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Abstract Naphthalene is an interesting candidate to study in the framework of organic
delivery to planetary surfaces as well as in the origin of life. Additionally, naphthalene is of
environmental interest, because of its chronic and acute effects on living systems, such as
humans and animals (e.g. moths). Naphthalene has been well studied in both fields. In this
paper we give an overview of radiolytic studies of naphthalene in the presence of both liquid
water and water ice. From our review it appears that OH radicals are formed both in liquid
water and in interstellar ices and that these radicals play a considerable role in the degradation of naphthalene. However, it also appears that upon irradiation of naphthalene in liquid
water, hydrogen peroxide, a species that accelerates naphthalene degradation, is formed.
Based on this review we suggest that the role of hydrogen peroxide in interstellar ices should
be further investigated.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are widely formed (Tielens and Charnley 1997)
and omnipresent in space, comprising 10–20 % of the cosmic carbon (Kaiser et al. 2000;
Tielens 2008; Ehrenfreund et al. 2011; and references in all). They are involved in a variety
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of phenomena observed throughout the universe, including a range of unidentified infrared
bands (e.g., Flickinger and Wdowiak 1990; Cook and Saykally 1998; Cataldo et al. 2004)
and some of the diffuse interstellar bands (e.g., Cossart-Magos and Leach 1990; Snow et al.
1998; Maier et al. 2004, 2006). Gaseous PAHs have been observed in a large variety of
interstellar environments, for example, protoplanetary and planetary nebulae, reflection
nebulae, HII regions, and the diffuse interstellar medium (Léger and Puget 1984; Sandford
1996; Bregman et al. 2000; Bernstein et al. 2001; Allamandola 2011). These detections have
been made possible by a tremendous amount of laboratory studies on PAHs in the gas phase,
summarized in Tielens (2008). As soon as the temperature is sufficiently low (below 50 K),
such as in dense interstellar clouds, PAHs condense onto refractory dust grains and form
interstellar ices (Sandford and Allamandolla 1993). At these temperatures most species
freeze, thus the ice mantles formed around these silicate and carbonaceous grains contain
a variety of other compounds, including H2O, CO, CO2, CH3OH and NH3 (Gibb et al. 2004,
and references therein). Laboratory studies on ultraviolet (UV) radiation of PAHs embedded
in these ices have shown that the PAHs can oxidize and react with other compounds present
in the ices (Bernstein et al. 1996, 2002, 2003, 2007; Bouwman et al. 2010, 2011a, b). In this
process a wide range of organics, such as aromatic alcohols, ketones, quinones, and amino
acids, can be formed (Bernstein et al. 1999, 2001; Chen et al. 2008). Both the parent PAHs
and their derivatives are present in comets, carbonaceous meteorites, and interplanetary dust
particles (IDPs) (Cronin and Chang 1993; Moreels et al. 1994; Botta and Bada 2002;
Sephton 2002; Sandford et al. 2006; Flynn et al. 2008; Li 2009). It has been suggested that
PAHs and their derivatives can also be formed through chemical processing inside meteorites, such as through Fischer-Tropsch type reactions and subsequent processes such as
cooling of magmatic and impact-generated gases or alkylation through aqueous exposure
(Anders 1996; Zolotov and Shock 1999, 2000; Elsila et al. 2005). The delivery of these
extraterrestrial organic molecules to the Earth’s surface (e.g. Flynn et al. 2004) may have
played a role in the origin of life (Ehrenfreund et al. 2002, 2006).

Naphthalene
Naphthalene (C10H8) is the smallest and most stable polycyclic aromatic hydrocarbon. It
has a high vapor pressure at room temperature (0.2 mbar), making it relatively easy to
study in the gas phase, and it is water-soluble (25–30 mg L−1) in ambient conditions.
Naphthalene has been very well studied due to its role in interstellar chemistry and its
environmental implications, especially with respect to water pollution. Gaseous naphthyl,
C10H7+, the dehydrogenated form of the naphthalene cation, was investigated because
such species are likely to be present in the diffuse interstellar medium, as a result of
photodissociation of the parent PAH cations (Allamandola et al. 1989). Laboratory
studies of the chemical reactivity of naphthalene cations (C10H6+ and C10H8+) in the
gas phase by Le Page et al. (1997) showed that the rapid addition of a hydrogen atom to
the radical cations C10H8+ and C10H6+, as well as the efficient radiative association of
C10H7+ with molecular hydrogen, indicates that protonated naphthalene, C10H9+, will be
readily formed from its precursor ions in the interstellar medium (see also Snow et al.
1998). Furthermore, these results indicate that protonated naphthalene will be a terminal
ionic species in interstellar environments where the naphthalene cation and its derivatives
are able to survive (Le Page et al. 1999). It has been shown that protonated naphthalene
displays similar features in the infrared as observed in the unidentified infrared bands
(Ricks et al. 2009), and the evidence of the naphthalene cation (C 10 H 8 +) in the
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interstellar medium in the direction of the star Cernis 52 in the Perseus constellation has
also been reported (Iglesias-Groth et al. 2010).
The formation of naphthalene, and PAHs in general, has always been considered to take
place in high temperature environments; for example, polycyclic aromatic species can grow
in ionized gases by association of smaller building blocks, such as naphthyl and phenyl rings
(Ascenzi et al. 2010). However, this cannot explain the PAH abundance in the interstellar
medium, considering their short lifetime (Micelotta et al. 2010a, b, 2011). Very recently
Parker et al. (2012) showed that naphthalene could be synthesized under low temperature
conditions as well. This makes naphthalene an interesting candidate to study in the framework of organic delivery to planetary surfaces as well as the origin of life. In living systems,
such as humans and animals, naphthalene has chronic and acute effects, including change or
destruction of red blood cells (EPA-1, EPA-2). Naphthalene is a compound in daily life
products, such as insect repellents, pesticides, dye intermediates, and tanning agents. Due to
its poisonous nature naphthalene has been well studied both the field of air and water
pollution. In this paper we give an overview of radiolytic studies of naphthalene in the
presence of water, both in liquid and solid state (water ice). The ice studies we describe here
were carried out in the field of interstellar chemistry, whereas the liquid water studies were
carried out in the field of water pollution studies. We highlight some findings and discuss the
effect of radiolysis of water in these reactions. We conclude the paper with some remarks on
how both experimental lines could be beneficial to each other.

Radiolytic Experiments Involving Naphthalene
One of the first experiments investigating the effect of radiation on naphthalene in the
presence of H2O was carried out by Keheyan and Perez (1991). In these experiments
gaseous naphthalene was subjected to ionizing radiation (in the form of gamma rays) in
the presence of H2O, air, and a mixture of H2O and air. These experiments were conducted to
study the reactions that lead to the formation of small amounts of 2-naphthol and how these
reactions could contribute to terrestrial atmospheric smog. It was shown that the conversion
rate of naphthalene was low and dominated primarily by the interaction of OH radicals
formed by radiolysis of the water. Subsequent experimental investigations can be divided
into two categories, naphthalene in ices and naphthalene in water. These categories are
further reviewed below.
Naphthalene in Interstellar Ices
Bernstein et al. (2001) subjected naphthalene embedded in H2O ice at 15 K to vacuum
ultraviolet (VUV) radiation from a flowing hydrogen discharge lamp (Lyα radiation at
121.6 nm and a molecular transition centered at 160 nm). These conditions are representative
of the UVand temperature conditions in the dense interstellar clouds where the ices are expected
to form (Sandford and Allamandolla 1993). The main reaction products found were 1- and 2naphthol 1,4-naphthoquinone as along with smaller amounts of 2,6-dihydroxy and 2,7-dihydroxy naphthalene. Gudipati and Allamandola (2003) expanded upon these experiments and
showed that irradiation with similar VUV radiation leads to the formation of naphthalene
cations at 15 K. Upon heating above 100 K, these cations formed 1-naphtols. The photoproducts formed in both experiments (Bernstein et al. 2001; Gudipati and Allamandola 2003)
were most likely the result of multistep reactions between the naphthalene cation and the
species formed by photolysis of the ice, such as OH and OH−. Theoretical modeling suggests
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that the reactions of OH with naphthalene and the naphthalene cation have no barriers, and that
both reactions are expected to favor 1-naphthol over 2-naphthol (Ricca and Bauschlicher 2000),
which is indeed observed in Bernstein et al. (2001).
Naphthalene in Water
Due to its possibly carcinogenic effect on humans (IARC 2002) and its acute and chronic
effects on human and animal health, naphthalene has been very well documented in
pollution control studies (e.g. Cesareo et al. 1986). Glaze et al. (1992) showed that
naphthalene dissolved in water is directly photolyzed upon radiation with UV (254 nm).
However, in this process naphthalene produces significant amounts of hydrogen peroxide,
which substantially accelerates the degradation rate of naphthalene (Glaze et al. 1992).
Hydrogen peroxide has been detected in the interstellar medium (Bergman et al. 2011)
and could therefore play a role in the irradiation chemistry of interstellar ices. In addition to
hydrogen peroxides, reaction products like naphthols, naphthoquinone, benzaldehyde, and
phthalic and benzoic acids were formed (Glaze et al. 1992; Tuhkanen and Beltrán 1995).
Experiments on naphthalene using only hydrogen peroxide, without any form of irradiation,
did not result in naphthalene degradation (Tuhkanen and Beltrán 1995). Irradiation of
naphthalene in the presence of added hydrogen peroxides led to the additional formation
of aliphatic and lower-molecular-weight carboxylic acids (Tuhkanen and Beltrán 1995).
Effect of OH Radicals
The kinetics of the gas-phase reactions of naphthalene with OH radicals has been studied at
295±1 K in one atmosphere of air (Atkinson and Aschmann 1986). A rate constant of 2.59±
0.24×10−11 cm3 molecule−1 s−1 has been determined for this reaction. This shows that under
atmospheric conditions naphthalene will react mainly with the OH radical, with a naphthalene lifetime of approximately 11 h. It is well known (Melton and Neece 1971) that water
radiolysis produces highly reactive OH and H radicals. These radicals are much more
reactive than the OH− or H+ formed by ionic dissociation. The OH radical is a powerful
oxidizing agent and is chemically very reactive. Radiolysis of water vapor leads to the
formation of OH radicals through the following reaction:
H2 O ! OH  þ H 

ð1Þ

The G value refers to the number of molecules of reactant consumed or product formed
per 100 eV of energy absorbed. The reported G-value for reaction (1) is 3.7 (Swallow 1973)
and from this the rate of OH radical formation can be calculated. At OH radical concentrations above 1011 radicals cm−3, radical-radical reactions such as
OH  þ OH  ! H2 O þ O

ð2Þ

must be considered (Dixon-Lewis and Williams 1977) due to the fact that the rate constant of
such reaction (2) is 6.5×10−11 radicals cm−3 s−1.
Under γ radiation (as used in Keheyan and Perez 1991) activated forms of oxygen are
formed, including excited-state singlet oxygen, allowing a non-radical induced oxidation of
aromatic molecules (Clough 1980). In the experiments by Keheyan and Perez (1991) only
the β-isomer, 2-naphthol, was formed upon radiation, whereas in the experiments by
Bernstein et al. (2001) the α-isomer, 1-naphthol, was also formed and favored over the βisomer, as predicted by Ricca and Bauschlicher (2000).
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Balakrishnan and Reddy (1968) observed a variation in the α- and β-isomers upon γ
radiation of naphthalene dissolved in water under pure oxygen. However, in these experiments the amount of β-isomers varied with the sample temperature, indicating a change in
the mechanism of hydroxylation and naphthol formation by means other than OH attack.
One process could be the radiolysis of the oxygen present in both experiments (Balakrishnan
and Reddy 1968; Keheyan and Perez 1991). It is well known that among the active species
of oxygen formed during its radiolysis O(ID) can play a role. The following reaction

O I D þ H2 O ! 2OH 

ð3Þ

can explain the increase of the radicals in an irradiated system containing oxygen (either
pure or in air) and water.

Conclusion
The comparison of the ice and liquid water experiments shows that the processes
breaking down naphthalene are comparable. A large role in this process is reserved
for the interaction with OH radicals, which are formed by irradiation of the water
present. However, from the analysis of UV interactions with naphthalene dissolved in
water, the formation of large amounts of hydrogen peroxide is observed, a process
that considerably accelerates the degradation rate of naphthalene. In this manuscript
we discussed only those reactions involving naphthalene, but it can be hypothesized
that similar processes will play a role in the case of other PAHs. Hydrogen peroxide
has been shown to form in water ice due to VUV photodissociation (Yabushita et al.
2008). No mention of hydrogen peroxides or their influence has been made in the
existing literature on experiments with naphthalene in interstellar ices. Considering the
role of hydrogen peroxide in the irradiation of naphthalene in liquid water, it may be
worthwhile investigating its role in interstellar ices.
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