PDF hosted at the Radboud Repository of the Radboud University
Nijmegen

The following full text is a publisher's version.

For additional information about this publication click this link.
http://hdl.handle.net/2066/177427

Please be advised that this information was generated on 2021-09-24 and may be subject to
change.

Article 25fa pilot End User Agreement
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet)
with explicit consent by the author. Dutch law entitles the maker of a short scientific work funded either
wholly or partially by Dutch public funds to make that work publicly available for no consideration
following a reasonable period of time after the work was first published, provided that clear reference is
made to the source of the first publication of the work.
This publication is distributed under The Association of Universities in the Netherlands (VSNU) ‘Article
25fa implementation’ pilot project. In this pilot research outputs of researchers employed by Dutch
Universities that comply with the legal requirements of Article 25fa of the Dutch Copyright Act are
distributed online and free of cost or other barriers in institutional repositories. Research outputs are
distributed six months after their first online publication in the original published version and with
proper attribution to the source of the original publication.
You are permitted to download and use the publication for personal purposes. All rights remain with the
author(s) and/or copyrights owner(s) of this work. Any use of the publication other than authorised
under this licence or copyright law is prohibited.
If you believe that digital publication of certain material infringes any of your rights or (privacy)
interests, please let the Library know, stating your reasons. In case of a legitimate complaint, the Library
will make the material inaccessible and/or remove it from the website. Please contact the Library
through email: copyright@ubn.ru.nl, or send a letter to:
University Library
Radboud University
Copyright Information Point
PO Box 9100
6500 HA Nijmegen
You will be contacted as soon as possible.

Article
pubs.acs.org/JPCA

Structure and Dissociation Pathways of Protonated Tetralin (1,2,3,4Tetrahydronaphthalene)
Martin Vala*
Department of Chemistry and Center for Chemical Physics, University of Florida, Gainesville, Florida 32611-7200, United States

Downloaded via RADBOUD UNIV NIJMEGEN on April 8, 2019 at 08:07:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Jos Oomens and Giel Berden
Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7c, NL-6525 ED Nijmegen, The
Netherlands
ABSTRACT: The infrared multiple-photon dissociation
(IRMPD) spectrum of protonated tetralin (1,2,3,4-tetrahydronaphthalene, THN) has been recorded using an infrared free electron
laser coupled to a Fourier transform ion cyclotron mass
spectrometer. IR-induced fragmentation of the protonated parent
[THN + H] +, m/z 133, yielded a single fragment ion at m/z 91.
No evidence for fragment ions at m/z 131 or 132 was observed,
indicating that protonated THN ejects neither atomic H nor
molecular H2. Comparison of the experimental spectrum with density functional calculations (B3LYP/6-311++G(d,p)) of the
two possible protonated isomers identiﬁes a preference for the position of protonation. Possible decomposition pathways starting
from both [THN + H(5)]+ and [THN + H(6)]+ are investigated. The potential energy proﬁles computed for these
decomposition routes reveal that (1) the m/z 91 ionic product resembles the benzylium ion, but with the extra hydrogen and the
methylene substituents in various ortho, meta, and para conformations around the aromatic ring and that (2) the decomposition
process involving the [THN + H(6)]+ isomer is predominant, while the one involving the [THN + H(5)]+ may play a smaller
role. Potential energy pathways from the initial decomposition product(s) to the benzylium and tropylium ions have also been
computed. Given the relatively low barriers to these ions, it is concluded that the benzylium ion and, with suﬃcient activation,
the tropylium ion plus neutral propene are the ﬁnal products.

1. INTRODUCTION

Here, we conﬁne ourselves to the question of whether
further hydrogenation of a partially hydrogenated PAH will lead
to greater H2 production or to breakdown products. To address
this question, we use a simple test system, the partially
hydrogenated naphthalene molecule, 1,2-dihydronaphthalene
(DHN), and its more completely hydrogenated cousin, tetralin
(1,2,3,4-tetrahydronaphthalene, THN). In a previous investigation16 protonated DHN (m/z 131) was found to dissociate
along two channels yielding m/z 129 and m/z 91 products in
approximately a 2:1 ratio. The primary channel yielded
molecular hydrogen and an m/z 129 product, while the
secondary channel resulted in an ionic m/z 91 product and a
neutral C3H4 molecule. In this article, we extend this previous
investigation to the decomposition of protonated tetralin.

Polycyclic aromatic hydrocarbons (PAHs) have been implicated in many of the chemical and physical phenomena
occurring in the interstellar medium (ISM). From carriers of
the unidentiﬁed infrared emission bands to the species
responsible for the diﬀuse interstellar visible absorption
bands, from building blocks of the fullerenes to catalysts for
the production of molecular hydrogen, the PAHs have been
much studied and their multifaceted roles in the ISM
increasingly better understood. However, despite this progress,
there are many aspects of their involvement that remain
unexplored and unknown. One of these, the photostability of
hydrogenated PAHs, has recently been noted by Schlathölter
and co-workers to be largely unknown.1 Indeed, experimental
results suggest that the addition of hydrogen to PAHs changes
their photostability.2 This is an important topic since a number
of recent studies by Mennella, Thrower, and Hornekær and coworkers have observed high superhydrogenation states in PAHs
and demonstrated that hydrogen abstraction from these species
can lead to molecular hydrogen production in the ISM.3−5 A
number of other mechanisms for the production of interstellar
H2 involving PAHs have also been proposed, computed, and
experimentally investigated.6−16
© 2017 American Chemical Society

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
Infrared multiple photon dissociation (IRMPD) experiments
on gaseous protonated tetralin were performed on a 4.7 T
Fourier-transform ion cyclotron resonance mass spectrometer
(FTICR-MS) coupled to a free electron laser with tunable
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Figure 1. (a) Schematic diagram of tetralin (1,2,3,4-tetrahydronaphthalene) and the numbering scheme used. (b) Mass spectra recorded after
irradiation with IR laser light with a frequency of 1700 cm−1 (oﬀ resonance) and 1600 cm−1 (on resonance). (c) Experimental IRMPD spectrum of
protonated tetralin (top panel) and computed infrared absorption spectrum ((B3LYP/6-311++G(d,p) level) of tetralin protonated in the 6 position,
[THN + H(6)]+ (fourth panel) and protonated in the 5 position, [THN + H(5)]+ (third panel). The second panel shows the spectrum obtained
from a sum of [THN + H(6)]+ and [THN + H(5)]+ assuming a thermal distribution.

of Lee, Yang, and Parr (B3LYP), with a 6-311++G(d,p) basis
set were used.23,24 The vibrational frequencies in the mid-IR
range were scaled by a factor of 0.97 to correct for
anharmonicity eﬀects and functional/basis set deﬁciencies.
Potential energy proﬁles were computed using a B3LYP/631G level of theory, with single-point energy calculations
carried out at the B3LYP/6-311++G(d,p) level (with zeropoint energies included) for all reactant, transition state (TS),
intermediate, and product structures. TS structures were
identiﬁed by the presence of only a single imaginary frequency
whose motion mimicked the reaction coordinates. QST2
calculations were carried out to pinpoint the TSs and intrinsic
reaction coordinate computations were done to connect the
reactant and product of each reaction step.

output in the infrared (Free Electron Laser for Infrared
eXperiments (FELIX)).17 The experimental apparatus has been
previously described.18 The protonated sample was formed by
electrospray ionization of a 60:40 methanol/water solution of
∼2 mM neutral THN with an infusion rate of ∼30 μL/min.
Ions were accumulated for 4 s in an rf hexapole trap and
transferred to the ICR cell of the FTICR-MS. Here the
protonated tetralin ions were mass-isolated and subsequently
irradiated for 3 s by 30 infrared laser pulses of FELIX. In the
range of 5.6−9 μm (1100−1800 cm−1), the laser pulse energy
was 15−50 mJ per 5 μs long macropulse (each of which
comprises a group of picoseconds long pulses separated by 1
ns) and the bandwidth was 0.4% of the center frequency. When
the IR laser frequency is resonant with a vibrational band of the
protonated tetralin ion, absorption of multiple photons occurs
thereby increasing its internal energy, which leads to
unimolecular dissociation.19−21 An IR spectrum of [THN +
H ]+ was obtained by plotting the IRMPD yield, deﬁned by the
ratio of the number of IR photoinduced fragment ions and the
total number of ions, as a function of the IR laser frequency.
The yield was linearly corrected for the frequency-dependent
laser power.
Molecular geometries and vibrational harmonic mode
frequencies for all reactants, transition states (TSs), intermediates, and products were calculated using density functional
theory with the Gaussian 03 program package.22 Becke’s threeparameter hybrid functional, the nonlocal correction functional

3. RESULTS AND DISCUSSION
Figure 1A shows a schematic of the parent tetralin (THN)
molecule and the numbering scheme used. Protonation may
occur at one of two unique sites on the aromatic ring (positions
5 and 6). Proton aﬃnities computed for these two sites are very
similar (8.425 eV for position 5 and 8.473 eV for position 6).
The IRMPD of protonated THN (m/z 133) produces only
one fragment ion at m/z 91, as is shown in Figure 1B for
irradiation at an IR frequency of 1600 cm−1. No evidence for
m/z 132 or 131 product fragments was found (also not at other
frequencies), indicating no H or H2 ejection from the
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protonated parent occurs. The m/z 91 peak corresponds to
C7H7+, with an ejected neutral C3H6 fragment.
The IRMPD spectrum of protonated THN was generated by
plotting the ratio of the m/z 91 fragment yield over the sum of
the m/z 91 fragment and m/z 133 parent intensities as a
function of FELIX photon energy. Figure 1C shows the
experimental spectrum together with the computed IR spectra
for the two possible protonated isomers. Four major peaks are
observed at 1174, 1274, 1451, and 1596 cm−1. The computed
spectrum for the [THN + H(6)]+ isomer shows the same
pattern for these bands with approximately the correct intensity
ratios. Most importantly, only the spectrum for [THN +
H(6)]+ predicts a band in the 1500−1550 cm−1 region, which
matches an observed band in this region. In addition, the
observed band at 1150 cm−1 is also in accord with the predicted
medium-intensity band in this region for the [THN + H(6)]+
isomer. While this evidence points to the [THN + H(6)]+
isomer as the predominant protonated species, we cannot rule
out the presence of the [THN + H(5)]+ isomer in some
(smaller) percentage (vide inf ra). In fact, a better match to the
experimental spectrum is obtained if we assume a thermal
distribution over the two isomers, as is shown in Figure 1C, i.e.,
86% [THN + H(6)]+ and 14% [THN + H(5)]+.
Three additional possible isomeric structures of protonated
tetralin were computed in which one or more H shifts occur
starting from [THN + H(6)]+. They are the 1,2,3,5,x Hnaphthalene cations (where x = 6, 7, and 8). For x = 6, a 1,3 H
shift occurs from C(4) to C(5) in [THN + H(6)]+. If then a
1,2 H shift occurs from C(6) to C(7), the x = 7 isomer is
formed, and if a subsequent 1,2 H shift occurs from C(7) to
C(8) the x = 8 isomer is produced. The calculations show that
all these isomers are less stable than the [THN + H(6)]+
isomer (see Table 1). More importantly, none of these isomers

order to determine whether the energy barriers to dissociation
from the latter would preclude its contribution to the observed
products. The overall scheme and reaction enthalpies for
dissociation of the two isomers are given in Figure 2. Bond

Figure 2. Schematic of the possible decomposition pathways for
[THN + H(5)]+ and [THN + H(6)]+ and their computed reaction
enthalpies. In the 5-meta and 6-para pathways, the C(1)−C(2) and
C(4)−C(10) bonds are broken, while in the 5-ortho and 6-meta
pathways, the C(1)−C(9) and C(3)−C(4) bonds are severed.

rupture may occur either at C(1)−C(2) and C(4)−C(10) or
C(1)−C(9) and C(3)−C(4) in both isomers. The C7H7+
products formed in the four possible breakdown pathways are
diﬀerent and are labeled 5-meta, 5-ortho, 6-para, and 6-meta,
according to the relative positions of the methylene and hydro
substituents around the ring. All computed reaction enthalpies
(B3LYP/6-311++G(d,p)) are endothermic and in the +4.1−5.3
eV range. The barrier heights for these pathways were
calculated as potential energy proﬁles. The relevant transition
states, intermediate structures, and their relative energies, given
in Figures 3 and 4, are discussed in turn below.
5-meta Pathway. Rupturing of the C(1)−C(2) bond in
[THN + H(5)]+ and separating these carbons to ∼2.7 Å results
in transition state TS1 in which H(3) straddles the C(2)−C(3)
bond (see Figure 3a). A 1,2 H shift leads to methyl formation
on C(2) and the subsequent closure of the C(2)−C(3)−C(4)
arm to form the stable intermediate A, 3-methyl-5-hydroindane.25 With an additional input of 4.86 eV, the C(1)−C(3)
and C(4)−C(10) bonds break and the C7H7+ and C3H6
products formed. In the C7H7+ product the methylene and
extra hydro substituents are meta to each other, usually an
unfavorable substituent conﬁguration.
5-ortho Pathway. The more complex 5-ortho pathway is
illustrated in Figure 3b. Here the C(3)−C(4) bond breaks and
the carbons separate to ∼3.1 Å, after which TS2 is formed with
H(2) spanning the C(2)−C(3) bond. Stabilization results from
methyl formation on C(3) followed by formation of the stable
intermediate B. With a further input of 1.25 eV, TS3 is formed,
after which intermediate C, 1-methyl-5-hydro-indane, is
produced. With a further input of 4.04 eV, the 5-ortho C7H7+
product and C3H6 are produced. Overall this pathway requires
+4.16 eV.

Table 1. Relative Energies of Protonated Tetralin Isomers
(1,2,3,x,y-H Naphthalene Cations)
x

y

relative energy (eV)

4
4
5
5
5

6
5
6
8
7

0.000
0.048
0.144
0.637
1.42a

a

The x = 5, y = 7 isomer optimizes to a structure reminiscent of a
methylene indane.

displays a band in the 1500−1550 cm−1 region, as is observed.
In addition, the initial 1,3 H shift requires an input of ∼3.3 eV
to reach the transition state, whereas protonation at the 5 or 6
position releases ∼8.4 eV energy. It therefore appears unlikely
that these protonated isomers are present in the initial mixture
of protonated tetralins.
Since the decomposition of protonated THN observed here
yields one ionic product (m/z 91) and a neutral species
corresponding to C3H6, ejection of a portion of the saturated
ring of THN is clearly indicated. In the next section, the
possible pathways computed for this dissociation are described,
and in the following section, the computed isomerization/
rearrangement of the m/z 91 product is illustrated.
A. Dissociation of Protonated Tetralin. While the
infrared spectral evidence points to the [THN + H(6)]+
isomer as the predominant protonated species, calculations
were performed on both it and the [THN + H(5)]+ species in
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Figure 4. (a) Calculated potential energy proﬁle (B3LYP/6-31G) with
single-point geometries and energies, B3LYP/6-311++G(d,p) level
(with zero-point energies included), for the decomposition of [THN +
H(6)]+ via the 6-para pathway. (b) Calculated potential energy proﬁle
for the decomposition of [THN + H(6)]+ via the 6-meta pathway.

Figure 3. (a) Calculated potential energy proﬁle (B3LYP/6-31G) with
single-point geometries and energies, B3LYP/6-311++G(d,p) level
(with zero-point energies included), for the decomposition of [THN +
H(5)]+ via the 5-meta pathway. (b) Calculated potential energy proﬁle
for the decomposition of [THN + H(5)]+ via the 5-ortho pathway.

other of these pathways. The initial barriers along two of the
pathways (5-ortho and 6-para) are, however, ∼1.5 eV lower in
energy than the other two, plus their total reaction enthalpies
are 0.8−1.3 eV lower. Given the clear evidence from the
IRMPD spectrum for the presence of the [THN + H(6)]+
isomer, we conclude that the 6-para pathway is predominant
and that the 5-ortho route may contribute a smaller, unknown
percentage. For all pathways the energy required is identical to
the thermodynamic value. The ortho or para C7H7+ products
are preferred over the meta products as is well-known from
ortho/para directionality in electrophilic aromatic substitution
reactions.
B. Rearrangement of the C7H7+ (m/z 91) Product. The
formation and isomerization of the C7H7+ ion from a large
number of alkylbenzene precursors has been the subject of
extensive study.26−46 In a 1994 review, Lifshitz pointed out that
the ﬁrst studies on the C7H7+ ion, which utilized appearance
potentials, hydrogen scrambling in deuterated precursors, and
other thermochemical data, concluded that the tropylium ion
was the ﬁnal product.26 Later work, however, presented
evidence for the benzylium structure.26−31 Very recent studies
on the “thermometer” ion, benzylpyridinium ion, have inferred
that the benzylium structure is formed ﬁrst but later rearranges
to form the tropylium structure.32,33
Here, the C7H7+ (m/z 91) products from the four possible
pathways are all isomers of the benzylium ion, dehydrogenated
in one position and hydrogenated in another. As shown below,
the energy requirements for rearrangement/isomerization to

6-para Pathway. Along the 6-para path (Figure 4a),
breaking the C(1)−C(2) bond in [THN + H(6)]+ and
separating these carbons to ∼3.5 Å leads to transition state
TS4. Here the hydrogen from C(3) is midway between C(2)
and C(3). A spontaneous 1,2 H shift to C(2) leads to methyl
group formation. The pendant arm containing the methyl
group then closes to form a ﬁve-membered ring, stabilizing to
intermediate E, 3-methyl-6-hydro-indane.25 With a further 4.10
eV input, the C(1)−C(3) and C(10)−C(4) bonds in E break,
and the products C7H7+ and C3H6 (propene, CH3C(H)=CH2)
form. Overall this pathway requires +4.16 eV, a value equal to
the thermodynamic value of +4.16 eV, and leaves the
methylene and extra hydro substituents in a para conﬁguration.
6-meta Pathway. Breaking the C(3)−C(4) bond and
increasing its separation to ∼2.5 Å requires ∼4.0 eV, forming
TS5 (see Figure 4b). In this state the C(2) hydrogen undergoes
a spontaneous 1,2 H shift to C(3). However, instead of forming
an indane-like structure, a stable intermediate G with a spiroattached three-membered ring is produced. The indane species
H (2-methyl-6-hydro-indane)25 is eventually formed from this
intermediate after passing through TS6. Finally, the soughtafter products are produced with an input of 5.27 eV. Overall,
this pathway requires 5.31 eV.
Neither the calculated reaction enthalpies nor the potential
energy barrier heights along the four reaction pathways
outlined above permit one to conclusively exclude one or the
4609
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the benzylium ion are very modest and to the tropylium ion
only slightly more so.
Figure 5 illustrates the route from the various benzylium-like
products D, I, F, and B formed in the 5-ortho, 6-meta, 6-para,

Figure 6. Computed potential energy proﬁle for the conversion of the
benzylium ion (J) to the tropylium ion (L).

tropylium ion is computed to be 0.37 eV more stable than the
benzylium ion, a value equal to that found by Fridgen et al.47
If it had been possible to record an IRMPD spectrum of the
m/z 91 product ion, this would directly identify whether the
ion is in the benzylium or tropylium isomeric form. Although
the entire population of protonated tetralin ions can be
converted into m/z 91 using a 35 W continuous wave CO2
laser, no further dissociation of the m/z 91 ions was observed,
neither with FELIX nor with the CO2 laser. This suggests that
the m/z 91 ions are extremely stable, which prevents us from
recording an IRMPD spectrum for this product ion.

Figure 5. Computed potential energy proﬁle for the rearrangement/
isomerization of the C7H7+ decomposition products D, I, F, and B,
derived from the 5-ortho, 6-meta, 6-para, and 5-meta pathways,
respectively, to the benzylium ion (J). Four 1,2 H shifts are required
for the transformation of D to J, three for I to J, two for F to J, and
one for B to J (all structures in the ﬁgure are singly charged cations).

and 5-meta pathways, respectively, to the benzylium ion, J. This
reaction scheme involves multiple 1,2 H shifts. From D to J
requires four such shifts, while B to J requires just one. In the
ﬁgure, product D is assigned a relative energy of 0.00 eV. Of the
four benzylium-like products, F from the 6-para pathway is the
lowest energy isomer, with D from the 5-ortho route only
slightly higher. The highest barrier encountered along any of
these reaction routes is ∼1.5 eV.
Calculations were undertaken on an alternative, multistep
pathway, which passes through a series of norcaradienyl-like
structures. This path begins with the slight, out-of-plane
twisting of the methylene group in the benzylium-like C7H7+
product (such as F) to give the ﬁrst transition state and then
proceeds through a series of TSs and intermediates, all
involving 1,2 H shifts. While the activation barriers found are
all less than half as large as those in the direct route as in Figure
5, an intrinsic reaction coordinate (IRC) calculation showed
that the ﬁrst TS does not connect the twisted methylene
transition state with the ﬁrst norcaradienyl intermediate; thus, it
can be concluded that this pathway is not viable. Such a
conclusion has also been reached by Ignatyev and Sundius41
and earlier by Smith and Hall.34
Turning to the tropylium ion, our approach toward its
formation is similar to one originally proposed by Dewar and
co-workers44,45 and more recently expanded upon by Smith
and Hall,34 Ignatyev and Sundius,41 and Kirkby and coworkers.46 The latter authors calculated the formation of the
tropylium ion from the toluene radical cation. Our calculation
starts from J, the benzylium ion. Figure 6 shows that the
methylene carbon C(1) bonds to the ring carbon C(8) creating
the seven-membered ring TS11, which then stabilizes to
compound K, the cycloheptatrienyl cation. A 1,2 H shift from
C(1) to C(9) in TS12 ﬁnally leads to the tropylium ion, L. The
initial barrier from the benzylium ion to TS11 is ∼2.6 eV. The

4. CONCLUSIONS
The infrared multiple photon dissociation (IRMPD) spectrum
of gaseous protonated tetalin (1,2,3,4-tetrahydronaphthalene)
has been recorded using a Fourier-transform ion cyclotron
resonance mass spectrometer (FTICR-MS) coupled to a free
electron laser with tunable output in the infrared. Comparison
of the observed spectrum of protonated tetralin with density
functional calculations of the two possible protonation sites
leads to the identiﬁcation of its most probable position as 6,
with position 5 less probable. Calculated potential energy
proﬁles point to the 6-para pathway as the predominant route
of the dissociation, with the 5-ortho route perhaps contributing
a lesser percentage. In an eﬀort to eﬀect a closer ﬁt to the
experimental spectrum, a mixture of a number of diﬀerent
percentages of [THN + H(6)]+ and [THN + H(5)]+ were
attempted. The best overall ﬁt was achieved with a mixture of
86% [THN + H(6)]+ and 14% [THN + H(5)]+, which
corresponds to a thermal distribution.
The 6-para pathway involves the spontaneous formation of a
methyl group on the pendant saturated side arm followed by its
subsequent closing to form the intermediate, 3-methyl-6-hydroindane. The involvement of an indane intermediate in this
decomposition reaction is consistent with the suggestion by
McVickers and co-workers that, in the hydrogenation of
naphthalene to tetralin, an equilibrium probably exists between
tetralin and 1 (or 2)-methyl-indane and that the ring opening
from the ﬁve-membered ring in indane is much faster than for
the six-membered ring.48 Finally, the computed energy proﬁles
for the isomerization of the C7H7+ ionic product lead to the
conclusion that, given the relatively low barriers, the C7H7+
4610
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2009, 28, 468−494.
(20) Polfer, N. C. Infrared Multiple Photon Dissociation Spectroscopy of Trapped Ions. Chem. Soc. Rev. 2011, 40, 2211−2221.
(21) Oomens, J.; Sartakov, B. G.; Meijer, G.; von Helden, G. GasPhase Infrared Multiple Photon Dissociation Spectroscopy of MassSelected Molecular Ions. Int. J. Mass Spectrom. 2006, 254, 1−9.
(22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A.;
Stratmann, R. E., Jr.; Burant, J. C.; et al. Gaussian 03, revision B.05;
Gaussian, Inc.; Pittsburgh, PA, 2003.
(23) Becke, A. D. Density-Functional Exchange-Energy Approximation with Correct Asymptotic Behavior. Phys. Rev. A: At., Mol., Opt.
Phys. 1988, 38, 3098−3100.
(24) Lee, C.; Yang, W.; Parr, R. G. Development of the Cole-Salvetti
Correlation-Energy Formula into a Functional of the Electron Density.
Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(25) The numbering in the indane intermediates such as A (Figure
3a), C (Figure 3b), E (Figure 4a), and H (Figure 4b) are not the
conventional ones used for indane derivatives, but reﬂect the original
numbering in the parent ion. Conventional numbering, for example,
for the indane derivative A is 2-methyl-5-hydro-indane, and for C is 1methyl-5-hydro-indane.

fragment product converts initially to the benzylium ion and,
with suﬃcient activation, also to the tropylium ion.
Hydrogenated PAHs, while capable of producing molecular
hydrogen, may also yield various breakdown products. The
previous study16 of 1,2-dihydronapthalene (DHN) with one
partially hydrogenated ring showed that both H2 and the
breakdown product, benzylium/tropylium ion, were produced,
while the present study of tetralin with a fully hydrogenated
ring yields only the breakdown product. Earlier studies14,15 on
partially hydrogenated anthracene and phenanthrene (i.e., 9,10dihydroanthracene (DHA) and 9,10-dihydrophenanthene
(DHP)) produced evidence for the formation of molecular
hydrogen. However, a very recent IRMPD investigation of the
electron ionization-induced decomposition of the DHA and
DHP ions has revealed a breakdown product, the ﬂuorenyl ion,
produced from each.49 In the theoretical investigations of the
DHN, DHA, and DHP parent ions, and the pathways leading
to their respective breakdown products, a common intermediate was found. This intermediate, a ﬁve-membered ring
with an attached methyl or methylene substituent, is formed
from a partially (or fully) hydrogenated six-membered ring. It
would be interesting to explore whether this type of
intermediate is common in the destruction of other hydrogenated PAHs. Given the recently realized importance of
hydrogenated PAHs and their role in the production of
molecular hydrogen in the interstellar medium, further research
seems warranted.
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