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ABSTRACT

The formation and the presence of PAHs containing excess H atoms, or hydrogenated PAHs (H,-PAHs) in inter-
stellar clouds has recently been discussed. It has been suggested that H,-PAHs contribute to the IR emission bands
and that they might be among the molecular precursors of the carbon particles that cause the interstellar UV extinction
curve. The spectroscopy of H,-PAHs is investigated, and the implications for interstellar spectra are discussed. The
UV, visible, and near-IR absorption spectra of a series of H,-PAHs and their photoproducts formed by vacuum UV
irradiation were measured for the first time in inert-gas (neon) matrices at 5 K. It is shown that the spectra of both the
neutral H,-PAH and cationic H,-PAH" species exhibit vibronic band systems with similar spectral positions and
relative spectral intensities to their nonhydrogenated PAH chromophore counterparts. The results are discussed in the
context of the nature of the origin of the diffuse interstellar bands.

Subject headings: astrochemistry — ISM: lines and bands — ISM: molecules — methods: laboratory —

molecular data — ultraviolet: ISM

1. INTRODUCTION

One of the most ubiquitous spectral signatures of interstellar
molecules is a set of IR emission bands, the unidentified infrared
bands (UIRs), which are observed at3.3,6.2,7.7,8.6,and 11.2 um
(Gillett et al. 1973). While it has proved difficult to unambiguously
identify the individual molecular species responsible for the UIRs,
there is now strong evidence that these emission features arise from
carbonaceous aromatic materials and, in particular, from a distri-
bution of neutral and ionized polycyclic aromatic hydrocarbons
(PAHs; Allamandola et al. 1999). PAHs are considered good can-
didates because they are stable against UV photodissociation, a
requirement to maintain the concentration necessary in the inter-
stellar medium (ISM), where materials are exposed to harsh far-
UV radiation fields. This is particularly true for the diffuse medium,
where neutral and ionic PAHs are thought to contribute to the
diffuse interstellar bands (DIBs). DIBs are absorption bands
from the near-UV to the near-IR seen in the spectra of stars that
are obscured by diffuse interstellar molecular clouds (Snow 2001).
Although a specific molecular carrier—or a class of molecular
carriers—is yet to be unambiguously identified, laboratory stud-
ies have shown that several of the observed vibronic transitions
of PAH ions are found in the same spectral region where the
known DIBs are located and can therefore be considered as good
candidates for the origin of some of these astronomical features
(Salama et al. 1999; Ruiterkamp et al. 2002).

While the IR emission from interstellar sources strongly sug-
gests the presence of PAHs, it is difficult to extend this hypoth-
esis to include information on which individual PAHs may be
found there. The information that is obtained from IR bands only
includes the family of structures; little information is provided
about individual molecular structures. The absorption arising from
electronic transitions, on the other hand, can offer much more
specific information regarding the nature of the molecular carrier
than the IR emission bands. Thus, identification of the DIBs in
the near-UV to the near-IR range offers the potential for a much
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more complete picture of which specific molecules can be found
in diffuse molecular clouds. A more complete understanding of
the chemistry that occurs within these regions can be obtained
only after specific molecular information is known.

Although individual PAHs have yet to be unambiguously iden-
tified within the interstellar medium, current experimental as well
as theoretical research is focused on the spectral signatures of the
many possible different structural variants of PAHs that may exist
in these regions. This includes examining spectral signatures as a
function of molecular size (Ruiterkamp et al. 2002; Bauschlicher
2002; Weisman et al. 2003), charge (cations and anions; Halasinski
et al. 2000), multiply charged ions (Bakes et al. 2001), the ad-
dition of oxygen-containing side groups (Bauschlicher 1998a),
the addition of nitrogen-containing side groups as well as ni-
trogen substitution within the PAH ring (Bauschlicher 1998b;
Mattioda et al. 2003), PAHs containing non—six-membered
rings (nonbenzenoid structures; Bauschlicher et al. 1999; Hudgins
et al. 2000; Pauzat & Ellinger 2002), open/closed-shell molecular
systems (Weisman et al. 2001; Hudgins et al. 2001), and degree
of hydrogenation—due to addition of methyl and/or aliphatic
substituents to the PAH (Jochims et al. 1999; Pauzat & Ellinger
2001; Petrie et al. 2003) as well as the addition of protons to the
PAH (Snow et al. 1998; Bauschlicher 1998c; Le Page et al. 1999;
Herbst & Le Page 1999; Bauschlicher & Bakes 2001).

In this report, we discuss PAHs containing excess H atoms
(H,-PAHs; see Figs. 1 and 2). More specifically, we focus on a
subset of H,-PAHs (and their cations) in which an even number
of hydrogen atoms have been added to an even number of car-
bon atoms (Fig. 1) and an odd number of hydrogen atoms have
been added to an odd number of carbon atoms (Fig. 2). Thus, the
molecules considered here are closed shell in their neutral form
and open shell in their singly ionized cationic form. This is the
first time that the electronic spectra of these H,-PAHs are re-
ported in the literature. We do not focus on species containing
an even number of carbon atoms and an odd number of hydro-
gen atoms (see Fig. 1) or on species containing an odd number
of carbon atoms and an even number of hydrogen atoms (see
Fig. 2), as these species are difficult to prepare in situ using ma-
trix isolation.
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Fic. 1.—Representative structure of a fully aromatic PAH with an even number of carbon atoms and its partially aromatic H,-PAH and protonated PAH counterparts.

Included in this study are naphthalene (C;(Hg), phenanthrene
(Ci4Hyp), and pyrene (C,¢H;(), which are fully aromatic PAHs.
Accordingly, the acenaphthene (C;,H;) compound can be con-
sidered to be an H,-PAH in which two hydrogen atoms have
been added to acenaphthylene (C;,Hg). Thus, this molecule can
be designated as an H,-PAH. Hexahydropyrene (C4H;6) can be
considered as an Hg-PAH. The molecule 4,5-dihydropyrene
(Ci¢Hyp) can be designated as an H,-PAH, and 7,8,9,10-
tetrahydrobenzo[a]pyrene (CyoH;¢) can be designated as an Hy-
PAH. The species 4H-cyclopenta[def Jphenanthrene (CisH;),
5,6-dihydro-4H-benz[de]anthracene (C;7H;4), and 7,8-dihydro-
9H-cyclopenta[a]pyrene (C9H4) do not have fully aromatic PAH
counterparts; however, as they do contain both aromatic and ali-
phatic features within their molecular structure, we also refer to
them as H,-PAHs in this report.

Theoretical modeling (Duley & Williams 1981; Schutte et al.
1993) combined with astronomical observations of the inter-
stellar IR emission (Jourdain de Muizon et al. 1986) has led to
the suggestion that H,-PAHs might be the potential carriers of
the weaker UIR bands in the 3—4 pum region. Subsequent studies
combining laboratory measurements of the IR absorption spectra
of H,-PAHs isolated in argon matrices (Bernstein et al. 1996)
with astronomical observations of the Orion Bar (Sloan et al.
1997) have shown that H,-PAHs could well account for the weak
UIR bands observed in the 3.35-3.60 pum range. Furthermore,
mixtures of H,-PAHs exposed to hydrogen plasmas in the lab-
oratory (Beegle et al. 1997a, 1997b, 2001; Arnoult et al. 2000)
lead to the formation of larger hydrogenated structures with spec-
tral characteristics close to interstellar UV and IR signatures.

Recent detailed studies of the IR emission spectra of gas-phase
H,-PAHs (Wagner et al. 2000) show that H,-PAHs produce a
good match to the interstellar bands in the 3.3—3.6 um range
(i.e., the “satellite”” UIR bands), while making little contribution
to the other UIR bands.

The focus of this paper is to investigate for the first time
the spectroscopy of neutral and ionized H,-PAHs in the UV to
near-IR range and to examine the astrophysical implications.
It is shown that the spectra of neutral and ionized H,-PAHs
do not greatly differ from the spectral characteristics of their
chromophores in this region of the spectrum. A chromophore
can be defined as a group of atoms in a molecule that serve as a
unit of light absorption. In the molecules discussed here, the
chromophore is the portion of the molecule where the electrons
are delocalized in 7 orbitals, i.e., the aromatic portion of the
molecule. The results are discussed in terms of their context to
the nature of the carriers of the DIBs.

2. EXPERIMENTAL

The laboratory spectra were obtained using the technique
of matrix isolation spectroscopy (MIS). This technique approxi-
mates the known (or expected) environmental conditions of the
diffuse interstellar medium in the laboratory. In MIS experiments,
neutral and ionized H,,-PAHs are fully isolated in low-polarizability
neon matrices at ~5 K. The induced perturbations—in terms of
peak position and profile of the bands—in the spectra of the
neutral /ionized H,-PAHs are minimized in neon matrices as
compared to matrices composed of argon or krypton (Salama
1996). The experimental instrumentation employed in these
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Fic. 2.—Representative structure of a fully aromatic PAH with an odd number

studies, a UV/visible/near-IR spectrometer equipped with its
own dedicated sample vacuum chamber and matrix deposition
source, has been previously described (Salama & Allamandola
1991; Salama et al. 1994). A brief review will be given here.

The UV/visible/near-IR instrument is equipped with a sap-
phire sample window cooled to 4.2 K by an extended liquid he-
lium transfer cryostat. The sample window can be rotated 360°
under vacuum to face, alternatively, two spectroscopic window
ports, the matrix gas and H,-PAH deposition lines, and a MgF,
vacuum UV window port.

Single-beam spectra of the cold substrate were collected be-
fore the matrix was deposited and were used as the background
for all spectra reported, unless noted otherwise. A deuterium lamp
provides spectral output from 160 to 360 nm, and a quartz tung-
sten halogen lamp provides output from 320 to 2500 nm. Spec-
tra of the isolated H,,-PAH molecules and ions were recorded from
180 to 1000 nm with a nominal resolution of 0.1 nmusing a 0.5 m,
triple grating monochromator and a CCD camera array mounted
on the exit port and interfaced to a computer system.

The vaporization and codeposition of each H,-PAH with the
inert gas (neon) was performed using Pyrex tubes (12.7 mm
outer diameter), which were mounted on the sample chamber
through a stainless steel Ultra-Torr fittings and heated from out-

of carbon atoms and its partially aromatic H,-PAH and protonated PAH counterparts.

side the vacuum chamber with the use of heating tape. The tubes
were positioned between 4 and 5 cm from the cold window and
perpendicular to the surface of the cold substrate. The temper-
ature of the tube was monitored using a chromel/alumel ther-
mocouple mounted on the exterior of each tube with Al foil tape.

Matrix gas was admitted through a port at a position 45° from
the plane of the substrate surface and the median between the
Pyrex tube containing the PAH sample such that the two vapor
streams combined before the surface of the window. Ne flow
rates were estimated to be 12 mmol hr~!. Based on these flow
rates and vaporization temperatures, the matrix/PAH ratio is esti-
mated to be in excess of 1000/1. Typical deposition times varied
from 2 to 4 hr.

A microwave-powered hydrogen flow (10% H,/He) discharge
lamp (Opthos Instruments MPG 4M) mounted on the MgF,
vacuum chamber window was used for photolysis of the matrix
to form the molecular ions in situ. This lamp generates nearly
monochromatic radiation in the Ly« line at 121.6 nm (10.2 eV).
Typical photolysis times ranged from 2 to 20 minutes.

The H,-PAHs were obtained from Ronald Harvey (The
Ben May Institute for Cancer Research, University of Chicago),
while the non—H,-PAHs were obtained from Aldrich chemi-
cal. The chemicals from both sources were used as received.
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Fic. 3.—Spectra for the PAH neutral molecules, cations, and photofragments containing the naphthalene chromophore. The bands marked with an asterisk are

assigned to an electronic origin within the molecule or ion.

Ne (Cryogenic Rare Gas 99.9995%) research grade rare gas was
used without further purification. All depositions were repeated
with CCly-doped matrix gas (a well-known electron acceptor) to
ensure that spectral features assigned to photoproducts could be
assigned to cationic species.

3. RESULTS

The laboratory spectra measured in the near-UV to near-IR
range (180—1000 nm) are shown in Figures 3—5. For comparison
and clarity purposes, the spectra have been arranged according to
their respective aromatic chromophore (i.e., regular PAH). Thus,
each figure displays the aromatic chromophore spectrum on top

with the spectra of its H,,-PAH counterparts containing the specific
aromatic chromophore below. Figure 3 is associated with the
naphthalene chromophore (C,oHg), Figure 4 with the phenan-
threne chromophore (C;oH,4), and Figure 5 with the pyrene chro-
mophore (CigH;o). The positions and relative intensities of the
spectral bands associated with the spectra shown in Figures 3—5
are listed in Tables 1-3. For the most part, the spectra clearly
illustrate the similarity between the energy levels of the m—m*
electronic transitions of the H,-PAHs to that of their respective
PAH chromophore counterparts. It should be noted here that while
the neutral PAH molecules studied here only exhibit singlet elec-
tronic transitions to excited states in the UV spectral region, the
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Fic. 4.—Spectra for the PAH neutral molecules and cations containing the phenanthrene chromophore. The bands marked with an asterisk are assigned to an
electronic origin within the molecule or ion.



560 HALASINSKI, SALAMA, & ALLAMANDOLA

Absorbance

Vol. 628

0.20

0.15

0.10 )
] /Jufj

0.05

000 -—tr 7 —————
400 600 800 1000

0.20

0.15
0.10 -

0.05

0.00 -

0.05

0.00 L
1000

Nanometers

Fic. 5.—Spectra for the PAH neutral molecules and cations containing the pyrene chromophore. The bands marked with an asterisk are assigned to an electronic

origin within the molecule or ion.

PAH ions are expected to exhibit spectral transitions in both
the visible and the UV region (Chillier et al. 1999). In matrix
isolation experiments, the ionization yield is generally low (5%—
10%), and the UV absorption bands of the neutral precursor
molecules strongly obscure the much weaker absorptions asso-
ciated with the ions. We therefore only examine the PAH ion
absorptions in the visible region for the experiments reported
here.

4. DISCUSSION—SPECTROSCOPY

The observed features in the spectral regions displayed in
Figures 3-S5 arise from the promotion of electrons from 7 bond-
ing orbitals to 7 antibonding orbitals. Transitions involving the

promotion of electrons between ¢ and o* orbitals are ex-
pected to lie at much higher energy levels than can be measured
with our current spectrometer (~vacuum UV region). Thus,
the spectral characteristics of the molecules in this study are
determined in a large part by the aromatic portion of the mol-
ecule. Following the convention adopted in the figures and ta-
bles, the discussion is also ordered according to the nature of
the aromatic chromophore (§ 4.1, the naphthalene chromophore
[CioHg]; § 4.2, the phenanthrene chromophore [C¢H4]; and
§ 4.3, the pyrene chromophore [Ci4H;¢]). Whenever possible,
we include wavelength values from measurements taken in the
gas phase when they occur in the same spectral region as the
DIBs.
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TABLE 1
SpPECTRAL DATA FOR THE PAH NEUTRAL MOLECULES, CATIONS, AND PHOTOPRODUCTS CONTAINING THE NAPHTHALENE CHROMOPHORE
Position  Shift Maximum Position  Shift Maximum
Species Assignment (nm) (em™')  Absorbance Species Assignment (nm) (cm™!)  Absorbance
Naphthalene Naphthalene cation
(CroHg) cveveevereiieivceinee 201.9 437 0.074 (C1oHg ) v 233_(, —0 305.0 414 0.308
40 203.7 0 0.121 363.0 1016 0.115
205.7 1355 0.199 40 376.9 0 0.231
208.9 611 0.357 30 456 0 0.058
30 211.6 0 1.000 565.8 2839 0.096
2583 2898 0.017 578.4 2454 0.019
265.5 1848 0.017 584.8 2265 0.019
268.5 1427 0.034 596.5 1929 0.192
275.4 494 0.037 615.1 1423 0.404
20 279.2 0 0.061 631.4 1003 0.096
637.6 849 0.077
652.0 502 0.462
20 674.1 0 1.000
Acenaphthene Acenaphthene cation
(G373 5 517 FR R 204.5 984 0.199 (G173 5 0 IR 3545 1928 0.114
40 208.7 0 0.293 40 380.5 0 0.432
211.5 1430 0.477 440.0 305 0.091
214.9 682 0.624 3<~0 446.0 0 0.091
30 218.1 0 1.000 571.4 2071 0.091
271.6 5263 0.020 582.2 1746 0.045
282.2 3880 0.055 592.7 1442 0.273
289.1 3034 0.041 608.1 1015 0.045
294.2 2434 0.038 622.9 624 0.159
302.0 1557 0.023 626.0 544 0.136
310.9 609 0.033 631.7 400 0.091
2+0 316.9 0 0.076 2+0 648.1 0 1.000
Hexahydropyrene Hexahydropyrene
(CieH i) oveveemeerecrineeicacnes 208.0 1173 0.186 photoproducts (CisHj¢) ..... 349.5 1.000
40 213.2 0 0.255 374.1 0.889
219.1 1275 0.500 747.7 0.370
222.7 537 0.463
3—~0 225.4 0 1.000
27174 5318 0.025
289.2 3847 0.065
296.8 2962 0.031
3014 2448 0.075
311.0 1423 0.037
3194 578 0.022
2+0 3254 0 0.081

Note.—Only the most intense features observed are included here.

4.1. Neutral and Ionized Naphthalene (C,oHg), Acenaphthene
(C1oHy¢), and Neutral and Photoproducts
of Hexahydropyrene (C1gHyg)

The well-studied spectra of CjoHg and CyoHj - isolated in Ne
matrices (Salama & Allamandola 1991 and references therein)
are illustrated in the top two panels of Figure 3, and the observed
spectral positions and corresponding maximum absorbances are
listed in Table 1. The dominant feature for C;oHg is observed at
211.6 nm and has been previously assigned to the origin of the
S3 < S transition. The electronic origin of the Sy «— Sy transi-
tion is observed at 203.7 nm. The much weaker spectral origin
forthe S, « S transition is observed at 279.2 nm, and the origin
for the S « S transition previously observed at 311.5 nm is too
weak to observe in the experiments reported here. In each ob-
served electronic transition, one or more features due to vibronic
transitions are also observed.

The dominant features in the CjoHg - spectrum (500700 nm)
are due to the electronic origin and vibronic transitions of D, «—

Dy (Salama & Allamandola 1991). The electronic origin and the
lowest energy vibronic transition, 674.1 and 652.0 nm, respec-
tively, have been recently measured in the gas phase at 670.6
and 648.9 nm, respectively (Romanini etal. 1999; Pino etal. 1999;
Biennier et al. 2003). The feature lying near 456 nm has been as-
signed to the electronic origin of the D3 «— Dy transition and was
also recently measured in the gas phase at 454.9 nm (Pino et al.
1999). The electronic origin of the D4 «— D, transition is observed
at 376.9 nm. The feature lying highest in energy (305.0 nm) in the
given spectral region has also been assigned to a vibronic pro-
motion of the Bz, «— X 24,(Dy) electronic transition. The elec-
tronic origin of this particular transition is presumably too weak
to observe in these experiments.

The similarity of the C,oHg spectrum to the C;,H;( spectrum
and that of the CjoHy - spectrum to the C,H{,- spectrum allows
us to tentatively assign some of the features in the C, 2H10/C12H1+0~
spectra. We assign the most intense feature in the C{,H; spectrum
at 218.1 nm to the electronic origin of the S5 «+— S transition and
the features at 214.9 and 211.5 nm to vibronic promotions within
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TABLE 3
SpECTRAL DATA FOR THE PAH NEUTRAL MOLECULES AND CATIONS CONTAINING THE PYRENE CHROMOPHORE

Position Shift Maximum Position Shift Maximum
Species Assignment (nm) (em™) Absorbance Species Assignment (nm) (em™h Absorbance
Pyrene (CigHig) vevereeveerieireieieennes 2232 1755 0.250 Pyrene cation (CigHjy) cveeveereerennnne. 342.5 1412 0.090
2293 563 0.473 352.6 576 0.153
40 2323 0 1.000 6—0 359.9 0 0.459
255.5 1432 0.147 408.1 1709 0.144
263.1 301 0.174 417.8 1140 0.189
30 265.2 0 0.426 428.4 548 0.378
307.8 1558 0.234 50 438.7 0 1.000
309.4 1390 0.292 4547 1302 0.153
319.1 407 0.257 40 483.3 0 0.063
2+0 3233 0 0.971 20 781.6 0 0.099
7,8-Dihydro-9H-cyclopenta[a]pyrene 7,8-Dihydro-9H-cyclopenta[a]pyrene
(CroH 4) e 228.6 1728 0.307 cation (CioH{) coeverereriniireieien. 351.0 1434 0.114
235.1 518 0.523 361.8 584 0.101
40 238.0 0 1.000 6—0 369.6 0 0.494
260.1 1560 0.143 50 447.5 0 1.000
267.2 538 0.122 40 512.3 0 0.063
30 271.1 0 0.383 20 758.7 0 0.127
315.0 1607 0.209
316.8 1427 0.369
328.0 349 0.265
2«0 331.8 0 0.951
7,8,9,10-Tetrahydrobenzo[a]pyrene 7,8,9,10-Tetrahydrobenzo[a]pyrene
(CooH ) wveverererenieieeinieieiecieene 229.0 1757 0.398 cation (CaoHg) cevvrererereereerinerinnnn. 352.0 1418 0.102
235.6 534 0.555 362.5 595 0.114
40 238.6 0 1.000 60 370.5 0 0.511
261.0 1495 0.175 50 452.7 0 1.000
269.2 328 0.129 40 513.6 0 0.057
30 271.6 0 0.390 20 764.6 0 0.125
318.1 1524 0.256
319.6 1376 0.225
3309 308 0.239
20 3343 0 0.622

Note.—Only the most intense features observed are included here.
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the S5 excited state. The feature at 316.9 nm can be readily as-
signed to the electronic origin of the S, < Sy transition. Several
features are also observed that can be assigned to vibronic pro-
motions within the S, « S, transition. The feature at 208.7 nm
can be tentatively assigned to the electronic origin of the Sy «—
So transition along with a vibronic promotion at 204.5 nm. Pre-
sumably, the electronic origin of the S} < Sy transition is too
weak to observe in these experiments.

In a similar manner, we tentatively assign the dominant spec-
tral features lying at 648.1, 626.0, 622.9, and 592.7 nm in the
Ci2Hj,- spectrum to a vibronic progression within the D, < Dy
transition. The origin of this vibronic progression has been re-
cently measured in the gas phase at 646.3 nm (Biennier et al.
2003). The spectral feature at 446.0 nm can be assigned to the
electronic origin of the D3 «— Dy transition, and the feature at
380.5 nm to the origin of the D4 < Dy transition. Similar transi-
tions for the C, 2H1+0~ cation isolated in argon matrices have been
recently assigned (Banisaukas et al. 2003).

Neutral hexahydropyrene, C;¢H g, also follows the same trend
discussed above. Based on the previously assigned spectrum of
naphthalene, we assign the bands observed at 325.4, 225.4, and
213.2 nm in the CygH ¢ spectrum to the electronic origins of the
Sy < Sy, S3 «+— Sy, and Sy «— Sy transitions for that molecule.
The spectral origin of the S} « Sy transition is too weak to ob-
serve in the experiments reported here.

In contrast to the cases of C;yHg and C;,H;(, where vacuum
UV irradiation leads to photoionization (formation of CjoHy -
and C1oH{,"), the spectra observed after vacuum UV irradiation
of Ci¢H;¢ seem to indicate the photofragmentation of the neutral
precursor. The spectrum of irradiated C,sH;4 shown in Figure 3
clearly departs from the structural pattern observed for all other
series containing the same PAH chromophore. In addition, the
bands observed at 374.1 and 349.5 nm grow at different rates
with the energy of photolysis, indicating the possibility that more
than one photoproduct of CcH;¢ was produced upon vacuum
UV irradiation (i.e., fragmentation).

4.2. Neutral and Ilonized Phenanthrene (C14H,y),
4H-cyclopenta[def [phenanthrene (C\5H,(), 4,5-dihydropyrene
(Ci6H12), and 5,6-dihydrobenzo[de]anthracene (Ci7H4)

The well-studied spectra of C;4H;( and C14Hﬁ)~ isolated in Ne
matrices (Salama et al. 1994 and references therein) are illus-
trated in the top two panels of Figure 4, and the observed spectral
positions and corresponding maximum absorbances are listed in
Table 2. Phenanthrene (C4H () exhibits a relatively complex se-
ries of features within the displayed spectral region, as compared
to naphthalene (C;oHg); no less than five excited states are ob-
served in this region (Salama et al. 1994). The first excited state
at 341.1 nm is too weak to observe in the experiments reported
here. The sharp spectral feature at 284.3 nm has been assigned to
the electronic origin of the S, «— Sy transition. The most intense
transition at 243.0 nm has been assigned to the electronic origin
of the S5 « ) transition. Features weaker in intensity at 273.4
and 262.4 nm have been assigned to the spectral origins of the
S3 «— Sp and Sy < Sy transitions, respectively. The shoulder at
229.0 nm has been attributed to the S < S transition, and the
feature at 214.5 nm has been assigned to the spectral origin of the
S7 < Sy transition.

All the observed spectral features with wavelengths longer than
650 nm in the C14H;,- spectrum have been assigned to vibronic
transitions within the D, < Dy transition, where the electronic
origin lies at 898.3 nm. This electronic origin and the second-
lowest energy vibronic transition at 856.6 nm have been recently
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measured in the gas phase at 891.9 and 850.8 nm, respectively
(Bréchignac & Pino 1999; Bréchignac et al. 2001). The features
lying at 470.7, 425.8, and 396.0 nm have been assigned to the
origins of the Dy «— Dy, D5 < Dy, and Dg < Dy transitions, re-
spectively. The origin of the D3 « Dy transition at 634.4 nm is
too weak to observe in these experiments.

As with the case of naphthalene and acenaphthene, the simi-
larities of the spectra of phenanthrene and the compounds con-
taining the phenanthrene chromophore allow us to assign several
transitions within these species. In the neutral species containing
the phenanthrene chromophore, the second, third, and fifth elec-
tronic origins are the most readily assigned. Thus, we assign the
features at 291.1, 276.6, and 245.2 nm in the C;5H;( spectrum to
the electronic origins of the S, «— Sy, S3 «— Sy, and S5 «— Sy tran-
sitions, respectively. Similarly, we assign the features at 290.4,
278.9, and 251.8 nm in the C;cH;, spectrum to the electronic
origins of the S, «— Sy, S3 < Sp, and S5 « S transitions, respec-
tively, and we assign the features at 294.1, 282.2, and 248.4 nm
in the Cy7H 4 spectrum to the electronic origins of the S, «— Sy,
S3 — Sy, and S5 < Sy transitions, respectively. The relatively
complex and broad spectral features in the spectra of the species
containing the phenanthrene chromophore make assignments
to vibronic transitions unreliable. However, we can tentatively
assign the features at 287.6, 287.3, and 290.0 nm in the CsH,
Ci6H12, and C7H;4 spectra to the first vibronic band within their
respective S, < Sy transition. We can also tentatively assign
the features at 243.8 and 240.6 nm in the C{¢H;, and C{;H4
spectra to the first vibronic band within their respective S5 «— S
transition.

In the same way that the closed-shell neutral species exhibit
similar spectra, the open-shelled cations of the H,-PAHs contain-
ing the phenanthrene chromophore also exhibit similar spectra.
We can assign the features at 846.6, 995.9, and 872.7 nm in the
respective CysH{,-, Ci6H{,-, and Ci7H{,- spectra to their D, «—
Dy transition. As the D3 < Dy transition is too weak to observe
in the C 14HT0- spectrum, we do not observe any features in the
phenanthrene chromophore—containing H,-PAH cations that can
be assigned to their respective D3 «— Dy transitions. Although
the electronic transitions lying higher in energy exhibit weaker,
broader, and more complex spectral features than the features as-
sociated with the D, < Dy transition, making definitive assign-
ments difficult, we can tentatively assign the 500.3, 407.7, and
373.8 nm bands in the C;sHj,- spectrum to the origins of the
Dy — Dy, Ds < Dy, and Dg < D, transitions, respectively; the
477.0, 431.5, and 403.3 nm bands in the C16H1+2~ spectrum to
the origins of the Dy < Dy, Ds < Dy, and D¢ < D transitions,
respectively; and the 477.6, 434.9, and 403.5 nm bands in the
C17H1+4- spectrum to the origins of the Dy «— Dy, Ds < Dy, and
D¢ — D, transitions, respectively.

4.3. Neutral and lonized Pyrene (CicH;y),
7,8-dihydro-9H-cyclopentafa]pyrene (CigH4),
and 7,8,9,10-tetrahydrobenzo[a]pyrene (CyoH;¢)

The UV/visible spectroscopy of matrix-isolated pyrene, C;¢H;j,
and the pyrene cation, CisH},-, has also been extensively studied
(Salama & Allamandola 1992, 1993; Vala et al. 1994). The UV
spectrum of Cy¢H o exhibits three dominant spectral features that
have been assigned to the origins of the S, < Sy, S5 < Sy, and
Sy — S transitions. The spectral positions of these features for
the neutral species isolated in Ne matrices are observed at 323.3,
265.2, and 232.3 nm, respectively.

We observe four previously assigned electronic origins in the
C16H1+0- spectrum. These are the D, < Dy origin at 781.6 nm,
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TABLE 2
SPECTRAL DATA FOR THE PAH NEUTRAL MOLECULES AND CATIONS CONTAINING THE PHENANTHRENE CHROMOPHORE

Position Shift Maximum Position Shift Maximum
Species Assignment (nm) (em™ Absorbance Species Assignment (nm) (em™) Absorbance
Phenanthrene (Ci4H (). oovvveereeneiineine 70 214.5 0 0.084 Phenanthrene cation (Ci4Hy) coooevecvrincnnnee 60 396.0 0 0.068
60 229.0 0.261 50 425.8 0 0.077
2352 1365 0.661 4—0 470.7 0 0.068
5<0 243.0 0 1.000 780.4 1682 0.085
40 262.4 0 0.087 787.9 1560 0.128
267.2 849 0.144 794.5 1455 0.128
3«0 2734 0 0.180 818.9 1080 0.051
281.2 388 0.147 836.8 818 0.077
20 284.3 0 0.748 856.6 542 0.274
880.6 224 0.068
20 898.3 0 1.000
4 H-Cyclopenta[def ]phenanthrene 4 H-Cyclopenta[def ]phenanthrene cation
(CisH ) v 215.8 0.232 (C15H?'0) ..................................................... 6—0 373.8 0 0.053
220.8 0.224 50 407.7 0 0.057
238.0 0.670 40 500.3 0 0.097
241.4 . 0.760 751.3 1498 0.189
50 2452 0 0.852 761.4 1322 0.119
3«0 279.6 0 0.298 806.8 583 0.256
287.6 419 0.266 20 846.6 0 1.000
20 291.1 0 1.000
4,5-Dihydropyrene (CigH 2) . ooeoveereererienenene. 209.7 0.348 4,5-Dihydropyrene cation (CigH{5). .eveeeneen. 6—0 403.3 0 0.084
213.8 0.210 50 431.5 0 0.084
218.0 0.202 4—0 477.0 0 0.048
232.4 e 0.290 852.8 1685 0.120
243.8 1303 0.674 862.1 1559 0.108
50 251.8 0 0.904 872.1 1426 0.108
274.7 . 0.220 881.0 1310 0.084
3«0 278.9 0 0.306 944.2 550 0.145
287.3 372 0.207 20 995.9 0 1.000
20 290.4 0 1.000
5,6-Dihydro-4 H-benz[de]anthracene 5,6-Dihydro-4H-benz[de]anthracene cation
(C17H14) et 220.4 0.162 (O 5 G T 6—0 403.5 0 0.464
2339 0.340 5<0 434.9 0 0.464
240.6 1305 0.727 40 477.6 0 0.107
50 248.4 0 1.000 754.1 1802 0.250
257.7 . 0.190 759.5 1708 0.250
30 282.2 0 0.162 767.0 1579 0.286
290.9 374 0.162 778.1 1393 0.250
20 294.1 0 0.428 837.6 430 0.143
854.8 240 0.214
20 872.7 0 1.000

Note.—Only the most intense features observed are included here.
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the D, < Dy origin at483.3 nm, the D5 <« Dy origin at438.7 nm,
and the Dg < Dy origin at 359.9 nm. Vala et al. have observed
the spectral origin of the D3 < Dy transition for C;sHj,- iso-
lated in Ar matrices at 713.8 nm (Vala et al. 1994); this feature is
presumably too weak to observe in the experiments reported
here.

Like the H,-PAHs containing the naphthalene and phenan-
threne chromophores, the H,-PAHs containing the pyrene chro-
mophore also exhibit similar UV/visible spectra as compared
to the pyrene molecule itself. Accordingly, we assign the 331.8,
271.1, and 238.0 nm bands in the C9H;4 spectrum to the origins
of the S, «— Sy, S5 «— Sy, and Sy « Sy transitions, respectively,
and the 334.3, 271.6, and 238.6 nm bands in the C,yH ;¢ spec-
trum to the origins of the S, « Sy, S5 «— Sy, and Sy — Sy tran-
sitions, respectively. Interestingly, as compared to the H,-PAHs
containing the naphthalene and phenanthrene chromophores,
the majority of the vibronic bands observed in the C;9H;4 and
CyoH¢ spectra are very similar in spacing to the pyrene mole-
cule itself. This can be interpreted as being due to the “super-
aromatic” nature of the pyrene chromophore. Compared to the
other series of compounds, the molecular orbitals that comprise
the aromatic nature of the pyrene chromophore are not perturbed
to a great extent by the aliphatic side chains.

In a similar manner, we assign the 758.7, 512.3, 447.5, and
369.6 nm bands in the C|9H1+4- spectrum to the origins of the
D, < Dy, Dy < Dy, Ds <— Dy, and D¢ < Dy transitions, re-
spectively, and the 764.6, 513.6, 452.7, and 370.5 nm bands in
the CoH {4 spectrum to the origins of the D, «— Dy, D4 < Dy,
Ds «— Dy, and Dg < Dy transitions, respectively. The spectral
origin of the D3 «— Dy transition is presumably too weak to
observe for these cations in the experiments reported here.

5. DISCUSSION—IMPLICATIONS FOR THE DIBs

The strong structural similarity found between the spectral
signature of H,-PAHs and that of their regular PAH counterparts
in the near-UV to near-IR range leads to the same global con-
clusions regarding their potential astrophysical implications. As
the known DIBs lie in the visible to near-IR region of the spec-
trum and the most intense spectral features of small neutral H,-
PAHs, such as the ones considered in this study, lie in the UV
region, these species do not contribute to the DIBs. This is ex-
pected from the molecular size of these compounds (Salama et al.
1996). Their cationic forms (H,-PAH"-), however, absorb in the
optical range and may contribute to the DIBs. In Table 4, we
compare the spectral positions of the H,-PAH cations measured
in Ne matrices with the positions of known DIBs from spectra of
five reddened early-type stars selected from a recent DIB survey
(Salama et al. 1999). The DIBs were chosen based on a 100 A
window around the laboratory peak wavelength positions. This
criterion for the wavelength width was chosen to take into ac-
count the upper limit to the wavelength shift known to be induced
by the solid matrix on isolated PAH ions (Salama et al. 1999;
Ruiterkamp et al. 2002). This comparison indicates that C1oH-
and CoH - offer promising matches with known DIBs that would
warrant gas-phase measurements in the laboratory for a defini-
tive assessment. CysH{,-, Ci¢H},-, and C;7H,- can be unambigu-
ously excluded as potential DIB carriers, since their strongest
absorption bands are not found in astronomical spectra. Finally,
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TABLE 4

ComPARISON OF DIBs WITH THE ABSORPTIONS
ofF THE PAH Cartions SELECTED IN THIS STUDY

A PAH"
(Ne matrix data) DIBs*

3696 C1oH{y (B)eovrrrroseioverveeeesssssno
3705 CapH{y (B)eoorrrooiiieeeeeeeeesesseee
DIB 4428.88

4475 CioH}, (A)
4527 CyHj, (A).. DIB 4501.8
6481 C1,HJ, (A) DIB 6491.88

8466 C;sHJ, (A)
8727 C7HY, (A)..
9442 C H{, (A)

Nortes.—Here 7,8-dihydro-9H-cyclopenta[a]pyrene is
Clan; 7,8,9,10-tetrahydrobenzo[a]pyrene is CooHjy; Ace-
naphthene is Ci,Hjy; 5,6-dihydro-4H-benz[d,e]anthracene is
Cy7H{y; and 4,5-dihydropyrene is CgHj,. A is the strongest
absorption band in the NUV—NIR range, and B is the second
strongest band. The positions of all spectral features are given
in units of A.

? The DIBs have been selected from 5 objects: HD 207198,
BD +40 4220, HD 195592, HD 190603, and HD 187459 (see
Salama et al. 1999).

although the strongest absorption band of C1,Hj,- comes close to
a DIB (within the width of the chosen comparison window), re-
cent gas-phase measurements that provide the unperturbed, in-
trinsic peak position for the band clearly show that Cj,Hj,- can
also be unambiguously excluded as a DIB carrier (Biennier et al.
2004).

6. CONCLUSIONS

According to the latest models (Le Page et al. 2003), the state
of hydrogenation of PAHs strongly depends on the size of the
molecule, with the degree of hydrogenation increasing with the
size of the PAH. The laboratory matrix isolation studies reported
here provide the first electronic and vibronic spectra of neutral
and ionized H,-PAHs for comparison with astronomical data.
We show that the spectral characteristics of H,-PAHs and their
ions are very similar to the spectral characteristics of their regular
PAH chromophores, yet are distinct enough to discern individual
species in the ISM through their electronic excitation spectral
signatures. This study also provides a guide to cavity ring-down
spectroscopy (CRDS) follow-up measurements in the gas phase
by preselecting the most promising molecular candidates. Thus,
the same arguments adopted for comparison of regular PAH
cations with the DIBs (Salama et al. 1999; Ruiterkamp et al.
2002) hold for their H,-PAH cation counterparts. The spectral
measurements taken in this study show that both fully aromatic
PAH cations as well as H,-PAH cations may contribute to the
interstellar extinction and, in particular, to DIBs and UIR bands.
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and Physics Research and Analysis (APRA) Program (RTOP
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