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NGC 7023 ESA/Hubble – IR spectrum from Spitzer

Stellar UV-VUV photons
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Signature of aliphatic PAHs in photodissociation regions

aromatic aliphatic

Good candidates for the 3.4 µm band:

• Alkylated PAHs : methy-, ethyl-
PAH,… (e.g. methylCoronene)

• Superhydrogenated PAHs:
Hn-PAH (e.g. H6Coronene)

Example of aliphatic C-H stretching modes in methyl-Cor

IR emission
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Signature of aliphatic PAHs in photodissociation regions

aromatic aliphatic

Example of aliphatic C-H stretching modes in methyl-Cor

IR emission

Survivability and evolution of these 
species in PDRs ???

Good candidates for the 3.4 µm band:

• Alkylated PAHs : methy-, ethyl-
PAH,… (e.g. methylCoronene)

• Superhydrogenated PAHs:
Hn-PAH (e.g. H6Coronene)
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Simulation of relevant 
astrophysics conditions 

VUV

Statistical or direct 
fragmentation, isomerization, 

radiative cooling? 

MeCor+

(C25H14
+ )

(+)

Studying the survivability and evolution of aliphatic PAH+ in principle
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Mass Spectra as a function of the VUV Irradiation time

Marciniak, A. et al. A&A 642, A42 (2021)
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How to retrieve the fragmentation map of each species ?
Marciniak, A. et al. A&A 642, A42 (2021)
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Master Equation with population and depopulation terms

1𝑠𝑡
𝑑𝐼𝑀parent
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= − ෍
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 Only the 𝒌𝒇𝒓𝒂𝒈
𝑴𝒏→𝑴𝒊 are adjusted to fit the data

Marciniak, A. et al. A&A 642, A42 (2021)
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Bare PAH+ Alkylated PAH+ Hn-PAH+

1-methylpyrene 4-ethylpyrene

ethylcoronenemethylcoronenecoronene

pyrene hexahydropyrene

hexahydrocoronene

Pyrene (C16H10
+) Isomers

9-ethynylphenanthrene fluoranthene

Large PAH+

C78H26
+

Alkylated PAH A. Marciniak, et al. A&A 642, A42 (2021)
Pyrene isomers  V. Meloottayil, et al., J. Chem. Phys. A, 126, p.5632 (2022)

Super-hydrogenated coronene  A. Marciniak et al. in prep. 
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Gatchell et al., PRA, 92:050702 (2015)
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1,2,3,6,7,8-hexahydropyrene (H6Pyr+) pyrene (Pyr+)
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Low hydrogenation of Cor+ High hydrogenation of Cor+
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Gatchell et al., PRA, 92:050702 (2015)
Wolf et al., ApJ, 832:24(2016)

Stockett et al., ApJ, 913:46 (2021)
A. Marciniak, et al. A&A 642:A42 (2021)

Low hydrogenation of Cor+ High hydrogenation of Cor+

HnPyr+ HnCor+ Super-hydrogenation of Cor+

seems to protect its backbone?
Alexandre MARCINIAK - PCMI 2024 - Bordeaux
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(1) Laser desorption 
ionization

(2) Isolation
(3) VUV irradiation

H6Cor on the sample 
target (m/z ≈ 306)

(Coll. D. Peña)
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SCC-DFTB + MD simulations at low internal energy (Coll. A. Simon)

𝑈𝑖𝑛𝑡
0 ≈ 22.2 eV 

(4400 K)

Over 180 runs of 1 ns
deMon-Nano

dev. by Rapacioli & co. at LCPQ
http://demon-nano.ups-tlse.fr/

H5Cor+

Alexandre MARCINIAK - PCMI 2024 - Bordeaux
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Lowest energy 
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Experimentally most 
probable isomer

The initial H locations of Hn-PAH+ have an impact on the VUV fragmentation

Experimental sample
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Take home messages
 Super-hydrogenation protects Cor+ up to n=4

 Release H2 and C2Hx by VUV photoprocessing of HnPAH+

Phenomena to be investigated
 Extrapolation of the nH-protection to larger PAH ?
 Initial isomer effects ? Role of H migration ? 

C-loss limit n ≥ 5

only H-losses (H2?) and/or sequential H-loss𝐇𝐧=𝟎,𝟏,𝟐,𝟑,𝟒,𝟓𝐂𝐨𝐫
+

HCor+

H2Cor
+

Cor+
100%

𝐇𝐧=𝟓,𝟔𝐂𝐨𝐫
+

HCor+
H2Cor

+

Cor+

20%
𝐂𝟐𝟑𝐇𝟏𝟑/𝟏𝟏

+

𝐂𝟐𝟐𝐇𝟏𝟐
+

80%



1) Method to study the VUV photoprocessing of PAH+

2) VUV photoprocessing of Hn-Cor+

3) Role of proton in PAH-water interactions

4) Perspective: IR spectroscopy of PAHm(H2O)n
+ clusters



2024/10/29 15Alexandre MARCINIAK - PCMI 2024 - Bordeaux

Example of PAH-water interactions in astrochemistry

« Hot » regions 
Single molecules

Cold regions
Icy grains

See e.g. D. J. Burke et al., PCCP, 12:5947 (2010), Guélin & Cernicharo, Front. Astron. Space Sci. 9 (2022)
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Example of PAH-water interactions in astrochemistry

« Hot » regions 
Single molecules

Cold regions
Icy grains

UV-VUV 
photons

See e.g. D. J. Burke et al., PCCP, 12:5947 (2010), Guélin & Cernicharo, Front. Astron. Space Sci. 9 (2022)

M. P. Bernstein et al., Science, 283, 1135 (1999), S. A. Sandford et al., ApJ, 538, 691 (2000)

Context: molecular complexification in astro-
relevant environment

Aim: better understand the reaction at the 
quantum level including proton migration 

which seems to have a key role

Target systems: (H)PAHm(H2O)n
+ clusters studied 

by systematically adding PAH units or H2O units
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growth of 
clusters

water (W) 
container

Braud, I. et al. Rev. Sci. Instr. 88, 043102 (2017)

(H)PAHm

(H)PAHm(H2O)n

Cations, anions 
and neutrals
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Braud, I. et al. Rev. Sci. Instr. 88, 043102 (2017)
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Toven ≈  273 K - 425 K
Poven ≈ 1 mbar

TS ≈ 100 K

He+W

Cyrostat
25 - 300 K

Collision cell
(He, Ar, Xe) 

Reflectron ToF-MS

Gas aggregation source

Kinetic energy focusing 
Ek = 5 eV - 200 eV

Mass selection

LN2 P ≈ 10-3 mbar
P ≈ 10-8 mbar

P ≈ 10-4/10-5 mbar

Nair, A. M. et al. PCCP 26, 5947 (2024)
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Poven ≈ 1 mbar
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He+W

Cyrostat
25 - 300 K

Collision cell
(He, Ar, Xe) 

Reflectron ToF-MS

Gas aggregation source

Kinetic energy focusing 
Ek = 5 eV - 200 eV

Mass selection

LN2 P ≈ 10-3 mbar
P ≈ 10-8 mbar

P ≈ 10-4/10-5 mbar

Nair, A. M. et al. PCCP 26, 5947 (2024)
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Nair, A. M. et al. PCCP 26, 5947 (2024)
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Experiment (TCID)
Specific dissociation behaviors for Py(H2O)nH+, 

with a “switch” from n = 3

Theory (DFTB) 
Structures and dissociation energies show 

that proton affinity evolves with n

Py(H2O)4H+

ED = 0.5 eV

HPy(H2O)2
+

ED = 0.26 eV

Py(H2O)3H+

ED = 0.83 eV

HPy(H2O)+

ED = 0.3 eV

HPy(H2O)+
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+
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Specific dissociation behaviors for Py(H2O)nH+, 

with a “switch” from n = 3

Theory (DFTB) 
Structures and dissociation energies show 

that proton affinity evolves with n

Py(H2O)4H+

ED = 0.5 eV

HPy(H2O)2
+

ED = 0.26 eV

Py(H2O)3H+

ED = 0.83 eV

HPy(H2O)+

ED = 0.3 eV

HPy(H2O)+
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+
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More details about theory in the talk of Heloïse Leboucher (tomorrow, 2:30 pm) 
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Cluster Source

Cryogenic Quadrupolar 
Ion Trap

Ion guide

ToF-MS

P ≈ 10-3 mbar
P ≈ 10-7 mbar

P ≈ 10-8 - 10-10 mbar
P ≈ 10-8 mbar

Production of : PAHn
+, 

(H)Wn
+, (H)PAHmWn

+, any 
(H)PAHmBn

+ (with B volatile) 

Ion ejection

Cluster thermalization,
Adsorption of H2O, CO, CO2, etc., 

Tagging with He, Ne, etc.,
Isolation for IR spectroscopy

T = 10 – 300 K

Mass 
spectrometry

IR OPO
beam
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+

Spectral signature 
+
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Dontot, L. et al. EPJD. 74, 216 (2020)
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𝑆
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Production with the molecular cluster source

IR spectrum

Marciniak, A. et al. Eur. Conf. on Lab. Astrophys. 59 (2023)

Exp. vs. Theory - Computation with DTFB

Perspective: measuring the IR spectra of tagged PAHm(H2O)n
+ clusters
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Exp. vs. Theory - Computation with DTFB

PDRs4all JWST Program
Berné, O. et al., PASP 134, 054301 (2022)
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ANR JCJC CASSOULExp
ChAracterizating the Spectral Signatures of astrO-relevant 

carbonaceoUs cLusters Experimentally

 PhD position will open in September 2025 

Contact me at alexandre.marciniak@irsamc.ups-tlse.fr

mailto:alexandre.marciniak@irsamc.ups-tlse.fr
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hν > IP

VUV 
photon 

hν > Ediss.

(≈ few eV)

hν > Barrier
(≈ few eV) 

“Remaining” 
internal energy

any hν

Dissociation (ps to ms)

+
H, H2, C2H2, etc…

+  e-

Ionization (<fs)

Isomerization (ps to ns)

H-migration

Non-radiative 
relaxation (fs to ps)

Wavelength 
[µm]

Radiative cooling (ms to s)

UV to IR

In competition

Species are cold 
when they are 

photoexcited in PDRs

Relaxation of a photoexcited PAH in photodissociation regions

Alexandre MARCINIAK - PCMI 2024 - Bordeaux

1 absorption every
minute/hour
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𝑈𝑖𝑛𝑡
0 ≈ 22.2 eV 

(4515K)

H4Cor+

-C2H4

-H

-H2

 C-losses are neglectable 
with respect to H-losses

• Carbon fragmentation 
channels for H4Cor+ not 
observed experimentally
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k  are in ×10-3 s-1 (scalable with the VUV flux)

C25H13
+

MeCor+

C25H12
+ C23H11

+

70%22%

k = 2.5

k = 0.2k = 3.4

k = 1

-H

-C2H2

Simplified fragmentation paths : bare Cor+ vs. alkylated Cor+

C25H13
+

EtCor+

C25H12
+ C23H11

+

79%21%

k = 3.1

k = 0.1k = 3.2

k = 1

-CH3

-C2H2

k = 2.8

k = 0.16

[Cor-H]+

Cor+

k = 0.1

[Cor-2H]+

-H

-H

Cor+*

isomerization

𝐤𝐟𝐫𝐚𝐠
𝐂𝐨𝐫+ ≈ 𝟎. 𝟏𝟔

𝐤𝐟𝐫𝐚𝐠
𝐌𝐞𝐂𝐨𝐫+ ≈ 𝟐. 𝟓

𝐤𝐟𝐫𝐚𝐠
𝐄𝐭𝐂𝐨𝐫+ ≈ 𝟑. 𝟏

Marciniak, A. et al. A&A 642, A42 (2021)
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Simulating photon-gas-nanograin interactions with PIRENEA 2
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Cryogenic 
ion trap

Laser vaporization 
source

Molecular cluster 
source

ICR cell
(i𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ∼10 min)

Mass 
filter

T ∼ 10 K, P ∼ 10-11 mbar
Mass spectrometry

Sim , SinCm

[PAHm(H2O)n]+

PAHn

T ≈ 4 - 300 K
 Thermalization, 
Adsorption, Tagging

LASER (IR to VUV)

Marciniak, A. et al. Eur. Conf. on Lab. Astrophys. 59 (2023)


