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Protonation and hydrogenation of benzene molecule on a surface grain
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Abstract. In this work, we studied the formation of the hydrogenated and protonated benzene molecule (C6 H6 ), the basic unit of
polycyclic aromatic hydrocarbons (PAHs), through the interaction of electrons with frozen benzene on the surface of interstellar
and circunstellar dust grains. It was used the electron-stimulated ion desorption technique (ESID) where benzene molecules are
condensed on a substrate at low temperatures and are bombarded with electrons with energies at 2.1-2.9 keV. We analyzed the
desorbed ions from the ice using the mass spectrometry by time of flight (TOF-MS). By the mass spectra we observed the ions
resulting from the loss of hydrogen (C6 H5 + , C6 H4 + and etc.); the protonated benzene (C6 H6 H+ ) and the sequence of ions resulting
from the hydrogenation until complete saturation of its structure, thus leading to loss of aromaticity and formation of the ionized
cyclohexane (C6 H12 + ) and protonated cyclohexane (C6 H12 H+ ).
Resumo. Neste trabalho estudamos a hidrogenação e protonação da molécula do benzeno (C6 H6 ), unidade básica dos hidrocarbonetos policíclicos aromáticos (PAHs), através da interação de elétrons com moléculas congeladas de benzeno na superfície de
grãos de poeira interestelar e circunstelar. Para isto, foi utilizada a técnica de dessorção de íons estimulada por elétrons (ESID),
onde moléculas de benzeno são condensadas sobre um substrato metálico a baixas temperaturas e bombardeadas com elétrons com
energias de 2,1-2,9 keV. Os íons dessorvidos do gelo foram analisados usando a tecnica de espectrometria de massas por tempo
de vôo (TOF-MS). Pelos espectros de massas foram observados os íons decorrentes da perda de hidrogênio (C6 H+5 , C6 H+4 ,etc.); o
benzeno protonado, (C6 H6 H+ ), e a sequência de íons decorrentes da hidrogenação até a completa saturação da sua estrutura, levando
assim à perda da aromaticidade e formação do ciclohexano ionizado, C6 H+12 , e do ciclohexano protonado (C6 H12 H+ ).
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1. Introduction
To date, more than 200 different molecules have been identified
in the interstellar (ISM) and circunstellar (CSM) media1 . Some
of these molecules freeze out at the cold temperatures (10–20 K)
of both ISM and CSM to form molecular ices on the surface of
dust grains (Herbst et al. 2009). In such ices, complex organic
molecules (COMs) are efficiently formed by chemical transformation processes catalyzed by external agents (Fedoseev et al
2012). In this context, cosmic rays, photons and charged particles induce ionization, dissociation, desorption and protonation
of molecules on the surface of grains producing neutral, ionized
and radical fragments (Burke and Brown 2010). Some of these
fragments, mainly of smaller sizes, become mobile at temperatures >30 K and undergo combination reactions on the grain
surface to form more complex species (Garrod et al. 2008).
On the other hand, in the infrared spectra of several astrophysical objects the features at 3.3; 3.4; 6.2; 7.7; 8.6; 11.3 and
12.7 µm are present. These bands can be attributed to the vibrational transitions of the C-H and C-C bonds in fused benzene (C6 H6 ) aromatic rings of a mixture of neutral (PAHs) and
ionized (PAH+ ) polycyclic aromatic hydrocarbons, as well as to
their hydrogenated (Hn -PAHs) and protonated (H+ -PAHs) analogues. In this work, we used experimental methods to examine the interaction of high energetic electron beam with a C6 H6
solid sample, simulating the electron-driven chemical transformations that occur on the surface of interstellar and circumstellar
benzene-rich ices.

2. Methodology and Results
The electron-stimulated ion desorption (ESID) technique was
used to determine the positively charged fragments desorbed
from a pure benzene ice at 125 and 127K into a ultrahigh vacuum
(UHV) chamber at 10−9 mbar base pressure, bombarded by a focused electron beam at 2.1, 2.3 and 2.9 keV of impact energies.
Electrons colliding on a surface transfer part of their energy and
momentum to the sample, thus inducing excitation and ionization processes that may cause bond breakage and desorption of
neutral and ionic species. The positively charged ions desorbed
from the ice were analyzed using the mass spectrometry by time
of flight (TOF-MS) technique. A top view schematic diagram
of the experimental setup is showed in Figure 1. More details
about the available experimental setup can be found elsewhere
(Ribeiro et al. 2014).
The results are summarized in Figure 2. It is possible to see
that the protonated benzene ion, C6 H+7 (or C6 H6 H+ ) is predominantly formed. Moreover, a competition between the primary
processes of dehydrogenation and protonation of the benzene
molecule are also evidenced. The most produced products from
dehydrogenation are the benzyl cation, C6 H+5 , and the C6 H+
species. The formation of C6 H+4 , C6 H+3 , C6 H+2 and the cyclohexatriyne cation, C+6 , is also observed. On the other hand, hydrogenation was observed until the complete loss of aromaticity, with the formation of the aliphatic cyclohexane (C6 H+12 ) and
protonated cyclohexane (C6 H12 H+ ) species. We suggest that interstellar cyclohexane could be formed as a desorption product
of benzene-rich ices.
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Figure 3. Normalized ion desorption yield, Yi (ions/impact), from benzene ice at 125 K stimulated by electrons at impact energies of 2.1, 2.3
and 2.9 KeV
Figure 1. Experimental setup. Adapted from Ribeiro et al. 2014.

it is possible to detect such fragments in the radio frequency
range. The formation of fragments with odd number of hydrogen atoms is clearly dominant in both dehydrogenated and hydrogenated ionic groups. These closed-shell fragments present
a higher structural stability with respect to the even open-shell
fragments. Finally, the formation of H-rich species, such as the
cyclohexane ion (C6 H+12 ) and the protonated cyclohexane ion
(C6 H12 H+ ), suggests a possible route of formation of the PAH
structures with the presence of aliphatic moieties.
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Figure 2. Dehydrogenation, protonation and hydrogenation of condensed benzene at 2.3 keV.

3. Conclusions
In the condensed phase, the protonation, hydrogenation and dehydrogenation processes of benzene ice submitted to electron
impact are highly efficient. The formation of the protonated benzene (C6 H+7 ) and its subsequent desorption are favored. These
ions are formed on the surface of the frozen grain and are desorbed and released in the gas phase. Ion desorption is presented
in terms of desorption yield, Yi, the number of ions emitted by
incident electron, shown in Figure 3. Therefore, we suggest that
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