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a  b  s  t  r  a  c  t

The  infrared  multiple-photon  dissociation  (IRMPD)  spectrum  of  protonated  9,10-dihydroanthracene
([DHA+H]+,  m/z  181)  has been  recorded  using  an infrared  free  electron  laser.  Protonation  was  accom-
plished  by  electrospray  ionization  with  subsequent  mass-selection  and trapping  in a  Fourier  transform
ion  cyclotron  mass  spectrometer.  IR-induced  fragment  ions  were  observed  at m/z  179,  166,  and  165.  Den-
sity functional  calculations  (B3LYP/6-311++G(d,p))  of  the  infrared  spectra  of the two  possible  protonated
isomers  of  DHA  showed  that  the  observed  IRMPD  spectrum  is  best  fit  to  a mixture  of  the  two  isomers.
Potential  energy  surfaces  for the  loss  of  atomic  and  molecular  hydrogen  from  the  aliphatic  carbons  of
[DHA+H]+ have  been  calculated.  The  lowest  energy  barriers  are  for loss  of H2.  After  H2 ejection,  stabiliza-
tion  of the  remaining  fragment  occurs  by  hydrogen  migration  from  one  of  the  aliphatic  carbons  to  the
bare  ejection  site.  In all cases  the stabilized  fragment  is  computed  to  be 9-hydroanthracene.  The  IRMPD
spectrum  of  the m/z  179  fragment  has  been  recorded  and  is shown  to correspond  closely  both  to  the

calculated  and  previously  recorded  IRMPD  spectrum  of  ionic  9-hydroanthracene.  The  highly  asymmetric
transition  state  conformation  of  the  to-be-formed  H2 and  the  remaining  fragment  is  highly  suggestive  of
rotational,  vibrational,  and, possibly,  translational  excitation  of the  ejected  H2. Evidence  for  such  excita-
tion  from  astronomical  observations  that  show  the  close  proximity  of  PAHs  and  H2 in certain  interstellar
objects  and  that  show  H2 rotational  excitation,  which  has  been  difficult  to explain  via either  collisional
activation  or UV pumping,  is  reviewed.
. Introduction

Molecular hydrogen is an unusual species even though it is com-
osed of the most abundant element in the universe and is the
implest neutral molecule known. Despite many observational and
heoretical studies of its properties, the mechanism of formation
f H2 in the interstellar medium (ISM) remains a subject of intense
ebate.

The formation of H2 in the ISM has been widely thought to occur
n the surface of dust grains, as proposed over 45 years ago by
ould and Salpeter [1].  One of two mechanisms of H2 formation on
rains is usually invoked: the Eley–Rideal mechanism, in which an
ncoming H atom directly abstracts another H atom trapped on the
rain surface, or the Langmuir–Hinshelwood mechanism, in which
 atoms captured on the grain surface migrate until encountering
ach other and combining. Much effort has gone into the devel-
pment of these processes. Recently, a number of groups have

∗ Corresponding author. Tel.: +1 352 392 0529; fax: +1 352 392 0872.
E-mail address: mvala@chem.ufl.edu (M.  Vala).

387-3806/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2011.06.008
© 2011 Elsevier B.V. All rights reserved.

suggested that polycyclic aromatic hydrocarbons (PAHs), rather
than dust grains, could act as catalysts for the formation of H2.
This idea, floated by Omont [2],  Bohme [3],  Cassam-Chenai et al.
[4], and Pauzat and Ellinger [5],  was later investigated theoreti-
cally by a number of groups. Essentially invoking the Eley–Rideal
mechanism, Bauschlicher [6] and Hirama et al. [7] reported inde-
pendent calculations on a number of PAHs, including naphthalene,
anthracene, pyrene, and coronene, and showed that the addition of
the first H atom to a PAH cation is exothermic and that the abstrac-
tion of this H by a second incoming H to yield H2 proceeds with a
zero or small activation barrier, permitting the reaction to proceed
at very low temperatures. Rauls and Hornekaer [8] calculated low
(or zero) energy barriers for the addition of one or multiple H atoms
onto neutral coronene and showed that H2 could readily form
via the Eley–Rideal abstraction reaction, both from edge carbons
and inner ring carbons. They also pointed out that superhydro-
genated PAHs could exist in the ISM in regions of low UV flux. Joblin

and coworkers [9] investigated another pathway for H2 formation,
in which two hydrogen atoms at nearby carbons in naphthalene
react, followed by their bonding and removal. Le Page and cowork-
ers [10] proposed an alternative mechanism, the dissociative

dx.doi.org/10.1016/j.ijms.2011.06.008
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mvala@chem.ufl.edu
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ecombination of a hydrogenated PAH cation with an electron, and
n calculating the rate of H2 formation found that the predicted rate
f formation was in good accord with the rate generally inferred
rom standard astrochemical models.

In this paper, we report on an infrared multiple-photon
issociation spectral and theoretical study of protonated
,10-dihydroanthracene ([DHA+H]+). DHA is fundamentally
ifferent from the other H2-forming PAHs we  have studied,
iz., 1,2-dihydronaphthalene [11], acenaphthene, and 9,10-
ihydrophenanthrene [12], all of which contain adjacent aliphatic
arbon atoms (before protonation), which DHA does not. It is
f interest to determine whether adjacent aliphatic carbons are
ecessary for H2 formation on PAH centers. From our studies of
AHs with multiple aliphatic carbons, we propose a model for the
ormation of molecular H2 which is different from the above men-
ioned models. We  show that the excitation of a hydrogenated PAH
nables the formation of H2 by the extraction of two  hydrogens,
ither from the same aliphatic carbon or from nearby ones, that
he presence of more than one aliphatic center enables hydrogen

igration around the PAH rings, thereby stabilizing the remaining
ragment, and that the H2 very likely is ejected rotationally,
ibrationally, and translationally excited. It is pointed out that the
xcitation of H2 may  be pertinent to a number of astronomical
bservations.

. Methods

.1. IRMPD experiment

Recent developments in the field of ion spectroscopy have
reatly expanded the experimental information obtainable on gas
hase ion structure and reactivity. In particular, the coupling of tan-
em mass spectrometers (such as Fourier-transform ion cyclotron
esonance mass spectrometers (FTICR-MS)) with free electron
asers with tunable output in the infrared (such as the Free Electron
aser for Infrared eXperiments (FELIX) [13]) has enabled detailed
nformation to be gotten on the infrared vibrational frequencies of

any gaseous ions [14,15]. The experimental apparatus has been
reviously described [16,17].  Protonated 9,10-dihydroanthracene
[DHA+H]+) was formed by electrospray ionization of an 80:20:0.02

ethanol/water/ammonium acetate solution of ∼5 mM neutral
HA with an infusion rate of ∼10 �L/min. Trapped ions were
xposed to 5 �s long laser macropulses (50 mJ,  10 Hz repetition
ate, 6.4 s duration). Each macropulse consists of a train of approxi-
ately 1 ps long pulses separated by 1 ns. For protonated DHA (m/z

81), observed IRMPD fragment peaks appear at m/z 179, 166, and
65. To enhance the yield of fragment ions, a CO2 laser (10.6 �m,
W,  25 W)  was directed at the trapped ion cloud and triggered on at
he trailing edge of each FELIX macropulse for a duration of 50 ms.

The infrared multiple photon dissociation (IRMPD) spectrum
as generated by plotting the intensity of the three fragment peaks

m/z 179,166, 165) ratioed against the total ion intensity (m/z 181
arent plus fragments) as a function of FELIX photon energy. An

RMPD spectrum was also recorded for the mass-selected m/z 179
ragment by monitoring the increase of the fragment obtained by
he loss of one hydrogen atom (m/z 178).

.2. Calculations

.2.1. Infrared spectra
The equilibrium geometries and harmonic vibrational fre-
uencies for [DHA+H]+ were calculated using density functional
heory with the Gaussian 03 program package [18]. Becke’s three-
arameter hybrid functional, the non-local correction functional
f Lee, Yang, and Parr (B3LYP), with a 6-311++G basis set and d
s Spectrometry 308 (2011) 181– 190

and p polarization functions on heavy and hydrogen atoms, respec-
tively, was  applied. The IRMPD spectra have been modeled using
B3LYP/6-311++G(d,p) harmonic vibrational calculations. The vibra-
tional frequencies were scaled uniformly by a factor of 0.98 to
correct for anharmonicity effects and functional/basis set deficien-
cies. This empirically established scaling factor was  adopted from
our previous work [19] where a similar level of theory was used
Fig. 1. Equilibrium geometries of 9,10-dihydroanthracene (DHA) and its protonated
stable isomers [DHA+H(1)]+ and [DHA+H(2)]+, computed at the B3LYP/6-
311++G(d,p) level.
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ig. 2. Experimental IRMPD spectra of protonated DHA (m/z 181 trapped) (top panel)
HA  isomers. The relative ZPE-corrected isomer electronic energies are indicated.

.2.2. Potential energy surfaces for H2 formation
For the H2 ejection reactions, transition states (TS) connecting

he stable minima on the potential energy surfaces were sought
y applying the QST3 optimization procedure in Gaussian 03 [15].
he B3LYP/6-31G(d,p) functional/basis set was used. The harmonic
ibrational frequencies were calculated for each structure involved
n the PES calculation in order to verify whether a first order TS

as present. The electronic energies in the PES figures (vide infra)
ere ZPE-corrected without scaling. We  note that a similar level of

alculation was previously applied in PES studies of the H2 and H
issociative loss from the naphthalene cation [9].

. Results and discussion

.1. Proton affinities

There are two unique sites on 9,10-dihydroanthracene (DHA) to
hich a proton may  attach (1 and 2, see Fig. 1). The computed pro-

on affinities for the two sites are very close in energy (8.36 eV for
osition 1 and 8.42 eV for position 2). The stabilities of the ground
tates of these two protonated isomers are also similar. Proton
ttachment at position 2 yields an isomer ([DHA+H(2)]+) which is
lightly more stable (by 0.064 eV) than [DHA+H(1)]+ (see Fig. 2a).

.2. Mass spectrometry and IRMPD spectroscopy

Fig. 2 shows the experimental IRMPD spectrum for [DHA+H]+

ogether with the computed IR spectra for its two  possible isomers.
lthough the predicted IR spectra for both isomers correspond
oughly to the observed spectrum (see Table 1), there are some dif-
erences which favor the [DHA+H(2)]+ isomer. In the 925/945 cm−1

egion, the [DHA+H(1)]+ spectrum has only one band while the
DHA+H(2)]+spectrum shows two, possibly three. The same holds

rue in the 1170/1192 cm−1 region. The 1408/1438/1459 cm−1

egion is particularly informative. Neither isomer predicts the band
tructure of this region particularly well. Because the ground state
nergies of the isomers are close, both isomers may  contribute
ared to predicted vibrational spectra (B3LYP/6-311++G(d,p) level) of two protonated

to the observed spectrum. To model this, we combined different
percentages of the two  isomeric spectra. The combination corre-
sponding to 67% [DHA+H(2)]+ to 33% [DHA+H(1)]+ appeared to give
the best fit to experiment, but is not considered conclusive. We
therefore conclude that it appears that both isomers are present in
the sample mixture in an undefined ratio. This tentative conclusion
reflects the fact that relative intensities in an IRMPD spectrum may
be skewed, especially when multiple bands occur in close proximity
[20].

3.3. PES computations of H2 formation from protonated DHA

One of the major questions addressed in this study was  whether
the loss of two mass units by the parent species to yield the m/z
179 fragment results from the loss of two H atoms or molecu-
lar H2. To address this question, we  have calculated a number of
partial potential energy surfaces (PESs) for both processes. Fig. 3a
shows a portion of the PES for the ejection of H2 from carbon 9. The
energies relative to the parent [DHA+H(1)]+ and various intermedi-
ate structures are given in the figure. From the optimized starting
structure A, [DHA+H(1)]+, which is bent out-of-plane around the
9,10 axis, it requires 3.306 eV to mount the TS1 transition state to
reach B, a loosely bound complex, in which the H2 has been asym-
metrically extracted from carbon 9. In the complex, the hydrogen
atoms in H2 are 2.718 and 3.423 Å distant from carbon 9. The com-
plex readily forms structure C, in which H2 is now unbound. While
this structure exists at an energy minimum, it has a “bare” carbon
(C9) and is therefore not the most stable form possible. With an
increase of 0.949 eV, one of the hydrogens on the adjacent aliphatic
C1 carbon bridges to the C9 carbon in the TS2 transition state and
ultimately hops to that carbon. In an overall exothermic reaction,
the 10-hydroanthracene radical cation (D) is produced.

The ejection of H2 from carbon 9 in [DHA+H(2)]+ is similar (see

Fig. 3b). Although the energies and distances are different, this PES
parallels that in Fig. 3a except for one feature, the process covering
the “naked” carbon C9 in C. Moving through TS2, one of the hydro-
gens on aliphatic carbon 2 bridges to carbon 1 forming species D, the
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Table 1
Experimental IRMPD spectrum of protonated 9,10-dihydroanthracene (DHA) compared to calculated IR absorption spectra of its two isomers of [DHA+H(1)]+ and [DHA+H(2)]+

with proposed band assignments.

IRMPD [DHA+H(1)]+ [DHA+H(2)]+ Modec [DHA+H(1)]+/[DHA+H(2)]+

�exp
a (cm−1) �cal

b (cm−1) Integral intensity (km mol−1) �cal
b (cm−1) Integral intensity (km mol−1)

751 754.9 43.9 754.6 44.7 � + �
758.6d 7.9 764.2d 4.4 � + � + R

925  919.1 20.3 R(C2–C3)
934.0e 13.6 � + �

945  953.4 25.0 964.4 10.3 R(C1–C2)/� + �
1170  1170.1 6.7 1161.9 39.3 � + �

1177.4f 13.4 � + �
1192 1185.4  6.8 1191.2 17.0 � + �/� + � + R(C–C)
1274 1272.6  20.6 1268.6 15.9 � + � + R

1278.5g 19.1 1283.9g 71.2 �(C1) + �/�(C2) + �
1282.0g 63.4 1289.5g 66.6 �(C1) + �/�(C2) + �

1315  1335.5 19.0 1340.9 7.4 � + �
1408  1417.3 115.3 1408.3 45.0 �(C9) + �/�(C10) + �
1438  1436.0 148.7 1426.8 19.7 �(C10) + �/�(C9) + �

1450.1h 208.1 1445.4h 26.3 �(C10) + �/�(C9) + �
1459  1460.9 11.0 1466.1 118.1 � + � + R
1520  1527.4 44.5 R + � + �
1599 1604.6  41.0 1605.6 37.9 R + � + �

1617.1i 82.1 R + � + �

a Fig. 2, this work.
b Vibrational frequencies of calculated (at B3LYP/6-311++G(d,p)) spectrum are scaled uniformly by factors of 0.98.
c Notation used: � and � are CCC and CCH out-of-plane, � and � are CCC and CCH in-plane bending, � are HC(sp3)H scissors, while R and r are CC and CH stretching modes,

respectively.
d Contributes to the 751 cm−1 band intensity in IRMPD spectrum of Fig. 2.
e Contributes to the 925 cm−1 band intensity in IRMPD spectrum of Fig. 2.
f Contributes to the 1170 cm−1 band intensity in IRMPD spectrum of Fig. 2.
g Contributes to the 1274 cm−1 band intensity in IRMPD spectrum of Fig. 2.
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ion, D.
The above description of H2 formation involves simultaneous,

asymmetric attractive motion of hydrogens H9 and H10. Another
pathway involving stepwise motion of only one of these hydrogens

Table 2
Total energy barriers, Eb , for formation of molecular hydrogen (H2) and 9-
hydroanthracene cation (HA+) from the protonated 9,10-dihydroanthracene (DHA)
isomers, [DHA+H(1)]+ and [DHA+H(2)]+.

SitesSupplied H’sEb (eV)H2 formationEb (eV)HA+ formationPES figure number

[DHA+H(1)]+

9 3.306 4.255 3a
10  3.872 6.119 4a, 4b cont., 3b cont.

[DHA+H(2)]+

9 3.944 5.449 3b, 3a cont.
10  3.281 4.891 4b, 3b cont., 3a cont.
9  and 10 2.030 3.898 5a
h Contributes to the 1438 cm−1 band intensity in IRMPD spectrum of Fig. 2.
i Contributes to the 1599 cm−1 band intensity in IRMPD spectrum of Fig. 2.

ame radical (C) as in Fig. 3a, and then hops from C1 to C9. Although
2 formation from the two hydrogens on C9 in either [DHA+H(1)]+

r [DHA+H(2)]+ requires mounting a barrier of 3–4 eV, both reac-
ions are exothermic and both produce the 10-hydroanthracene
adical cation. In a later section we show that the m/z  179 product
bserved after the loss of two mass units from protonated DHA is
ndeed the 10-hydroanthracene radical cation.

Before protonation, carbons 9 and 10 in DHA are equivalent, but
ith protonation in either position 1 or 2, they become inequiva-

ent. We  have thus also considered the ejection of H2 from carbon 10
n [DHA+H(1)]+ (Fig. 4a) and [DHA+H(2)]+ (Fig. 4b). The initial steps
re analogous to those shown in Fig. 3 for H2 ejection from carbon
. An energy barrier of 3.872 eV must be mounted in [DHA+H(1)]+

o reach TS1 (3.281 eV for [DHA+H(2)]+). But after formation of a
oose complex (structure C, in Fig. 4a and b), the process of cov-
ring the bare carbon C10 now involves multiple H atom hops. In
ig. 4a, one of the hydrogens on C1 jumps to C2 (after an input of
.637 eV) forming D (equivalent to C in Fig. 4b). Continuing its hop-
ing around the six-membered ring, it next jumps to C3 (with an

nput of 1.054 eV) forming structure D in Fig. 4b (equivalent to C in
ig. 3b). As we have seen above, the H then jumps to C4 (giving the
quivalent of structure D in Fig. 3b or C in Fig. 3a). From there it com-
letes the circuit to the bare carbon finally forming D (in Fig. 3a), the
0-hydroanthracene (or equivalently, 9-hydroanthracene) radical
ation (Table 2).

Summarizing, once H2 is extracted from carbon 10 in either
rotonated isomer of DHA, one of the hydrogens on the remain-

ng aliphatic carbon on the outer ring undergoes a series of
uccessive 1,2-hydrogen shifts forming the final product, the 10-
ydroanthracene radical cation.
To the present we have only considered H2 formation with
ydrogens originating from the same aliphatic carbon, but we
ow consider formation of H2 by bonding one H from C9 and
ne from C10. Fig. 5a displays the results of the PES calcula-
tions for [DHA+H(2)]+. Recalling that the optimized structure for
[DHA+H(2)]+ is butterfly-bent around the C9–C10 axis, there are
several vibrations in which the CH2 groups at positions 9 and 10
rock toward each other. With a modest energy input (2.03 eV), a
transition state (TS1) can be mounted where the nearest hydrogens
attract each other and lengthen their respective CH bond lengths.
As these hydrogens continue their bonding and finally break their
respective CH bonds, H2 is formed with an energy stabilization of
1.893 eV. Interestingly, no loose complex is formed as in the previ-
ous cases where H2 is formed from two  hydrogens from the same
carbon. The resulting structure (B), 2-hydroanthracene cation, is
not the lowest energy protonated form of anthracene. A series of
hydrogen atom transfers, first from C2 to C1 and then from C1 to
C9 ensues, leading to the most stable form, the 9-hydroanthracene
9  and 10 3.134a 4.997a 5b, 5ab

Low energy barriers are indicated in bold.
a Not ZPE corrected.
b ZPE corrected for Fig. 5a only.
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rom  C9 of [DHA+H(1)]+. (b) Both Hs are removed from C9 of [DHA+H(2)]+. In both 

as investigated. This calculation is shown in Fig. 5b. As the C9H9

ond length is increased from 1.101 to 2.101 Å, the energy barrier
limbed is 3.134 eV. At each step in this computation the structure
as optimized except for the C9H9 bond length. But, in the next

tep (C9H9 bond length fixed at 2.201 Å), the energy drops precip-
rotonated DHA calculated at the B3LYP/6-31G(d,p) level. (a) Both Hs are removed
 (b), cationic 9-hydroanthracene is predicted as the final product.

itously to 1.500 eV. It was not possible to optimize this structure.

However, by unlocking the C9H9 bond length and allowing full opti-
mization, the structure shown at 0.455 eV (0.139 eV ZPE-corrected)
was obtained. No complex with H2 was found between the struc-
tures at 3.134 eV and 0.455 eV on this PES. The distances found for
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Fig. 4. Relative energy level diagram for the dissociation of molecular hydrogen from protonated DHA calculated at the B3LYP/6-31G(d,p). (a) Both Hs are removed from C10
of  [DHA+H(1)]+. (b) Both Hs are removed from C10 of [DHA+H(2)]+. In both (a) and (b) cationic 9-hydroanthracene is predicted as the final product.
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Fig. 5. Relative energy level diagram for the dissociation of molecular hydrogen from [DHA+H(2)]+ calculated at the B3LYP/6-31G(d,p) level. (a) Both H9 and H10  hydrogens
are  supplied at the same time via vibration indicated by displacement vectors in reactant structure A (Hs rocking toward each other). (b) PES for C9–H9 bond lengthening.
For  each increment of the C9–H9 bond length, all other degrees of freedom were optimized. In this scan, the energy increases to 3.134 eV, with the lowest energy pathway
directing H9 toward H10. Further incrementing the C9H9 bond leads to a drop in energy to 1.500 eV as the H–H bond starts to form. When this structure is fully optimized,
the  structure at the 0.455 eV relative energy is found. In contrast, when the C9–H9 bond length is incremented in [DHA+H(1)]+, H9 is not directed to H10 but is trapped by
the  carbon bonded to C9 and C1 (c) forming the stable structure B.
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he hydrogens in H2 from C9 and C10 (∼5 Å) and the H–H separa-
ion effectively signifies that molecular hydrogen has been formed
nd has dissociated from the aromatic parent. Note that although
his structure was  optimized, the vibrational frequency calculation
nished with two imaginary frequencies indication an unstable
tructure. The 0.139 eV energy found is essentially the same as the
nergy found for structure B (in Fig. 5a), i.e., molecular H2 and the
-hydroanthracene cation.

Summarizing, H2 may  be formed from [DHA+H(2)]+ by attrac-
ion of hydrogens originating from carbons across the middle
ix-membered ring (C9 and C10). Successive hydrogen atom shifts
hen occur and result in the final fragment product, the 9-
ydroanthracene radical cation.

Although H2 appears to form with relative ease from
DHA+H(2)]+, the same cannot be said for [DHA+H(1)]+. Fig. 5c gives
he PES for the elongation of the C9H9 bond in [DHA+H(1)]+. After

ounting a relatively low barrier (1.1 eV) at TS1, the hydrogen hops
o the inter-ring carbon between C9 and C1, and then, with a small
ncrease in energy (∼0.1 eV), hops back to C9. The whole structure
hen reverts to the more stable, original [DHA+H(1)]+. In conclu-
ion, H2 may  be formed via across-the-ring hydrogen pickup in
DHA+H(2)]+, but not in [DHA+H(1)]+.

.4. PES calculations of hydrogen atom ejection from protonated
HA

To study the loss of a single H atom from protonated DHA, we
ncremented the C9H9 bond and found that the energy rises to
.802 eV. After this it precipitously falls as the H atom jumps to
n inter-ring carbon, which then adopts a distorted tetrahedral
onformation (see Fig. 5c). From this position it hops back to C9.
jection of a single H atom from protonated DHA is not feasible
ecause, rather than escape the molecule, the H prefers to jump
o an adjacent inter-ring carbon, finally reattaching to the C9 atom
nd reforming the original [DHA+H(1)]+ reactant. This result is con-
istent with our finding that no fragment is obtained at m/z  180, i.e.,
oss of one mass unit.

.5. IRMPD spectrum of the m/z 179 fragment

The m/z 179 fragment was predicted above to be the
-hydroanthracene radical cation. If it could be established exper-

mentally that this fragment was indeed the 9-hydroanthracene
adical cation, it would support our theoretical approach.

The m/z  179 fragment was produced by collision-induced dis-
ociation (CID) of the m/z 181 parent and isolating the fragment in
he ICR cell. It should be recognized that the energy content of the
/z 179 fragment prepared by CID is different from one created

y IRMPD. Our purpose in probing its structure is to corroborate
or not) the results of our calculations, all of which led to the 9-
ydroanthracene ion as the photoproduct. The spectrum of the
/z 179 fragment, obtained by monitoring the intensity of the m/z

78 daughter ion as a function of infrared photon frequency from
ELIX, is given in Fig. 6, where it is compared with the computed
R spectra of the three possible singly-protonated anthracenes:
-hydroanthracene ([An+H(9)]+), 1-hydroanthracene ([An+H(1)]+),
nd 2-hydroanthracene ([An+H(2)]+). Also given are their rela-
ive electronic ground state energies. The most stable isomer is
An+H(9)]+, with [An+H(1)]+ lying 0.378 eV higher and [An+H(2)]+

t 0.511 eV. This order also reflects the site-specific proton affini-
ies leading to these isomers: [An+H(9)]+ (9.20 eV), [An+H(1)]+
8.83 eV), and [An+H(2)]+ (8.69 eV) (B3LYP/6-31G++(d,p) level).
Of the three predicted IR spectra, it is clear that the spectrum

f the [An+H(9)]+ isomer most closely fits the observed one. The
ositions of all observed bands are well-reproduced by the pre-
s Spectrometry 308 (2011) 181– 190

dictions, although the relative intensities of the three bands in the
1400–1600 cm−1 region appear not to be well matched. This is how-
ever likely an experimental artifact caused by the slowly decreasing
laser power toward higher frequencies. The IRMPD spectrum of
protonated anthracene (m/z 179) has been previously reported by
Dopfer and coworkers [21] and corresponds closely to the spectrum
observed here. We conclude that the m/z 179 fragment produced in
the infrared multiple photon irradiation of the parent protonated
DHA is the 9-hydroanthracene cation. This finding is consistent
with the present calculations which predict such a product after
elimination of H2 by any of several possible routes and corroborates
our theoretical approach.

In addition to the m/z 179 fragment, other fragments at m/z  166
and 165 were also observed. The protonated parent (m/z 181) also
loses 15 and 16 mass units in fragmentation. The former may  be
loss of CH2 + H and the latter CH2 + 2H. We  suggest that the m/z
166 fragment results from the loss of CH2 from the 9 or 10 posi-
tion which then produces the fluorene radical cation [18] and the
m/z 165 fragment is the dehydrogenated fluorene radical cation
[22–24].

3.6. Relation to H2 emission features in the ISM

In this and previous papers [11,12], we have determined that
H2 may  be formed by excitation of hydrogenated PAHs. Previous
work on protonated 1,2-dihydronaphthalene [11], acenaphthene,
and 9,10-dihydrophenanthrene [12] showed that H2 formation was
possible in PAHs with adjacent aliphatic carbons and in this paper
on 9,10-dihydroanthracene, we  showed that adjacent groups are
not necessary for H2 formation.

In the calculations discussed above, the formation of molec-
ular H2 requires an energy input of 2–4 eV (see Figs. 3–5). At
the TS1 saddle point in each of these schemes, the soon-to-be-
formed H2 molecule undergoes an asymmetric extraction from
its aliphatic carbon. For example, in Fig. 3a, the CH bond dis-
tances go from 1.104 and 1.092 Å to 1.615 and 2.296 Å at TS1,
while the H–H length decreases from 1.753 Å to 0.790 Å at TS1.
After a relaxation (−0.097 eV), a loose complex is formed with
longer, but still unequal, CH distances (2.718 and 3.423 Å). The
H–H separation has decreased to 0.746 Å in the complex. This
situation is highly reminiscent of early work by Morokuma and
coworkers on formaldehyde [25], who  computed that the molecu-
lar photodissociation process leading to H2 and CO goes through a
highly asymmetric saddle point (different CH bond distances) and
proposed that this indicated that the ejected H2 was rotationally
excited. Furthermore, they also pointed out that at the saddle point
the H–H and CO separations were much closer to the H2CO val-
ues than to the H2 and CO values, thus forming an early transition
state in the entrance channel of the reaction. Such early transi-
tion states typically lead to vibrationally excited products [26,27],
as is thus expected for the ejected H2 and CO from formaldehyde.
Subsequent theoretical and experimental studies have borne out
the prediction of rotational and vibrational excitation in both H2
and CO [28,29], and new reports continue to appear [30]. Although
formaldehyde and the PAH under study here are obviously very dif-
ferent in terms of degrees of freedom, etc., there is an intriguingly
similar asymmetry of the transition state toward H2 detachment.

As Figs. 3–5 indicate, the transition states through which proto-
nated DHA passes are all asymmetric with respect to the CH lengths
and show an H–H distance larger than found in H2 (0.74 Å), sugges-
tive of an early transition state. We  therefore propose that as H2
is ejected from protonated DHA it will be rotationally and vibra-

tionally excited, and possibly also translationally excited. Since
similar transition states were found in our previous calculations
on H2 ejection from protonated 1,2-dihydronaphthalene, acenaph-
thene, and 9,10-dihydrophenanthrene, we suggest that rotational
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nd vibrational excitation of H2 is probably operative in them also.
urther experimental and theoretical work will be necessary to
etermine the distribution of kinetic and rovibrational energies of
he ejected H2.

An important question remains: is there any evidence from
stronomical observations that PAHs (or hydrogenated PAHs) are
ound in the same regions of interstellar space as H2 and could
he observed interstellar H2 emission result from excitation via
ormation pumping?

A number of groups have presented evidence that hydrogenated
AHs may  account for some of the spectral observations from the
SM. Recording infrared absorption spectra on Ar-matrix-isolated
AHs containing varying numbers of aliphatic hydrogens and com-
aring their spectra to various interstellar objects, Bernstein et al.
31] showed that in regions of high UV flux, such as the Orion
ar, a good match in the 3.17–3.70 �m range is found for PAHs
ith a “modest” number of aliphatic hydrogens, whereas in regions

f lower flux, such as IRAS 05341, a good match is found for
ethyl-PAHs or PAHs with high excess hydrogen coverage, i.e.,

uperhydrogenated PAHs.
In their IR emission study of five gas-phase UV laser-

xcited hydrogenated PAHs, including acenaphthene and 9,10-
ihydrophenanthrene (DHP), Saykally and coworkers [32] showed
hat the minor unidentified infrared (UIR) emission bands at 3.40,
.46, and 3.51 �m from the Orion Bar [33] and IRAS 21282 + 5050
34] are well-matched by the emission from DHP, although the
ntensity match of these bands to the major 3.3 �m band, usually
scribed to an aromatic CH stretch, was poor. They proposed that

 larger species with more aromatic hydrogens, such as dihydro-
ircumcoronene (C54H20), which contains two  adjacent aliphatic
arbons, would better match the observed frequencies and inten-

ities.

Recent studies have tracked the spatial coincidence of infrared
AH emission and H2 emission in several interstellar objects. Using
ata from the Spitzer probe of the PDR around Monoceros R2, Berne
81 protonated DHA parent (top) compared to the predicted vibrational absorption
e relative ZPE-corrected isomer electronic energies are indicated.

et al. [35] investigated the spatial structure of emissions from ion-
ized Ne, PAHs, and H2 and found that, in this high UV field region,
the H2 lines did not precisely overlap with the PAH bands, but
appeared more distant from the radiation source, as also found in
the Orion bar PDR [36]. This is contrary to what is seen in low UV
field PDRs like the Ophiucus filament [37] where they do overlap.

In their Spitzer Space telescope study of the aliphatic and aro-
matic components of PAH emission features from 53 Herbig Ae
stars, Acke et al. [38] found that cool stars are surrounded by hydro-
carbons with a high aliphatic/aromatic CH ratio and low CH/CC
ratio, while the reverse was true for hot stars. They concluded that
a strong UV flux decreases the aliphatic component of a hydro-
genated PAH and enhances the aromatic component.

In spatial studies, Sloan et al. [39] found that the 3.41 �m UIR
feature which matches the hydrogenated PAH spectra in the Orion
bar region, coincides with the maximum in the H atom density. Fur-
thermore, the H2 emission is seen to lie precisely at the interface
between the ionized HII and neutral HI regions. The authors state
that this behavior is consistent with hydrogenated PAHs being pro-
duced by H atom addition in this region and surviving up to the
PDR.

Several groups have observed broadening of the H2 rotational
lines with increasing J level which may  result from excitation of H2
via formation pumping. Jenkins and Peimbert [40] found that the
rotational line widths increase with increasing J level toward the
star � Ori A. Spitzer et al. [41,42],  and LaCour et al. [43] reported
similar findings while the latter authors showed that the high J
rotational bands of H2 toward four early-type Galactic stars exhib-
ited velocity dispersion (band width b) increases with level of
excitation. Since it was  not possible to fit all J levels with a sin-
gle b parameter, these authors proposed a mechanism where the

broadening is due to the rotational excitation from excess energy
acquired during H2 formation on a grain. Although the model
accounts for the different velocity dispersions, it requires a forma-
tion rate up to 10 times higher than the standard rate [44].
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Summarizing, the model proposed here – the formation of H2
rom the photodissociation of hydrogenated PAHs – is consistent
ith a number of astronomical observations, but it is still incom-
lete. Hydrogenation of PAHs could occur in regions with sufficient

 atom density such as near the Orion bar photodissociation region.
hotoexcitation of the hydrogenated PAH would require a nearby
tellar source. The rate at which H2 could be formed will undoubt-
dly depend on the UV flux and energies. Given the energies in
tellar sources, the energy that is in excess after crossing over the
ransition state for formation of the PAH–H2 complex could appear
s translational, rotational, and vibrational excitation of the ejected
2. Further theoretical and experimental work is required to probe

his mechanism in detail, i.e., to understand the internal conversion
rocess and the branching of the excess energy into the various
egrees of freedom of the ejected H2, and to decide whether this
pproach is applicable to any of the observations made to date.
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