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ABSTRACT

We describe the measurement of infrared emission from excited gas-phase polycyclic aromatic hydro-
carbons (PAHs) cations by an electron-impact ion beam reflectron system coupled to our ‘‘ single-photon
infrared emission ’’ (SPIRE) spectrometer. This experiment provides for direct comparison of laboratory
infrared emission spectra of gaseous ionized PAHs with the ‘‘ unidentified infrared emission bands ’’ (UIRs),
the origin of which is still debated. We present results for the pyrene cation (C16H10

þ) and the dehydrogen-
ated pyrene cations (C16H8

þ and C16H6
þ) showing general agreement between the corresponding SPIRE

bands and UIR features, although it is not a detailed match. We also discuss possible contributions from the
pyrene dimer cation ðC16H10Þ2þ.
Subject headings: dust: extinction — infrared: ISM — ISM: lines and bands — methods: laboratory —

molecular data — techniques: spectroscopic

1. INTRODUCTION

Definitive identification of the carriers responsible for the
‘‘ unidentified infrared emission bands ’’ (UIRs) continues
to be a central activity in molecular astrophysics since these
are believed to constitute a significant reservoir of carbon
and may be precursors of biogenic molecules (Bernstein et
al. 1999). Current models favor a mixture of neutral and
cationic polycyclic aromatic hydrocarbons (PAHs; Alla-
mandola, Tielens, & Barker 1985; Léger & Puget 1984), per-
haps supplemented by the presence of hydrogenated
amorphous carbon (Kwok, Volk, & Bernath 2001). Efforts
to reproduce the UIR features in the laboratory have estab-
lished the general connection with PAHs (Allamandola,
Hudgins, & Sandford 1999), but up to this point, no specific
molecule has been identified as a probable carrier.

Our group has developed an infrared photon-counting
experiment based on a Blocked Impurity Band Solid State
Photomultiplier (BIB-SSPM; Petroff, Stapelbroek, & Klein-
hans 1987) to measure gas-phase IR emission from UV
laser-excited neutral PAHs over the entire spectral region
spanned by the UIRs. We call this technique single-photon
infrared emission spectroscopy (SPIRES; Cook et al. 1996,
1998) since a single incident IR photon is capable of gener-
ating a measurable voltage pulse. With this experiment, we
have examined IR emission spectra of a large collection of
neutral PAHs, finding that none of them are likely to be a
major contributor to the UIRs (Cook et al. 1996, 1998;
Schlemmer et al. 1994; Wagner 2001; Wagner, Kim, &
Saykally 2000).

The detection of mid-IR emission from gas-phase ions is
a formidable technical challenge. Typical ion currents (�2
lA at the field of view of the monochromator in the SPIRE
spectrometer) correspond to number densities of only 106–
107 cm�3, and even lower densities are obtained in ion traps.
Moreover, the average lifetime of gas-phase ions (without

an ion trap) is usually short (�10�5 s in our system). To
effectively use the BIB-SSPM, the detector must be cooled
below �7 K and shielded from blackbody radiation emitted
by the surroundings. Since the detector is saturated at count
rates near 108 photons (s cm2)�1, the entire spectrometer
must be maintained at temperatures lower than �15 K, and
all optical elements in the field of view of the detector must
generate a negligible blackbody photon flux over the entire
spectral region of interest. Hence, ion optics in the field of
view of the detector must be cooled to�77 K, and the diam-
eter of the ion beam aperture in the field of view of the detec-
tor must be minimized. Since the space charge–limited ion
current is inversely proportional to the square root of
molecular mass, the maximum achievable ion current of
molecules with high molecular mass (e.g., PAHs) is lower
than that of molecules with low mass, for constant aperture.
Therefore, it is difficult to achieve a current density of
excited PAH ions at the final aperture in the field of view of
the detector that is high enough to yield detectable mid-IR
emission in the cryogenic environment.

Nevertheless, we recently reported the first observation
of gas-phase IR emission spectra from excited PAH cati-
ons (Kim, Wagner, & Saykally 2001). The measured
SPIRE spectrum of the pyrene cation (C16H10

þ) agrees
well with the general appearance of UIR features, thus
providing support for the role of the cations in the
‘‘ PAH hypothesis ’’ (Allamandola, Tielens, & Barker
1985; Léger & Puget 1984). Here we present a detailed
analysis of the data, evidencing emission spectra from the
dehydrogenated pyrene cations (C16H8

þ and C16H6
þ) as

well as the pyrene cation. Our SPIRES experiment can
provide a direct test for the possible contribution of a
given PAH+ to the UIRs. Also, Oomens et al. (2000,
2001) have developed an impressive absorption experi-
ment based on photodestruction of trapped ions, wherein
the internal energy-dependent redshifts in vibrational
transitions are measured by controlling the trapping time.
These two experiments are thus capable of contributing
definitive new insights into the origin of the UIRs.
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2. EXPERIMENTAL

PAH ions were generated by electron-impact ionization
of thermally generated PAH vapor. It is well known that a
single molecular ion peak dominates the mass spectrum of
ionized PAH generated by electron-impact ionization, as a
consequence of the high activation energies required for
fragmentation. The primary ionic species produced for peri-
condensed PAHs like pyrene (Wacks 1964) are thus the
parent monocation (C16H10

þ), followed by the dehydro-
genated cations (C16H9

þ, C16H8
þ, etc.), and the dications

(C16H10
2þ, C16H8

2þ).
The expected physical state of interstellar PAHs emit-

ting the UIRs excited by the absorption of UV (or far-
UV) photons (Tielens 1997) corresponds to vibrationally
hot (�900 K; Joblin et al. 1994) and rotationally cold
(�100 K; Rouan et al. 1992) molecules. Unanswered
questions at the outset of the PAH ion beam experiments
were whether the molecules would become sufficiently
vibrationally excited by the electron-impact event and
whether the electron-impact excitation would resemble
the absorption of UV photons. We show that this is
indeed the case.

Classically, electron impact behaves like a short-pulse
light source, in view of a time-dependent electric field
interacting with the molecule (Brion & Hamnett 1981).
The typical effective pulse duration is subfemtosecond,
and it is well established that electron-impact excitation
mimics photoabsorption (optical dipole excitation) at
high impact energies (Keller, Coplan, & Goruganthu
1992). High vibrational excitation was observed in ben-
zene (Wong & Schulz 1975) and coronene (Khakoo,
Ratliff, & Trajmar 1990), and it is a general characteristic
of electron-impact ionization. Maier & Marthaler (1978)
observed IR emission spectra from electron-impact ion-
ized p-dichlorobenzene cations. The electronically excited
PAH (ion) relaxes by rapid internal conversion to the
ground electronic state, and the electronic energy is then
distributed among the various vibrational modes (internal
vibrational redistribution [IVR]). The vibrational temper-
ature of the ground electronic state of the PAH ion (on
which IR emission will occur) after IVR, produced by
electron impact in effusive beam, can also be determined
empirically. IVR has been observed in electron-impact
excited emission spectrum of p-difluorobenzene (Furuya,
Koto, & Ogawa 1996) as well as in laser experiments
(Engelhardt et al. 2001). Therefore, we can conclude that
electron-impact excitation mimics photoabsorption rea-
sonably closely in the present context and also should
approximate the UIR mechanism (Allamandola, Tielens,
& Barker 1989; Léger & d’Hendecourt 1989), except for
the low rotational temperature (Rouan et al. 1992). In
our experiments, the rotational temperature is estimated
to be near the oven temperature (ca. 340 K). We will
discuss it later.

We used the same equipment as for the PAH desorption
experiments (Cook et al. 1996, 1998; Schlemmer et al. 1994;
Wagner 2001; Wagner et al. 2000). The design and perform-
ance of an electron-impact ion beam reflectron system
coupled to our SPIRE spectrometer were briefly described
in a recent paper (Kim et al. 2001) and will be described in
detail in another paper (Kim & Saykally 2002). We will
discuss the detailed analysis of the SPIRE spectra in the
following section.

3. RESULTS AND DISCUSSION

The SPIRE spectrum in Figure 1 (trace b) was obtained in
the 5.5–8.5 lm region when the ions generated by the elec-
tron impact of pyrene vapor were injected into the reflectron
region (Kim et al. 2001). The SPIRE background spectrum
in Figure 1 (trace c) was obtained when the ions were
deflected before entering the monochromator field of view
under the same conditions.

IR emission in Figure 1 (trace b) is attributed to cationic
species generated by electron impact of pyrene vapor for the
following reasons: First, the ion optics and quadrupole elec-
tric field retard any anions moving toward the reflectron
region, according to SIMION ion beam simulation (Dahl
1995). Therefore, anionic species cannot contribute to our
spectra. Second, the ion current was measured at the last
ring of the stack closest to the monochromator when the
cations were injected into the reflectron region. Therefore,
gas-phase cations definitely exist at the monochromator
field of view during the signal scan. Third, the background
spectrum in Figure 1 (trace c), which was obtained when the
ion current was almost zero in the monochromator field of
view, is essentially flat over the entire spectral range studied.
If excited neutral species induced by electron impact had
emitted IR radiation in the spectral range studied, the back-
ground spectrum would have shown some spectral features
due to those species. Fourth, the IR spectrum of the pyrene
cation shows very different features from those of neutral
pyrene, and the major features observed in the our emission
spectrum in Figure 1 (trace b), except for extra bands in the
5.8–6.1 lm (1639–1724 cm�1) and 7.7–7.8 lm (1282–1299
cm�1) ranges, agree well with the calculated IR spectrum,
cryogenic matrix IR absorption spectra, and gas-phase IR
absorption spectrum of the pyrene cation (C16H10

þ), as
shown in Figures 1 and 2 and in Table 1. Finally, according
to mass spectral intensities (Wacks 1964), the molar ratios
of cations generated by a 70 V electron impact of pyrene at
80�C (2� 10�2 torr; White 1986) are given in Table 2 after
correcting for the contribution from the isotope, 13C.

Our ion optics, including the quadrupole deflector, are
sensitive to charge variation. The trajectory of the SIMION
ion beam simulation (Dahl 1995) indicates that less than
50% of all the dications generated by electron impact of pyr-
ene vapor can enter the reflectron region. Therefore, the
actual molar ratios of cations in the reflectron region should
be approximately given by Table 3.

The SPIRE spectrum in Figure 1 (trace b) can thus be
attributed primarily to the pyrene monocation (C16H10

þ).
The explicit vibrational transition frequencies of the dica-
tions are not currently available. The possible formation of
PAH dications in the interstellar medium has been pro-
posed, however, and discussed by Leach (1989, 1996) in
connection with the UIR observed in H i regions. We con-
sider these later on.

3.1. Pyrene Cation (C16H10
þ): 5–9 lmRegion

Recognizing the dependence on the degree of internal
excitation, both the band positions and relative intensities
of SPIRE bands at 6.44 lm (=1553 cm�1), 7.05 lm (=1418
cm�1), 7.13 lm (=1403 cm�1), 7.32 lm (=1366 cm�1), 7.44
lm (=1343 cm�1), 8.04 lm (=1243 cm�1), 8.27 lm (=1209
cm�1), and 8.41 lm (=1189 cm�1) exhibit good agreement
with the cryogenic matrix IR absorption spectrum
(Hudgins & Allamandola 1995) and gas-phase IR

456 KIM & SAYKALLY



(a) Pyrene 
cations (LP)

(b) Pyrene 
cations (HP)

(c) background

(d), (e): Pyrene 
cation, published(d) (e)

Fig. 2.—SPIRE spectra of gas-phase pyrene cations (C16H10
þ, etc.) in the 5.5–9.15 lm region: Traces a and b are observed SPIRE spectra of gas-phase pyr-

ene cations when the vapor pressure was relatively low (1:0� 10�2 torr, LP) and high (1:5� 10�2 torr, HP), respectively. Each spectrum is background-sub-
tracted, and the background spectrum in trace c was obtained when the ions were deflected before entering the monochromator field of view under the same
condition as the signal spectrum in trace b. The SPIRE spectrum in trace b was also corrected for monochromator (filters, mirrors, a diffraction grating, and a
detector) throughput. The IR absorption spectra for the pyrene cation (C16H10

þ) are shown in the matrix (trace d; Vala et al. 1994) and the gas phase (trace e;
Oomens et al. 2000) as stick diagrams for comparison.

(a) BD+30 3639

(b) Pyrene 
     cations

(d) neutral Pyrene

(c) background

(e), (f): Pyrene 
cation, published

(e) (f)

Fig. 1.—SPIRE spectrum of gas-phase pyrene cations (C16H10
þ, etc.) in the 5.5–8.5 lm region when the pyrene vapor pressure was relatively low

(1:0� 10�2 torr): Trace b is the observed SPIRE spectrum of gas-phase pyrene cations with the background subtracted, corrected for monochromator (filters,
mirrors, a diffraction grating and a detector) throughput, and its intensities are normalized. Trace c is the background spectrum. Trace d is the gas-phase
SPIRE spectrum of neutral pyrene reported previously (Cook et al. 1996). The IR absorption spectra for the pyrene cation (C16H10

þ) are shown in traces e and
f as stick diagrams for comparison. The SPIRE spectrum in trace bmatches well with both the matrix absorption spectrum, trace e (Hudgins & Allamandola
1995), and the gas-phase absorption spectrum, trace f (Oomens et al. 2000), except for the bands near 5.8–6.1 and 7.7–7.8 lm, marked with asterisks. The UIR
spectrum from a planetary nebula, BD+30�3639, in this region is also shown in trace a for comparison.
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absorption spectrum (Oomens et al. 2000) of the pyrene
cation (C16H10

þ), as shown in Figure 1 and Table 1. The
strongest band at 7.44 lm (1343 cm�1) observed in our spec-
trum shows a 14–17 cm�1 redshift relative to the bands mea-
sured in the cryogenic matrix absorption experiments and a
2 cm�1 redshift relative to the band measured in the gas-
phase IR absorption experiments of Oomens et al. (2000).

The SPIRE spectrum covering the region of 5.5–8.5 lm,
as shown in Figure 1 (trace b), was obtained when the oven
temperature was kept relatively low (70�C, the vapor pres-
sure of pyrene at the temperature is 1:0� 10�2 torr; White
1986) and is reproduced in Figure 2 (trace a). Another
SPIRE spectrum covering the region of 5.5–9.15 lm, shown
in Figure 2 (trace b), was obtained when the vapor pressure
of pyrene was 50% higher. (The oven temperature is 75�C,
and the vapor pressure of pyrene at the temperature is
1:5� 10�2 torr; White 1986.) It has been reported
(Verstraete et al. 2001) that a good fit was obtained when
the broad and complex 7.7 lm band of UIR observed by
Infrared Space Observatory Short-Wavelength Spectrome-
ter was decomposed into at least three Lorentz profiles.
Accordingly, overlapped bands in the range of �7–8.2 lm
are decomposed into Lorentz profiles, and the FWHM of
decomposed bands are described in Tables 1 and 4.

The major features of the observed SPIRE spectrum
(except for those in the 5.8–6.1 lm [1639–1724 cm�1] and
7.7–7.8 lm [1282–1299 cm�1] ranges) agree well with the cal-
culated IR spectrum, cryogenic matrix IR absorption spec-
tra, and gas-phase IR absorption spectrum of the pyrene

cation (C16H10
þ), as shown in Figure 2 and Table 1. How-

ever, the ‘‘ high-pressure ’’ (HP) spectrum of Figure 2 (trace
b) exhibits somewhat different spectral features from that of
Figure 2 (trace a), despite the overall similarity of the bands
to those assigned to the pyrene cation (C16H10

þ).

3.1.1. Band Intensities

The strongest band positions formed with the two distinct
sets of experimental conditions employed in this work were
different, found either at 1343 (low pressure [LP]) or at 1536
cm�1 (HP), as shown in Table 1. The gas-phase absorption
study reported that the strongest band position is at 1345
cm�1, whereas the matrix studies yield two different results.
The strongest band position in the SPIRE spectrum at lower
pressure is consistent with that observed in both the gas-
phase experiments of Oomens et al. (2000) and the matrix
study of Hudgins & Allamandola (1995). However, the
strongest band position in the SPIRE spectrum at the higher
pressure is consistent with that in the matrix spectrum of
Vala et al. (1994). In both the experiments of Oomens et al.
(2000) and Hudgins & Allamandola (1995), the vapor pres-
sure of neutral pyrene was minimized. Oomens et al. (2000)
used a shutter to reduce the deposition of neutral pyrene on
the ion trap, while Hudgins & Allamandola (1995) vapor-
ized the neutral pyrene at a relatively low temperature
(60�C).

Hudgins & Allamandola (1995) and Vala et al. (1994)
both used an argon matrix. However, somewhat different
number densities of the neutral pyrene in the gas phase
probably resulted in different number densities of the pyrene
cation and the neutral pyrene (interacting with the cation)
of the matrix. Hudgins & Allamandola (1995) vaporized the
neutral pyrene at a relatively low temperature and ionized
the neutral pyrene at 10 K after it had already been highly
isolated in an argon matrix. However, Vala et al. (1994) ion-
ized the neutral pyrene before deposition in an argon matrix
at 12 K. This latter condition thus seems to produce less
well-isolated pyrene cations than Hudgins & Allamandola
approach, although the oven temperature was not explicitly
given by Vala et al. (1994).

Since the intensity patterns of the two most nearly ‘‘ colli-
sionless ’’ experiments (Oomens et al. 2000 and Hudgins &
Allamandola 1995) are consistent with our ‘‘ low-pressure ’’
SPIRE spectrum, interactions between the neutral pyrene
molecules and ions due to the higher vapor pressure (50%
higher in our experiments) could be responsible for the var-
iation in band intensities as well as band positions. More-
over, such intermolecular collisions could result in different
chemistry, e.g., more probable possible formation of the
pyrene dimer cation, ðC16H10Þ2þ. The use of high concen-
trations (vapor pressure) in both the matrix and the gas-
phase experiments is known to produce clusters (dimer and
trimer [ion], etc.). This will be discussed later.

3.1.2. Frequency Shifts

The IR spectra in the experiments of Oomens et al. (2000)
and Hudgins & Allamandola (1995) exhibit different band
frequencies, although the two spectra show the same rela-
tive intensity pattern (see Table 1). Hudgins & Allamandola
(1995) ionized the neutral pyrene by vacuum UV photolysis
in an argon matrix, while Oomens et al. (2000) ionized the
neutral pyrene by 193 nm excimer laser in the gas phase and
confined the ions in a trap. It is well known that the shift due

TABLE 2

Molar Ratio of Cations

Generated by 70 V Electron

Impact of Pyrene at 80
�
C

Cation Ratio

C16H10
þ ...................... 100

C16H9
þ ....................... 11.3

C16H8
þ ....................... 13.6

C16H7
þ ....................... 3.2

C16H6
þ ....................... 2.4

C16H10
2þ ..................... 17.5

C16H9
þ ....................... 2.6

C16H8
2þ ...................... 12.6

C16H7
2þ ...................... 1.9

C16H6
2þ ...................... 2.8

TABLE 3

Actual Molar Ratio of

Cations in the Reflection

Region

Cation Ratio

C16H10
þ ...................... 100

C16H9
þ ....................... 11

C16H8
þ ....................... 14

C16H7
þ ....................... 3

C16H6
þ ....................... 2

C16H10
2þ ..................... <9

C16H9
2þ ...................... <1

C16H8
2þ ...................... <6

C16H7
2þ ...................... <1

C16H6
2þ ...................... <1

SPIRE SPECTROSCOPY OF PAH CATIONS 459
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to the interactions between the pyrene cation and the argon
matrix produces variation in band frequencies, although
different vibrational temperatures (the vibrational tempera-
ture in the cryogenic matrix experiment is probably lower)
are also partially responsible. Similarly, at higher vapor
pressures (either in gas-phase or matrix environments),
complexation or vibrational energy transfer between the
neutral pyrene molecules (cations) and the pyrene cations
(C16H10

þ, etc.) could be responsible for the variation in
band frequencies. Space charge effects, which might vary
substantially with pressure, could alter the effective resi-
dence times of the ions in our experiments and possibly
those of the matrix studies as well (S. Schlemmer 2002,
private communication).

Higher vapor pressure in our gas-phase experiment pro-
duced shifts in band frequencies. The strongest HP band at
1536 cm�1 shows a 17 cm�1 redshift relative to the strong
LP band at 1553 cm�1. Also, the aromatic CC stretching
(1553–1298 cm�1) and the benzyne C‰C stretching modes
(see next section) observed at 5.83 lm (1715 cm�1) and 5.98
lm (1672 cm�1) show a redshift at HP. However, in-plane
bending modes (1245–1124 cm�1) exhibit a blueshift relative
to those measured at LP, as shown in Tables 1 and 4.

Redshifts due to high internal energy content were also
observed in our previous IR emission spectra of neutral
PAHs (Cook et al. 1996, 1998). While Joblin’s equation
(Joblin et al. 1995), which estimates the vibrational temper-
ature of PAHs based on the band shift, was only applied to
neutral molecules, the degree of the emission band shift for
a PAH cation is also likely to relate directly to the internal
energy content. The higher vapor pressure conditions could
facilitate collisions between the pyrene cations (C16H10

þ,
etc.) and the neutral pyrene molecules, leading to vibra-
tional energy transfer (vibrational heating or cooling; Cook
et al. 1998) of the pyrene cations.

Why might the SPIRE bands of the pyrene cation
(C16H10

þ) show noticeable frequency shifts in both the CC
stretching and the CH in-plane bending mode but not in the
CH out-of-plane bending, between our two distinct experi-
mental conditions (LP and HP)? Pauzat, Talbi, & Ellinger
(1997), in their theoretical calculation, showed that both the
CC and CH in-plane vibrations of the pyrene cation
(C16H10

þ) behave similarly (and differently than the CH
out-of-plane vibrations) in terms of the variation of band
frequencies, relative to those of neutral pyrene. The CC and
CH in-plane vibrations of the pyrene cation thus seem to
have an inherent coupling; however, the CH out-of-plane
vibrations seem not to be involved (dehydrogenated pyrene
cations also have this coupling; Pauzat et al. 1997). Different
vibrational energy distributions can result in different
degrees of coupling between the vibrational modes. At HP
conditions some modes, like the CC stretching, can be more
vibrationally heated (producing a redshift), while other
modes, like the in-plane bending, can be cooler (producing a
blueshift) than with LP conditions. Thus, this vibrational
coupling seems to be important to the variation in band fre-
quencies of the pyrene cation between the two experimental
conditions, viz., low and high vapor pressure.

Although it is not presently clear which of the two factors,
‘‘ complex formation ’’ or ‘‘ collision induced vibrational
redistribution/coupling,’’ would be more important as to
variation in band frequencies of the pyrene cation between
the two experimental conditions (HP and LP), the two fac-
tors are probably correlated. We note that higher and lower

oven temperatures will not change the rotational tempera-
tures of the pyrene cation significantly since the difference of
the oven temperatures is only 5�C. It is usually assumed that
the process of electron impact does not substantially change
the rotational angular momentum of a molecule; i.e., the
rotational populations of the ions are the same as those of
the neutral parent, given by the Boltzmann distribution
(von Busch & Dunn 1972). Carrington & Tuckett (1980)
showed that the increase in the rotational excitation follow-
ing electron impact is minimal.

3.2. Dehydrogenated Pyrene Cations (C16H9
þ,

C16H8
þ, C16H7

þ, C16H6
þ)

No experimental vibrational IR spectral data for the
dehydrogenated pyrene cations in the 5–9.5 lm range have
been reported yet, to the best of our knowledge. However,
Pauzat et al. (1997) calculated the harmonic IR frequencies
and integrated intensities for two isomers of the doubly
dehydrogenated pyrene cation (C16H8

þ) and for five iso-
mers of the quadridehydrogenated pyrene cation (C16H6

þ)
at the Hartree-Fock level using Gaussian 92. Irradiation in
the UV–visible range (� � 185 nm) of the pyrene cations
generated by electron impact showed a large increase of the
C16H8

þ and C16H6
þ iso cyclotron resonance mass spectral

signals, with only a small increase of the C16H9
þ and

C16H7
þ, at the expense of a signal intensity of pyrene molec-

ular cation (Ekern et al. 1998). The photoproduction and
apparent stability of the fragments imply that C16H8

þ

and C16H6
þ may well be more important than C16H9

þ and
C16H7

þ as UIR carriers in astronomical environments.
Some representative results from Pauzat et al. (1997) are

reproduced in Table 4 for comparison with our experimen-
tal data. These indicate that SPIRE bands in the 5.8–6.1 lm
(1639–1724 cm�1) and 7.7–7.8 lm (1282–1299 cm�1) ranges
may well be due to dehydrogenated pyrene cations (C16H8

þ

and C16H6
þ). According to their calculations, as shown in

Table 4, the bands due to these species show strong C‰C
stretching vibrations at 4.9–5.8 lm (2040–1720 cm�1) due to
a benzyne triple bond, and these do not exist in the spectrum
of pyrene cation. Also, the bands at 6.7–8.0 lm (1490–1250
cm�1; total ranges of seven isomers) of the dehydrogenated
pyrene cations are much stronger (by 1.7–2.6 times depend-
ing on isomers) and redshifted as a result of strong coupling
with CH in-plane bending vibration (8–9.5 lm, 1250–1050
cm�1) as compared with the bands at 6.7–7.4 lm (1490–
1350 cm�1), which are attributed to aromatic CC stretching
vibration of the pyrene cation. Therefore, three bands at
5.81 lm (=1721 cm�1), 5.90 lm (=1695 cm�1), and 6.04 lm
(=1656 cm�1) in Figure 1 (trace b) can tentatively be
assigned to a benzyne triple bond of the dehydrogenated
pyrene cations. A strong band at 7.83 lm (=1277 cm�1),
with a shoulder at 7.74 lm (=1291 cm�1) in Figure 1 (trace
b) may be due to aromatic CC stretching vibrations of dehy-
drogenated pyrene cations that are redshifted from the
strongest C16H10

þ band at 7.44 lm (1343 cm�1). The
observed IR bands, which tentatively ascribed to dehydro-
genated pyrene cations, are summarized and compared with
the theoretical results in Table 4.

The gas-phase SPIRE spectrum of the neutral pyrene
reported previously is shown in Figure 1 (trace d ). Also, the
UIR spectrum from a planetary nebula, BD +30�3639 in
this region is shown in Figure 1 (trace a) for comparison. It
is striking that dehydrogenated pyrene cations show strong
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emission bands at 7.7–7.8 lm, the position of the strongest
band in most of the UIR.We will discuss this later on.

3.3. TheCHOut-of-Plane Bending Region of Pyrene Cation
and Dehydrogenated Pyrene Cations

The SPIRE spectra in Figure 3 (traces c an d ) were
obtained for LP and HP conditions, respectively, and with
the background scan subtracted. In terms of the band posi-
tions, SPIRE bands at 11.78 lm (=849 cm�1) or 11.61 lm
(=861 cm�1) are in reasonable agreement with the matrix
data, gas-phase IR absorption data, and calculated IR
bands of the pyrene cation (C16H10

þ), as shown in Figure 3
(traces e and f ) and in Table 5. However, relative intensities
in this region are slightly lower than those reported. The rel-
ative intensities of the SPIRE bands in this region (see Table
5) are calculated relative to the strongest band at 5.5–9.15
lm. We used a 50 groove mm�1 grating for this region from
9.5–12 lm and a 75 groove mm�1 grating in the region from
5.5–9.15 lm. The relative intensities of features measured
with the same grating are accurately determined, whereas
the intensity comparisons of features with different gratings
are somewhat less reliable, despite the correction for instru-
ment response.

Unlike the 5.5–9.15 lm (CC stretching and CH in-plane
bending) features, the SPIRE bands of the pyrene cation in
the CH out-of-plane bending region did not show notice-
able frequency shifts but showed the variation in band

intensities between two experimental conditions, HP and
LP.We discussed the possible reasons for this above.

Tentative vibrational assignments for dehydrogenated
pyrene cations (C16H8

þ and C16H6
þ) in this region are given

in Table 4. According to calculation of Pauzat et al. (1997),
dehydrogenated pyrene cations show additional bands at
885–900 cm�1 due to nonadjacent (solo) peripheral hydro-
gen atoms, and the CH out-of-plane bending mode attrib-
uted to doubly adjacent (duo) hydrogen atoms shows a
redshift. Therefore, the two bands at 900 and 874 cm�1 may
be due to dehydrogenated pyrene cations, and the band at
840–841 cm�1 may be due to CH out-of-plane bending
vibrations of dehydrogenated pyrene cations that are red-
shifted from the strong band (at 849 or at 861 cm�1) of the
pyrene cation (C16H10

þ).

3.4. Pyrene Dimer Cation ðC16H10Þ2þ and theCH Stretching
Region of Pyrene Cation

Additional bands appear at 1436 and 1465 cm�1 in the
aromatic CC stretching region under HP conditions (see
Fig. 2 and Table 4), and their analogues were not observed
with LP. Although the band at 1436 cm�1 could be assigned
to the CC stretching vibration of the pyrene cation
(C16H10

þ), the trend of the band shift compared to the
matrix data in the CC stretch region minimizes this possibil-
ity (see Tables 1 and 4). Since the two bands were observed
only at the relatively high vapor pressure (i.e., higher num-
ber densities of pyrene), they may relate to a pyrene cluster

(c) Pyrene cations (LP)

(e), (f): Pyrene cation,
            published

(d) Pyrene cations (HP)

(b) BD+30 3639

(a) neutral Pyrene

(e) (f)

Fig. 3.—SPIRE spectra of gas-phase pyrene cations (C16H10
þ and etc.) in the 9.5–12 lm region: Traces c and d were obtained when the pyrene vapor pres-

sure was relatively low (LP) and high (HP), respectively. Each spectrum is background-subtracted, and each background spectrum (not shown) is flat over the
spectral range studied. The IR absorption spectra for the pyrene cation (C16H10

þ) are shown in traces e and f as stick diagrams for comparison.Major features
in the SPIRE spectra match fairly well with both the matrix absorption spectrum (trace e; Hudgins & Allamandola 1995) and the gas-phase absorption
spectrum (trace f; Oomens et al. 2000). Trace a is the gas-phase SPIRE spectrum of neutral pyrene reported previously (Cook et al. 1996). The UIR spectrum
from a planetary nebula, BD+30�3639, in this region is also shown in trace b for comparison.
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cation, like the dimer, ðC16H10Þ2þ. The neutral pyrene dimer
has been detected in a supersonic jet (Borisevich et al. 1995);
moreover, the pyrene dimer cation has been detected in
glasses (Badger & Brocklehurst 1968, 1969) at 77 K, in solu-
tion (Howarth & Fraenkel 1970; Kira, Arai, & Imamura
1971), and in the gas phase (Meot-Ner 1980).

Jones, Bhattacharya, & Tiernan (1975) reported that the
formation of the benzene dimer cation, generated by elec-
tron impact, depends sensitively on both the gas pressure
and the electron energy, with 80 eV electron energy reported
to be high enough to produce it. The benzene trimer cation
was also detected in the gas phase by photoionization (Sieck
& Gorden 1976) and by electron impact (Inokuchi, Ohashi,
& Nishi 1997) with an electron energy of 50 eV. Therefore,
our experimental conditions, viz., 70–80 eV, may well pro-
duce cluster ions, like pyrene dimer and trimer cations.
Stone & Lin (1980) investigated relative yields of both ben-
zene monomer and dimer cations as a function of the
benzene pressure and observed an abrupt (twofold) increase
in the yield of the benzene dimer cation at the expense of
benzene monomer cation when the benzene pressure was
increased by 50%—from 10 to 15 m torr. The gas pressure in
our HP conditions (15 m torr) was also on the same order of
magnitude as that needed to produce the benzene trimer cat-
ion (Sieck & Gorden 1976). Since our ion optics, including
the quadrupole deflector, are not very sensitive to mass var-
iation, the pyrene dimer and trimer cations, as well as the
pyrene monocation itself, can indeed enter the cryogenic
reflectron region, according to the trajectory of SIMION
ion beam simulation (Dahl 1995). The pyrene dimer cations
are known to be thermodynamically stable at low tempera-
ture (Meot-Ner 1980). Therefore, the pyrene dimer and
trimer cations could indeed contribute to the SPIRE spec-
trum when the pyrene vapor pressure was relatively high
(HP conditions, 15 mtorr).

It has been reported that an electron-impact ionization
study of benzene dimer (Bz2) yielded Bz2þ with 7% proba-
bility (Janda et al. 1975). In another molecular beam study
(Johnson et al. 1986), the intensity ratios of benzene mono-

mer and clusters generated by electron-impact ionization
were found to be Bz+ :Bz2þ :Bz3þ :Bz4þ ¼ 100 : 1:2 : 0:06 :
0:015 bymass analysis. Similarly, larger PAH (like coronene
and perylene) dimer cations were detected at �1% of the
monomer cation intensities at low temperature (Meot-Ner
1980). Although it is not presently clear how many pyrene
dimer and/or trimer cations were present under our experi-
mental conditions, the distribution is likely to be similar to
the benzene case. The yield of the pyrene dimer cation in our
HP condition (15 m torr) is likely �1%, considering the
sharp increase in the yield of the dimer cation with increas-
ing gas pressure (from 10 to 15 mtorr) in the benzene case.

There are no experimental vibrational IR spectral data
for pyrene dimer or trimer cations in the 5–12 lm (2000–833
cm�1) range, to the best of our knowledge. However, in the
CH stretching region at �3 lm, recently, Inokuchi & Nishi
(2001) assigned a sharp band at 3066 cm�1 (3.26 lm) to a
CH stretching vibration of ðC6H6Þ2þ by IR photodissocia-
tion spectroscopy. They also observed two bands at 2880
cm�1 (3.47 lm) and 2670 cm�1 (3.75 lm) in the IR spectrum
of ðC6H6Þ2þ and attributed them to vibrational hot bands.
Since the electronic structures of the rings constituting the
pyrene radical cation are similar to those of the benzene rad-
ical cation, the relation between the vibrational motion and
the direction of the dipole derivative of the pyrene radical
cation was directly compared to those of the benzene radical
cation (Torii et al. 1999). Furthermore, the CH stretching
frequencies of several PAHs cations are relatively invariant
to the ring size of the PAHs (Langhoff 1996; Pauzat et al.
1997). Therefore, it is likely that the CH stretching frequen-
cies of the pyrene monomer and dimer cations are similar to
those of benzene analogues.

Figure 4 shows the SPIRE spectra of gas-phase pyrene
cations in the CH stretching region. Contrary to the domi-
nance of the spectral features from pyrene cations in the
5.5–9.5 lm region (see Figs. 1 and 2), the aromatic CH
stretching at �3.2–3.3 lm (3125–3030 cm�1) has nearly dis-
appeared, consistent with the theoretical predictions, as
shown in Tables 1 and 4.

TABLE 5

Pyrene Cation (C
16
H10

þ
) Features Observed by Theory, Matrix Isolation Absorption, Gas-Phase Absorption, and the SPIRES Techniques in

the region of 9.5–12 lm (1053–833 cm�1)

ThisWork (SPIRES)

Harmonic, DFT
a

Gas IR
b

Matrix IR
c

Matrix IR
d LowVapor Pressure (LP)e High Vapor Pressure (HP)f

Mode

IF

(cm�1) I

IF

(cm�1) I

IF

(cm�1) I

IF

(cm�1) I

IF

(cm�1) I

FWHM

(cm�1)

IF

(cm�1) I

FWHM

(cm�1)

�(CCC) ....................... 685 0.24 682 0.12 690 0.19 690 0.23 Not scanned

Out-of-plane bend....... 863 0.58 854 0.45 861 0.39 861 0.27 849 0.16 5 849 0.02 3

858 0.03 5 861 0.15 7

867 0.04

954 0.07 935 0.03 6

R(C»C) ..................... 966 0.06 976 0.05 977 0.09 959 0.03 7 Not scanned

�(CH) ? ....................... 985 0.10 989 0.10 982 0.01 8

Note.—Infrared frequencies (IF), relative intensities (I ), and the FWHM of the bands are described. Tentative vibrational assignments for dehydro-
genated pyrene cations (C16H10

þ, x ¼ 6, 8) in this region are shown in Table 4.
a Langhoff 1996.
b Oomens et al. 2000.
c Vala et al. 1994.
d Hudgins &Allamandola 1995
e See trace c in Fig. 3.
f See trace dFig. 3.
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When the pyrene vapor pressure was relatively high, the
SPIRE spectrum of pyrene cations showed several weak
bands at 2.64 lm (3781 cm�1), 2.97 lm (3367 cm�1), 3.34
lm (2990 cm�1), 3.54 lm (2829 cm�1), 3.75 lm (2667 cm�1),
and 3.80 lm (2631 cm�1). When the pyrene vapor pressure
was relatively low, the SPIRE spectrum of pyrene cations
showed weak bands at 2.99 lm (3344 cm�1), �3.25 lm
(3077 cm�1), �3.34 lm (2990 cm�1), and 3.58 lm (2797
cm�1). A band at 2.97 lm seems to correlate with a band at
2.99 lm, but the vibrational assignment of the band is not
possible.

The bands at 3.34 lm (2990 cm�1), 3.54 lm (2829 cm�1),
and 3.75 lm (2667 cm�1) or 3.80 lm (2631 cm�1) may be
analogues to the bands at 3066, 2880, and 2670 cm�1,
respectively, which Inokuchi & Nishi (2001) attributed to
the benzene dimer cation, ðC6H6Þ2þ. Therefore, a band at
3.34 lm (2990 cm�1) may be due to a pyrene dimer cation,
ðC16H10Þ2þ, as shown in Table 4, or the band at 3.34 lm
(2990 cm�1) may be due to a pyrene trimer cation,
ðC16H10Þ3þ, since its position is much closer to that at 2986
cm�1 (3.35 lm), which was assigned (Inokuchi et al. 1997)
to a C”H stretching vibration of the dimer ion core in the
gas-phase benzene trimer ion, ðC6H6Þ3þ. Alternatively, the
band at 3.34 lm (2990 cm�1) may be due to the pyrene cat-
ion, (C16H10)

+, since its band position is relatively close to
that of the theoretical prediction (3089 cm�1) and since the
SPIRE spectrum (see trace a in Fig. 4), even under LP con-
ditions, shows a weak spectral feature at this position.

The vibrational assignments of the CH stretching bands
attributed to the pyrene cation, (C16H10)

+, in this region are

unclear. No experimental (matrix or gas-phase) data for
pyrene cations (including dehydrogenated and dimer cati-
ons) have been reported in the 2.5–4.0 lm (4000–2500 cm�1)
region, probably due to the very weak spectral intensity (see
Tables 1 and 4). The weak band either at �3.25 lm (3077
cm�1) or at 3.34 lm (2990 cm�1) may be attributed to the
pyrene cation, (C16H10)

+, based on the theoretical predic-
tions of the bands at 3.24 lm (3089 cm�1) and at 3.2–3.3 lm
(3120–3030 cm�1), as shown in Tables 1 and 4, respectively.
The other bands are not currently identified.

4. ASTROPHYSICAL IMPLICATIONS

The SPIRES features reliably assigned to the pyrene cat-
ion (C16H10

þ) are described in Table 1 and are compared
with the representative UIR spectrum from BD +30�3639
in the entire spectral region 3.1–12.5 lm in Figure 5. We
have reduced the relative intensity of the bands at 1553 and
1536 cm�1 by 23% since we assigned these features to both
the pyrene cation and the dehydrogenated pyrene cations
(see Table 4). The value of the scaling factor of 23% is based
on the molar ratios of the cations, C16H10

þ :C 16H9
þ :

C16H8
þ :C16H7

þ :C16H6
þ ¼ 100 : 11 : 14 : 3 : 2.

A good agreement of the intensity distribution and a gen-
eral agreement of the positions of the pyrene cation SPIRE
spectrum with the UIR features is clearly seen, except for a
band at 3.28 lm, thus supporting the view that cationic
PAHs are good candidates for the UIR. However, the spac-
ing (trace d in Fig. 5) between nominal bands at 6.2 and 7.7
lm is somewhat narrower than found in the UIR spectrum.

(b) Pyrene cations (HP)

(a) Pyrene cations (LP)

(d) BD+30 3639

(c) neutral Pyrene

Fig. 4.—SPIRE spectra of gas-phase pyrene cations (C16H10
þ and etc.) in the 2.5–4.0 lm region: Traces a and bwere obtained when the vapor pressure was

relatively low (LP) and high (HP), respectively. Each spectrum is background-subtracted, and each background spectrum (not shown) is flat over the spectral
range studied. Trace c is the gas-phase SPIRE spectrum of the neutral pyrene reported previously (Cook et al. 1996). The UIR spectrum from a planetary
nebula, BD+30�3639, in this region is also shown in trace d for comparison.
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Hudgins & Allamandola (1999) reported that PAH cati-
ons in the 50–80 carbon atom–size range yield spectra that
are consistent with the spacing found between 6.2 and 7.6
lm (1610 and 1320 cm�1) UIR bands, while those in the 20
carbon atom size provide measurable contributions to UIR
based on their experimental (matrix isolation technique)
spectral database of 19 cationic PAHs generated at NASA
Ames. It is now quite widely believed that larger PAHs are
the most probable candidates for the carriers of the UIR.
Recently, Oomens et al. (2000, 2001) reported that a larger
PAH-like coronene cation (C24H12

þ) shows a strong infra-
red absorption band in the gas phase at 7.54 lm (1327
cm�1), much closer to the 7.7 lm (1299 cm�1) of UIR than
the 7.43 lm (1345 cm�1) of the pyrene cation (C16H10

þ).
Hence, the matrix results of Hudgins & Allamandola (1999)
appear consistent with the gas-phase experiments. How-

ever, a nominal band at 6.2 lm (1610 cm�1) of the gas-phase
absorption spectra does not seem to follow these conclu-
sions. The gas-phase pyrene cation shows a strong infrared
absorption band at 6.50 lm (1538 cm�1), closer to the 6.2
lm (1610 cm�1) band of UIRs than the 6.52 lm (1533 cm�1)
band of coronene cation. The gas-phase IR absorption or
emission spectrum of a larger PAH, like dicoronylene cation
(C48H20

þ), would obviously give useful information on the
band at 6.2 lm.

The detailed study of dehydrogenated cations, as well as
molecular ions of larger PAHs, seems necessary to further
support the PAH hypothesis. Our SPIRE spectra very likely
include features from dehydrogenated pyrene cations as

(a) BD+30 3639

(b) Pyrene cation, 
low vapor pressure

(a)

(b)

(a) BD+30 3639

(b) Pyrene cation, 
high vapor pressure

(b)

(a)

Fig. 5.—Pyrene cation (C16H10
þ) SPIRE spectra with the pyrene vapor

pressure relatively low (top) and high (bottom), shown here as stick spectra,
compared with the UIR spectrum from BD +30�3639. The location, rela-
tive intensities, and the FWHMof each band are given in Tables 1 and 5.

(a) BD+30 3639

(a)

(b)

(b) dehydrogenated 
     pyrene cations, 
     low vapor pressure

(a) BD+30 3639

(b) dehydrogenated 
      pyrene cations, 
      high vapor pressure

(a)

(b)

Fig. 6.—SPIRE spectra tentatively ascribed to dehydrogenated pyrene
cations (C16Hx

þ, x ¼ 8, 6) for the pyrene vapor pressure relatively low (top)
and high (bottom), compared with the UIR spectrum from BD +30�3639.
In the stick diagrams of SPIRE spectra, the location, relative intensities,
and the FWHM of each band are given in Table 4. The spectral range at
1176–1050 cm�1 was not measured at the low vapor pressure. One band at
1156 cm�1 in the ‘‘ top ’’ is arbitrarily added to the stick diagram (the arrow
indicates the possible variation of the band position) assuming that it will
be observed, based on the trend of the band shift and on the band at
1134 cm�1 measured at the higher pyrene vapor pressure.
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well the parent pyrene molecular ion (C16H10
þ). Interest-

ingly, we observed strong bands at 7.7–7.8 lm (assigned to
dehydrogenated pyrene cations), which closely resemble the
7.7 lm of UIR. The SPIRES features of only the dehydro-
genated pyrene cations summarized in Table 4 and the spec-
tral data, for both LP and HP conditions, are compared
with the representative UIR spectrum from BD +30�3639
in the entire region of 3.1–12.5 lm, as shown in Figure 6. A
good general agreement of both the intensities and the posi-
tions of the SPIRE spectra assigned to dehydrogenated pyr-
ene cations with the UIR features is found, except for a
weak band at 3.28 lm, thus supporting the view that dehy-
drogenated cationic PAHs are also promising candidates for
the UIR carriers. The spacing between nominal bands at 6.2
and 7.7 lm is also much closer to the UIR spectrum than
found for the pyrene cation. Vuong & Foing (2000), using a
model calculation, reported that in diffuse clouds, PAHs
containing less than 40 carbon atoms are strongly dehydro-
genated, while the partially dehydrogenated species domi-
nate in intermediate-density clouds.

Hudgins, Bauschlicher, & Allamandola (2001) recently
reported that closed-shell polycyclic aromatic hydrocarbon
cations (protonated PAH cations and Codd PAHs cations)
are also promising candidates for UIR carriers, based on
density functional theory (DFT) calculations. Closed-shell
species are inherently more stable and less reactive than
their open-shell counterparts. Interestingly, the intensity of
the aromatic CH stretching modes of the cations increases
with molecular size, approaching a value typical of neutral
PAHs. Furthermore, the aromatic CC stretching modes
that fall near 1600 cm�1, close to the prominent 6.2–6.3 lm
interstellar feature, are strongly enhanced in the closed shell
cations compared with the neutral species. It would clearly
be useful to study such closed-shell polycyclic aromatic
hydrocarbon cations in the gas phase.

At the higher pressures used in our experiments, collisions
(e.g., between neutral pyrene and pyrene cation) may
actually produce the protonated pyrene cation (C16H11

þ),
which was reported to be much more stable than C16H10

þ

and C16H9
þ with respect to collisional dissociation (Snow et

al. 1998). Therefore, the high-pressure SPIRE spectrum pre-
sented here may have some contribution from the proto-
nated pyrene cation (C16H11

þ), although it is not presently
possible to distinguish these from the IR bands attributed to
the other species.

Additionally, spectra of matrix-isolated carbon nano-
particles were reported (Henning & Salama 1998) to show a
UV bump (after correcting for the matrix shift) as narrow as
the interstellar feature in the correct wavelength position
(217.5 nm). Interstellar nanodiamonds were recently pro-
posed to also be a promising candidate and can be heated to
temperatures as high as 1000 K. Jones & d’Hendecourt
(2000) suggested that expected IR bands of nanodiamonds
resemble the UIRs.

The UIR mechanism implies that the carriers are much
smaller (typically 1–2 nm in size according to Sellgren
1984) than classical interstellar grains (0.1 lm in size).
PAH molecules and their ions are essentially small seg-
ments of carbon nanoparticles with peripheral hydrogens
attached. Leach (1989) suggested that in interstellar dense
clouds, collisions including neutral and ionic PAHs could
form larger molecular clusters. Duley & Seahra (1998)
investigated clusters of neutral PAH molecules as well as
mixed ion-neutral PAH clusters and found that carbon
nanostructures, formed from stacks of PAH molecules as
well as dehydrogenated coronene-like molecules, exhibit
the UV bump at 217.5 nm. According to the theoretical
IR spectra (using a classical mechanical model), stacks of
identical PAH molecules have the same vibrational
modes as individual molecules (Seahra & Duley 2000),
although an interaction between PAH molecules in such
a stack results in an additional band between 80 and
400 lm.

The pyrene dimer cation probably has a parallel, sand-
wich structure in the gas phase (Meot-Ner 1980). The struc-
ture is an analog to the stacks of PAH molecules (ions),
which Duley & Seahra (1998) and Seahra & Duley (2000)
investigated; the stacks of PAH-like sandwich pyrene dimer
(cation) could thus contribute to the UIR, especially in
interstellar dense clouds. Further experimental and theoreti-
cal studies are clearly needed to sort out all of these interest-
ing possibilities.
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