. Scatter plots giving the locations of the peak absorption of
the REMPI band profiles as a function of the mass of the naphtha-
lene derivatives listed in Table 1. The blue straight line at 221.1 nm
is the mean value of the peak absorption for masses strictly higher
than 184 u. The red dashed line represents the shortest wavelength that
can be achieved by the OPO laser. The black bars represent the esti-
mated FWHM for each band profile. A Gaussian function with the least
squares method has been fit to each individual REMPI spectrum in order
to estimate the FWHM (we note that the FWHM of the bands are not
discussed in the text).

structures. A large smoothing can be expected for the resulting
spectrum, as thousands of isomers can contribute to the proposed
carriers. The last question concerns the position of the S3 « S
electronic band at the ISM low temperature. As far as we know,
no gas-phase spectrum of the §3 < S transition in naphthalene
molecules below 100 K is available in the literature. However,
temperature dependence of naphthalene electronic band profiles
was studied by Grosch et al. (2015) in the 297-773 K range.
They found, for the S5 « S transition, a shift of the max-
imum band absorption from 210.7 nm at 297 K to 212.6 nm
at 773 K. Assuming the same trend occurs at a low tempera-
ture for the derivatives, the observed electronic profile in Fig. 3
would be slightly blueshifted (i.e., closer to the bump signature
position).

The naphthalene derivatives with large aliphatic substitution
detected in this experiment are not likely to be the bump car-
rier candidates, considering their poor photostability in the ISM.
According to Allain et al. (1996) and Montillaud et al. (2013),
only carbonaceous molecules with more than about 50 carbon
atoms can sustain the harsh UV interstellar radiation field. There
should be a similar minimum size threshold for these highly
substituted naphthalene molecules. However, the major finding
related to these new results is emphasized in Fig. 9. In this figure,
the peak absorptions of the electronic bands are estimated as the
maximum of each REMPI spectrum after smoothing. Each point
of the smoothing is the average calculated over a filter window
of 3 nm (Savitzky—Golay filter, Oth order polynomial, 31 exper-
imental points window). In Fig. 9, for naphthalene derivatives
with a large mass, the position of the electronic band appears to
reach an asymptote and is therefore almost constant regardless of
size. Extrapolating to an even larger molecular size, the consid-
ered electronic band should remain close to the current position
value (220 nm) for intermediate species whose sizes are of a few
nanometers. These intermediate species could be sketched as two
aromatic rings embedded within a highly aliphatic structure, as
illustrated in Fig. 10.

This kind of carbonaceous dust particle is similar to what was
proposed as a carrier of the 3.4 pum absorption feature observed
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Fig. 10. Aromatics isolated within a highly aliphatic structure proposed
as a bump contributor.

toward diffuse interstellar clouds (Sandford et al. 1991; Dartois
et al. 2004, 2007; Godard et al. 2011). The results of the present
work also support previous works that highlight the probable role
of two aromatic rings in the observation of the interstellar bump.
Beegle et al. (1997) emphasized the role of the double aromatic
ring structure as a chromophore that gives rise to a 217.5 nm
feature. Later, Duley & Hu (2012) observed a band centered
at a position similar to that of the UV bump from synthesized
HAC, with naphthalene derivatives suggested as an important
constituent. The deposited film samples, studied in both refer-
ences, are good analogs of the solid particulate phase. In our
work, we are investigating at the molecular scale, and our major
finding is the identification of two aromatic rings as a chemi-
cal substructure that exhibits a band position independent of the
species size and is close to the interstellar bump.

As such two aromatic ring substructures (2ARS) are likely
to be present in HACs of the ISM and have an electronic band
around 220 nm with a smaller FWHM than the bump, we there-
fore propose that the 2ARS contribute to the bump. In order to
evaluate the contribution of these 2ARS, we first estimated their
absorption cross section and then determined the column density
N%ARS of the C atoms in these substructures required to repro-
duce the bump signature. As we do not have the absolute values
of the absorption cross sections of our naphthalene derivatives
in Fig. 3, we adopted the maximum absorption cross section of
the S'3 « Sy transition in the bare naphthalene molecule with
a value of opaph = 500.107'8 cm?*/molecule from Grosch et al.
(2015). To compare o pgpn for the full width of the bump, the
value of the total absorption of the S; < S transition in naph-
thalene was preserved, but we reshaped the absorption profile of
naphthalene in order to match the bump profile. This resulted in a

diminution of the peak absorption cross section (see Appendix B
for more details). The total absorption band ratio R;‘:mp between
the normalized profiles of the bump and of the S3 « § transi-
tion in naphthalene was estimated to be six (estimation of Rl;‘mp
in Appendix B). This ratio was used to estimate the absorption
cross section oars at 220 nm as follows:

o O naj
2ARS _ P _83x 107! cm?/C atom, 7)
Ne R

with N¢ = 10 being the number of C atoms in the naphthalene

. . U 2ARS
CoHg molecule and in the 2ARS. We found this value for

c
to be very close to the 8 x 10~'® cm?/C atom value adopted in Li

& Draine (2001) for a PAHs mixture.

From this estimation of the absorption cross section, we
determined the column density of C atoms NZ*RS (in cm™2)
locked in the substructures using the following equation (see
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Table 2. Estimates of the contribution of 2ARS as a total and a partial
contributor to the bump feature.

Contribution to

the bump feature U2ARS N, éARS f(ZjARS
b porlearen /Catomy P (0
Fluollo%) 8.3 67 20-30
?;gisa) 31.2 18 5-8
Appendix A for details on its derivation):
NGARS 1021 3 Nc = 67 ppm, (8)

Nu  1.086X 5.8 72 0anrs

where Ny (in cm™2) is the column density of H atoms and
c3/y? = 3.52 is the height of the bump in the mean normalized
extinction curve (see Egs. (3) and (6)). The total cosmic
carbon abundance NtCO‘/NH (carbon in both interstellar gas
and solid phases compared to hydrogen) has been estimated
as being between 225 + 50 ppm (Snow & Witt 1995) and
358 + 82 ppm (Sofia & Meyer 2001). Considering that the
full bump feature area is produced by two aromatic rings, the
cosmic C fraction féARS that could be locked in these species is

ZARS = NZARS NI = 20-30%. The value obtained for fZ*RS is
in agreement with the cosmic abundances of carbon. Keeping in
mind that the two-ring structure is a substructure of HACs, a sig-
nificant fraction of the carbonaceous material of HACs must be
involved. However, this result can be considered an upper limit,
as it corresponds to the contribution to the full bump feature and
thus remains compatible with the cosmic abundance of carbon.

Moreover, as mentioned before, 2ARS in HACs are proposed
only as a partial contributor to the bump. To estimate f>ARS as a
partial contributor, we assumed the absorption band profile of
2ARS to be the same as the mean REMPI spectrum in Fig. 8.
As above in the text, the S3 « S transition in naphthalene
was compared to the mean REMPI spectrum in order to esti-
mate oagrs (see Appendix B). Because the FWHM of the mean
REMPI spectrum (0.35 pm™') is smaller than the UV bump
FWHM, the S3 « § transition of naphthalene contributes to
a smaller spectral range. The total absorption band ratio RI;IEMPI
between the mean REMPI profile in Fig. 8 and the naphtha-
lene S3 « S transition was estimated to be 1.6 (estimation
of RE™MP in Appendix B). Using Egs. (7) and (8), we recalcu-
lated ooars, NZ*RS, and f2ARS, and their values are summarized

in Table 2. Only a carbon fraction fZ*RS = 5-8% is needed to
reproduce the bump height when referring to the experimental
REMPI profiles. According to Furton et al. (1999), the abun-
dance of interstellar HACs is N{AC /Ny = 80 ppm. Hydrogenated
amorphous carbons with 22% of their carbon in double aromatic
ring substructures, which corresponds to two isolated 2ARS in
a matrix of 80 aliphatic carbons, are thus sufficient to repro-
duce the bump height. According to Jones (1990), HACs in
the ISM are likely to contain a significant fraction of aromatic
species within the amorphous matrix. The contribution of 2ARS
in HACs to the bump feature could therefore be important and
should be considered in UV absorption dust models.

5. Conclusion

Large carbonaceous molecules were produced by a combustion
process stabilized at low pressure (40 mbar) in a rich labora-
tory flame. Extracted free-flying species were analyzed by mass
spectrometry and REMPI spectroscopy. We observed a mass dis-
tribution of species exhibiting a common electronic band profile
that peaks around 220 nm. The mass spectrum of this distribu-
tion is characterized by a specific pattern separated by 14 u steps.
This pattern starts at mass 128 u and was measured only up to
mass 394 u due to the sensitivity of our experimental setup, so
the pattern may continue beyond this limit. From the recorded
REMPI spectra, the mass 128 u was assigned to the naphthalene
CoHg molecule, and the assignments of masses 142 u and 156 u
are consistent with naphthalene derivative isomers, including
methyl and ethyl functional groups such as methylnaphthalene
CioH7 —CHj3, dimethylnaphthalene C;oH;—(CHj3),, and ethyl-
naphthalene C;oH;—-CH,CHj;, respectively. We assigned the
observed mass progression pattern of +14 u to the successive
substitution of an H atom by a CH3 functional group. Based on
this analysis, we conclude that the observed pattern corresponds
to aliphatic derivatives of naphthalene.

More interestingly, the mass pattern identified for these
derivatives exhibit a common electronic band profile. The peak
absorption wavelength of this band profile becomes progres-
sively independent of the species size and asymptotically con-
verges toward a position close to that of the interstellar bump
signature. The mean REMPI spectrum of the large aliphatic
naphthalene derivatives could contribute to the interstellar bump
extinction curve, as it is close to the interstellar bump signature,
with a red-shifted band center of only 3.5 nm and a FWHM two
to four times thinner. While the molecular species observed in
these experimental results are unlikely to survive in DISM envi-
ronments, because of their moderate size, these structural units
could survive within large molecular systems or within HAC
particles. Based on a quantitative estimate using the absorption
cross section of naphthalene, we calculate that a few percentage
points of the cosmic carbon abundance in double aromatic rings
substructures isolated in a highly aliphatic structure (Fig. 10)
can significantly contribute to the bump. These results suggest
that this type of molecular structure warrants further study in
order to provide a better understanding of the composition of the
carbonaceous material in the ISM.
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Appendix A: Formula derivation of the column
density Né““s

In the approximation of the bump height due only to two aro-
matic ring substructures (2ARS), the total extinction coefficient
A% at A = 217.5 nm is expressed as the sum of the extinction

coefficients related to 2ARS, A24RS | and to the linear part of the

- 217.5°
extinction, A12”1‘7_5:

ASTSam = ASlzs — Adlys (A1)
= Aflys — Av = Ajlys + Ay (A2)

Atol —A Alin —A
_ | 2175 v _21s v E(B-V) (A3)

EB-YV) EB-YV)

2ARS 3

AS75om = 7 E(B-V), (A4)

EB-YV)
& Massa (2007) and in Figs. 8 and B.1; E(B—-V) = A — Ay is
the color excess between blue (B, centered around 440 nm) and

where is the parameterization used in Fitzpatrick

c
visible (V, centered around 550 nm) extinctions; and —; =3.52

is the height of the bump extinction curve at A = 217.5 nm (see
equations 3 and 6). We can get rid of the color excess E(B — V)
by replacing it with the column density of H atoms Ny using the
following empirical relationship:
Ny =58 10> E(B-V)cm™

Bohlin et al. (1978).  (A.5)

The extinction due to light absorption AR is also expressed
through the optical depth 7,ars and the Beer-Lambert law
(Draine (2010), equation 21.1):

2ARS
— = ¢ T2ARs — () 4275 nm/2'5’

A.6
I (A.6)
where [ is the initial photon flux and 7 is the remaining flux at
A = 217.5 nm. Therefore, the absorption cross section oagrs (in
cm?) at A = 217.5 nm of the §3 « S transition in 2ARS can be
inserted:

2.5

A%ﬁssnm = n10 T2ARS (A7)
= 1.086 NaaRrs 02aRS (A.8)

N2ARS
= 1.086 —~—— 0aars (A.9)

Nc¢ ’

2ARS

with Noars = as the column density of the 2ARS (in
C

cm™?), NéARS as the column density of C atoms in 2ARS (in
cm2), and Nc = 10 as the number of C atoms in each 2ARS.
Using the equality between the equations A.4 and A.9 and by
using equation A.5, we obtain the following relationship:

& Ng N2ARS
?X W = 1.086 Ne O )ARS- (A.10)

Equation 8 is obtained simply by rearranging the different terms.

Appendix B: Estimation of o2ars USING 0'naph and
the total absorption ratio R 4

In this appendix, the method used to estimate the maximum of
the absorption cross section ojars from the absorption cross
section Opqpn is described. First, in Fig. B.1, the profile of the
absorption cross section of naphthalene op,pn is normalized to
the bump height. From equations A.4 and A.8, a linear depen-
dence is found between the height of the bump extinction c3/y?
and the absorption cross section o

C
— E(B = V) = 1.086 Nuaph Tnaphs (B.1)
y

with Nppn as the column density of the naphthalene molecules.
Normalizing oyapn to the height of the bump c3 /y? is equivalent
to fixing Npaph to a constant value in order to obtain an optical
depth NyaphOnapn matching the bump height.

In the case of a bump due only to light absorption by the
2ARS (first row of Table 2), we assumed that the 2ARS absorp-
tion profile is exactly the same as the bump signature. Also, for
a given density column Np,pn = constant = Noags, we assumed
that the total absorption of the 2ARS, Azars, is equal to the total
absorption of the §3 < § transition in naphthalene Ap.pn. As
can be observed in Fig. B, the peak absorption of the 2ARS is
smaller than the peak absorption of naphthalene. As the bump
and naphthalene curves are normalized to each other, the dif-
ference between the maximum absorption cross section of the

naphthalene, o-?a;’}l, and of the 2ARS, o-rz“/i‘ﬁs, is shown to be

directly related to the ratio of the areas Rl;['mp between the bump

profile and the naphthalene absorption profile:

max _ Rbump max

Onaph = 8z O 2ARS*

(B.2)

This approach is also used in the case of a partial contribu-
tion of the 2ARS to the bump signature (second row of Table 2
and Fig. B). However, the assumed absorption profile of the
2ARS is no longer the bump profile but the mean REMPI profile
(S ) from equation 5. Since the profile (S ,,) is narrower than
the bump profile, the decrease in the maximum of the absorption
cross section 0% is smaller. In Fig. B, a Gaussian function
is fitted to the mean REMPI profile and is used to define the
absorption profile opars of the 2ARS.
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—— Bump —— Naphthalene —— 2ARS —— REMPI Gaussian fit —— Naphthalene —— 2ARS
max max
Naph [r===mmmmmmmmmmmmm oo oo onaph
3 31
> >
g a
w | w i
> >
= =
L w
1 -o.max / Rbump 17
naph 7 "V, A
3.0 3.5 4.0 4.5 5.0 5.5 6.0

0 "
3.50 375 4.00 4.25 4.50 475 5.00 5.25 5.50
Wavenumber (um=1)

Wavenumber (um=1)

(a) 2ARS as a full contributor to the bump (b) 2ARS as a partial contributor to the bump

Fig. B.1: Determination of the absorption profile oars for the two cases of 2ARS contribution (red curve in both figures). In both figures, the
blue curve is the normalized absorption cross section of naphthalene oypn (Grosch et al. 2015). The blue dotted line is a linear extrapolation of the
naphthalene cross section for a large wavenumber. In both figures, the red and blue areas are the total absorption of the 2ARS profile A;ars and
of the §3 « § transition of naphthalene Ap,pn, respectively. These areas are defined to be equal. In panel (a), the black curve is the interstellar
bump parametrization from Fitzpatrick & Massa (2007) (see equation 3). In panel (b), the black curve is the mean REMPI spectrum (S ,,) defined
in equation 5. Also in panel (b), the yellow dashed line is a Gaussian function A exp (—% (X}%)Z) that has been fitted to (S,,). The fitting parameters
are shown in Table B.1 (fitting was done using the least squares method).

Parameter values

cs
Interstellar bump Area: > = 5.10 wm™!

Naphthalene S3 « S Area: Apgpn = 0.85 wm™! = Apars

. 3
Height: A = —5=3.52
Y

Mean REMPI spectrum Central wavenumber:
(Sm) xo = 4.52 wm™!
Gaussian fit Width: T = 0.15 pum!

Area: AT V27 = 1.35 pum™!

Areas ratios R 4

Bump / Naphthalene 3 « S R';[’mp =6.0
REMPI / Naphthalene S3 « S REEMPL = 1.6

Table B.1: Parameters deduced from Fig. B.1 and values of R4 used in

equation 7. The value of the interstellar bump area is the one proposed
in Fitzpatrick & Massa (2007).
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