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ABSTRACT
Infrared spectra of gas-phase cationic naphthalene, phenanthrene, anthracene, and pyrene are recorded

in the 500È1600 cm~1 range using multiphoton dissociation in an ion trap. Gas-phase polyaromatic
hydrocarbons are photoionized by an excimer laser and stored in a quadrupole ion trap. Subsequent
interaction with the intense infrared radiation of a free electron laser that is tuned in resonance with an
infrared-allowed transition of the ion leads to sequential multiphoton absorption facilitated by rapid
intramolecular vibrational redistribution. Absorption of more than 50È100 infrared photons raises the
internal energy to above the dissociation threshold, leading eventually to fragmentation of the ion. Mass
selective detection of the cationic species stored in the trap yields the infrared absorption spectrum of the
parent ion.
Subject headings : infrared : ISM: lines and bands È methods : laboratory È molecular data È

techniques : spectroscopic

1. INTRODUCTION

At least some of the unidentiÐed infrared (UIR) emission
bands observed from the interstellar medium (ISM) are
believed to be due to polyaromatic hydrocarbons (PAHs)
and, in particular, their cations (Leger & Puget 1984 ; Alla-
mandola, Tielens, & Barker 1985, 1989 ; Joblin et al. 1996 ;
Cook et al. 1996 ; Allamandola, Hudgins, & Sandford 1999 ;
Sloan et al. 1999). PAHs are the most stable hydrocarbons
and are believed to constitute a substantial fraction of the
interstellar carbon. Especially in those regions of the ISM
where UV radiation densities are high, PAHs are believed
to occur predominantly in their ionized form. Absorption of
deep UV photons and rapid internal conversion raises the
vibrational energy of the ion. Intramolecular vibrational
redistribution (IVR) randomizes the vibrational state dis-
tribution to temperatures comparable to 300È1000 KTvib(Le Coupanec, Rouan, & 1998). Because of theLe� ger
extremely low collision rate, the ions undergo radiative
cooling, thereby emitting infrared photons of speciÐc wave-
lengths, known as the UIR bands (Allamandola et al. 1989).

Despite the astrophysical relevance of PAH infrared
spectra, little laboratory gas-phase data are available for
comparison because of the difficulty of creating sufficient
ion densities to apply standard infrared spectroscopic tech-
niques. To date, most laboratory information is obtained
from matrix isolation spectroscopy, in which neutral PAHs
and their cationic and anionic counterparts are embedded
in an inert gas matrix at cryogenic temperatures
(Szczepanski et al. 1992, 1993 ; Vala et al. 1994 ; Hudgins,
Sandford, & Allamandola 1994 ; Hudgins & Allamandola
1995a, 1995b). Not only is it difficult to distinguish the
absorption features of ionic species from those belonging to
the neutrals (which outnumber the ions by far), in addition,
the precise e†ects of the matrix on the spectrum are
unknown (Joblin et al. 1994).
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The gas-phase infrared spectrum of the cationic
naphthalene-Ar van der Waals complex has recently been
recorded by Piest, von Helden, & Meijer (1999a) via a three-
laser resonance scheme for resonant two-photon ionization
followed by infrared cluster dissociation (Piest et al. 1999b ;
Fujii et al. 2000). Since the Ar atom has particularly little
e†ect on the vibrational energies of (poly)aromatic mol-
ecules, this so-called ““ messenger ÏÏ technique (Okumura et
al. 1990) yields the linear infrared absorption spectrum of
the jet-cooled naphthalene ion.

Here we follow a di†erent approach in order to investi-
gate the gas-phase infrared spectrum of PAH ions. Using a
free electron laser (FEL), ionized PAHs are multiphoton-
dissociated while being conÐned in an ion trap, and the
fragments are mass-selectively detected. In contrast to tech-
niques based on the dissociation of weakly bound clusters
as mentioned above, in the present study bare PAH cations
are fragmented, requiring the absorption of many ([50)
infrared photons. The sequential multiphoton absorption
process relies strongly on rapid IVR, which is known to
occur on (sub)nanosecond timescales in these large mol-
ecules (Felker & Zewail 1985). Scanning the FEL wave-
length while monitoring the fragmentation yield gives the
infrared spectrum of the ion.

Spectra were recorded at (or slightly above) room tem-
perature, which appears to be in contrast with the condi-
tions present in the ISM. However, in order for a molecule
to emit in the mid-infrared range, its vibrational tem-
perature should be about 300È1000 K (Le Coupanec et al.
1998). In the ISM, this energy is provided by rapid vibronic
relaxation after the absorption of a UV photon. The vibra-
tional temperature has distinct e†ects on both the position
and the line width of infrared transitions (Brenner & Barker
1992 ; Schlemmer et al. 1994) ; e.g., Joblin et al. (1995) found
that the vibrational band centers of neutral PAHs shift to
longer wavelengths by typically a few cm~1 per 100 K.

Since species in the ISM are exposed to energetic
photons, the photophysics of PAH ions are of great interest.
Photodissociation rates of molecular or ionic species scale
with their total internal energy, and di†erent dissociation
channels likely possess di†erent dependencies (see, e.g.,
Gotkis et al. 1993 for naphthalene and phenanthrene). IVR
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rates of highly excited PAHs (Felker & Zewail 1985) are
generally many orders of magnitude higher than disso-
ciation rates so that dissociation originates from a thermal
bath of vibrational states. Photofragmentation patterns of a
great variety of PAH cations under irradiation by a Xe
lamp are reported by Ekern et al. (1998). In view of the UIR
hypothesis, it is especially interesting to compare photo-
dissociation rates with infrared radiative lifetimes as a func-
tion of the internal energy of the ion (Jochims, Baumga� rtel,
& Leach 1999). Boissel (1995) studied photofragmentation
of cationic anthracene and pyrene and described the process
in terms of a competition between radiative cooling and
absorption of UV-visible photons. Compared with the
broadband light sources used in some of these studies, the
high spectral brightness of the FEL applied here is able to
induce di†erent fragmentation patterns.

2. EXPERIMENTAL

A quadrupole ion trap (R. M. Jordan Co.), made acces-
sible to the laser beams, and a 20 cm long Wiley-McLaren
type time of Ñight (TOF) mass spectrometer, equipped with
a multichannel plate (MCP) detector, form the heart of the
experimental apparatus shown in Figure 1. Vapor phase
molecules that e†use toward the center of the trap are
ionized by the focused radiation of an ArF excimer laser
(Lambda Physik EMG 100). Low vapor pressure species
can be heated in a quartz oven. A shutter in front of the

FIG. 1.È(a) Front and side cuts through the ion trap used in the experi-
ments. The ring electrode is fed with a 1 MHz RF voltage while one of the
endcaps is used as pulsed extractor plate. The PAH sample is placed in a
quartz tube that can be heated to increase the vapor pressure. (b) Time-of-
Ñight traces for naphthalene recorded on and o† the resonance near 750
cm~1. The arrow indicates the appearance of the fragment ionsC8H6`when FELIX is tuned in resonance.

oven, which opens for about 5 ms just before the ionization
laser pulse, reduces the deposition load on the trap and on
other parts inside the vacuum chamber. The quadrupole ion
trap (Paul 1990 ; Todd & Penman 1991) consists of a 2 cm
inner diameter toroidal ring electrode and two hyperboli-
cally shaped endcap electrodes. The three electrodes are
biased with typically 900 V, and extraction of the trapped
ions toward the detector is achieved by applying a voltage
dip ([200 V) on the endcap nearest to the detector. In
addition to the bias voltage, the ring electrode is fed with a 1
MHz radio frequency (RF) voltage with an amplitude
depending on the mass of the ionic species investigated
(typically 1000È2000 V p-p). For about 2 ms after the ArF
laser pulse, the RF amplitude is raised such that masses
lower than that of the parent ion under study are unstable
in the trap. Thus, ionic fragments formed by the intense ArF
radiation are ejected from the trap, and subsequent infrared
ion fragmentation is measured against zero background.

The trapped ions are irradiated with infrared laser pulses
generated by the Free Electron Laser for Infrared Experi-
ments (FELIX), which are focused in the center of the trap
by a concave mirror (R\ 7.5 cm) and back-reÑected in
order to increase the laser Ñuence. FELIX (Oepts, Van der
Meer, & Van Amersfoort 1995) is continuously tunable
from 5 to 250 km and produces 5 ks long macropulses of up
to 100 mJ at a 10 Hz repetition rate. Each macropulse
consists of a train of micropulses of adjustable length (0.3È5
ps) separated by 1 ns. The bandwidth is Fourier transformÈ
limited and amounts to about 0.8% of the central wave-
length in the present experiments. Pulse energies of about
20 mJ are used, which corresponds to a spectrally resolved
photon Ñux of around 1023 s~1cm~2 nm~1 averaged over a
macropulse. These Ñuxes are about 6 orders of magnitude
higher than those typically obtained using a Xe lamp
(Ekern et al. 1998).

When FELIX is tuned in resonance with an allowed
infrared transition, the ion can absorb several photons pro-
vided that internal relaxation occurs rapidly and/or vibra-
tional anharmonicity is small compared with the laser
bandwidth. If the internal energy has risen sufficiently, the
ion will dissociate and fragment ions are formed and col-
lected in the trap. Fragment and parent ions remain con-
Ðned in the trap as long as the RF voltage is on. The
trapped ions are exposed to 2 or 3 FELIX pulses before the
ions are extracted from the trap and mass-analyzed with the
TOF spectrometer. To empty the trap and analyze its con-
tents, the RF voltage is switched o† by the power supply (R.
M. Jordan Co., D-1203) and one of the endcaps is used as a
(pulsed) extractor plate ; an additional plate at ground
potential accelerates the ions toward the MCP. The MCP
transients are digitized and averaged (20]) by a 10 bit
digital oscilloscope (LeCroy 9430) and stored into a PC
using LabView software.

Figure 1b shows typical mass spectra for the naphthalene
cation recorded on and o† the resonance near 750 cm~1.
Clearly, the limited resolution of our TOF instrument (m/
*mB 50) does not allow us to resolve the channel,H2-loss
which is, for most PAHs at the energies under consider-
ation, the major fragmentation channel (Ekern et al. 1998 ;
Gotkis et al. 1993 ; Jochims et al. 1999), and spectra are
therefore recorded at the channel. MonitoringC2Hn

-loss
the relative fragmentation yield as function of FELIX wave-
length, one obtains the infrared spectrum of the naphtha-
lene cation as displayed in Figure 2a. The spectrum of this
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FIG. 2.È(a) Gas-phase infrared spectrum of the naphthalene cation
obtained via multiphoton IR dissociation in an ion trap, compared with (b)
the calculated spectrum (Piest et al. 1999a) convoluted with a 30 cm~1
Lorentzian line shape and (c) the jet-cooled linear absorption spectrum of
the cationic naphthalene-Ar van der Waals complex of Piest et al. (1999a).

particular ion allows us to validate our technique by com-
paring it with known matrix, calculated, and gas-phase data
(Szczepanski et al. 1992 ; Hudgins et al. 1994 ; Pauzat et al.
1992 ; Piest et al. 1999a).

3. EVALUATION OF THE NAPHTHALENE CATION

SPECTRUM

Comparing our spectrum with that of Piest et al. (1999a),
which has been included in Figure 2, it is evident that the
two spectra are very similar. Peak positions and relative
intensities compare well, as is seen in Table 1. The line
width of the peaks is, however, signiÐcantly larger in this

work. Not only is the ro-vibrational temperature in our
experiment much higher than it is in the molecular beam
of Piest et al., but multiphoton absorption processes and
the occurrence of vibrational hot bands increase the line
width because of anharmonic interactions (Brenner &
Barker 1992 ; Schlemmer et al. 1994 ; Joblin et al. 1995).
Close inspection of the two spectra reveals that most
lines in our spectrum are slightly redshifted relative to
their counterparts in the linear absorption spectrum
(Piest et al. 1999a), which is most likely due to vibrational
(cross)anharmonicities as well (Joblin et al. 1995). In
general, line positions in the two spectra coincide within 10
cm~1, except for the feature near 1500 cm~1, which,
however, appears to be due to several unresolved bands in
both spectra.

The spectral line width on the two strongest peaks in
Figure 2a is about 30 cm~1 (FWHM), which is substantially
larger than the instrumental bandwidth of FELIX (B0.8%).
Based on the approximate rotational constants, which are
roughly the same for naphthalene and its cation (Pauzat et
al. 1992), and the temperature (298 K), the FWHM width of
the rotational contour is calculated to be about 16 cm~1.
Convolution of this band shape with the instrumental line
width yields a feature of typically ¹20 cm~1 FWHM, rela-
tively independent of the band type (a-, b-, or c-type band in
an asymmetric rigid rotor). Assuming that the additional
broadening is due to anharmonicities, which tend to red-
shift the absorption feature, a typical redshift of 5È10 cm~1
is estimated, in good agreement with the jet-cooled absorp-
tion spectrum (Piest et al. 1999a). Note that similar line
widths were found for neutral gas-phase para-amino
benzoic acid at room temperature in the infraredÈvacuum
ultraviolet (IR-VUV) double resonance experiment (Putter,
von Helden, & Meijer 1996). Furthermore, it is interesting
to note that typical UIR line widths are in the 20È40 cm~1
range and are believed to be due to a combination of anhar-
monic shifts in vibrationally hot molecules, rapid IVR, and
rotational contours at a temperature of about 100 K (Le
Coupanec et al. 1998 ; Joblin et al. 1995 ; Rouan et al. 1992).

4. CATION SPECTRA OF PHENANTHRENE, ANTHRACENE,
AND PYRENE

The upper panel of Figure 3 shows the spectra observed
for cationic phenanthrene Some typical features(C14H10` ).

TABLE 1

INFRARED ABSORPTION FREQUENCIES OF THE NAPHTHALENE CATION

CALCULATED a Na`-Ar a MATRIXb THIS WORK

lvib Irel lvib Irel lvib Irel lvib Irel
601 .04 589 .04 . . . . . . 582 .07
781 .53 759 .53 759 .27 749 .76
1032 .05 1019 .05 1023 .05 1017 .09
1118 .01 1121 .01 . . . . . . . . . . . .
1186 .08 1168 .08 . . . . . . 1173 .20
. . . . . . . . . . . . 1215 .20 . . . . . .
1233 1.00 1215 1.00 1218 1.00 1208 1.00
1302 .04 1284 .04 . . . . . . . . . . . .
1421 .14 1393 .23 1401 .04 1394 .17
1551 .40 1523 .40 1519 .10 1485 .22
1565 .14 1539 .14 1526 .29 1511 .26

a Piest et al. 1999a.
b Hudgins et al. 1994.
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FIG. 3.ÈInfrared spectra of cationic phenanthrene, anthracene, and
pyrene recorded via dissociation in the ion trap. Thin lines indicate calcu-
lated spectra of Langho† (1996) convoluted with a 30 cm~1 Lorentzian
line shape function.

in these spectra compare quite well with spectra obtained in
matrices, as is seen in Table 2 (Hudgins & Allamandola
1995a). In agreement with the matrix spectra, more inten-
sity is observed toward the blue end of the spectrum, in
contrast with the spectrum of neutral phenanthrene. The
frequencies of the out-of-plane CH bending vibrations are
roughly determined by the number of adjacent CH units on
the aromatic rings of the species (Hudgins & Allamandola

TABLE 2

INFRARED ABSORPTION FREQUENCIES OF THE PHENANTHRENE

CATION

CALCULATEDa MATRIXb THIS WORK

lvib Irel lvib Irel lvib Irel
585.7 .21 582.0 .22 578 .09
689.9 .13 694.5 .09 684 .08
758.6 .21 756.2 .07 744 .17
838.1 .19 836.0 .06 826 .18
. . . . . . . . . . . . 838 .05
. . . . . . . . . . . . 874 .13
983.8 .11 . . . . . . 985 .28
. . . . . . . . . . . . 1034 .22
1146.7 .68 . . . . . . 1129 .87
1221.7 .06 . . . . . . . . . . . .
1228.7 .26 . . . . . . 1228 .85
. . . . . . 1258.7 .04 . . . . . .
1263.8 .17 1267.0 .14 . . . . . .
1308.3 1.00 B1280 .84 1259 1.00
. . . . . . 1299.0 .09 . . . . . .
1416.4 .23 . . . . . . 1443 .56
1540.7 .52 . . . . . . . . . . . .
1559.8 .93 1565 1.00 1540 .98

a Langho† 1996.
b Hudgins & Allamandola 1995a.

1999) ; e.g., phenanthrene possesses two aromatic rings with
four adjacent CH units and one ring with doubly adjacent
CH units. In our spectrum, these modes are observed at 744
and 826 cm~1, in rather good agreement with their matrix-
isolated counterparts at 756 and 836 cm~1, respectively
(Hudgins & Allamandola 1995a). The agreement for the
low-frequency skeletal bending modes is even better.
However, toward the blue end of the spectrum where CH
in-plane bending and CC stretching modes are located,
larger discrepancies are present. The four bands at 874, 985,
1034, and 1129 cm~1 of medium to very strong intensity
appear to have escaped observation in the spectrum of
Hudgins & Allamandola (1995a), although two of these
bands occur in the calculations by Langho† (1996). The
strong and not fully resolved feature observed near 1247
cm~1, which appears to consist of two bands at 1228 and
1259 cm~1 in spectra taken at lower laser Ñuences (not
shown), is redshifted by 1%È2% in comparison with this
feature observed in the matrix (B1280 cm~1) (Hudgins &
Allamandola 1995a) and also with the two bands calculated
at 1228.7 and 1308.3 cm~1 (Langho† 1996). A detailed
study of the phenanthrene cation including the linear
absorption spectrum with higher resolution will be dis-
cussed in a future publication by Piest et al. (2000).

The anthracene cation was found to fragment(C14H10` )
very efficiently. At the strong absorption features due to the
in-plane CH bending modes, saturation of the fragmented
fraction occurred, caused by severe depletion of the parent
ion. The spectrum is therefore recorded with the laser power
attenuated by 8 dB, and relative intensities are rescaled
accordingly, as shown in the middle panel of Figure 3. In
addition, the strongest feature in the spectrum is observed
slightly redshifted in the strongly saturated spectrum (1292
cm~1) with respect to its position in the spectrum recorded
at reduced power. Despite this correction, the feature
remains redshifted by about 2% with respect to the feature
in the matrix isolation spectrum (Hudgins & Allamandola
1995b) and in the calculated spectrum (Langho† 1996),
whereas the CH in-plane bending mode at 1186 cm~1 is
observed without appreciable shift (see Table 3). The inten-
sity ratio of the two in-plane CH bending modes appears to
be in agreement with matrix observations (Hudgins & Alla-
mandola 1995b), whereas the calculations seem to under-
estimate the intensity of the peak at 1186 cm~1 (Langho†
1996). The frequencies of the out-of-plane CH bending
vibrations are established at 739 cm~1 (four adjacent CH
units) and 905 cm~1 (nonadjacent CH units), corresponding
to a 1%È2% redshift with respect to calculated (Langho†
1996) and matrix-isolated spectra (Hudgins & Allamandola
1995b ; Szczepanski et al. 1993). Interestingly, the line at 905
cm~1 is observed slightly beyond the limit of what is nor-
mally observed for nonadjacent CH units, and moreover,
the line is accompanied by a second feature at 862 cm~1,
which was reported neither in the calculations nor in the
isolation spectra. Possibly, this feature arises because of a
combination mode in interaction with the 905 cm~1 funda-
mental, thus borrowing intensity and pushing the latter
toward higher frequencies. Combination of two low-
frequency skeletal bending modes may well provide a band
of the right energy and symmetry (Szczepanski et al. 1993).
The absorption observed at 1047 cm~1 may correspond to
the line observed by Szczepanski et al. (1993) at 1034 cm~1
and calculated at 1023 cm~1, though a blueshift of 1%È2%
must be assumed. Toward the high-frequency end of the
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TABLE 3

INFRARED ABSORPTION FREQUENCIES OF THE

ANTHRACENE CATION

Calculateda Matrixb This work

lvib Irel lvib Irel lvib Irel
753 .27 748 .26 739 .38
806 .01 . . . . . . 862 .09
913 .11 912 .09 905 .10
985 .02 . . . . . . . . . . . .
1023 .02 . . . . . . 1047 .10
1182 .03 1183 .01 . . . . . .
1196 .39 1189 .70 1186 .95
1279 .06 1290 .06 . . . . . .
. . . . . . 1315 .06 . . . . . .
1340 1.00 1341 1.00 1302 1.00
. . . . . . 1353 .31 1342 .45
. . . . . . 1364 .04 . . . . . .
. . . . . . 1410 .10 . . . . . .
1393 .37 1418 .86 1391 .50
1455 .06 1430 .01 . . . . . .
1459 .16 1457 .07 . . . . . .
1523 .21 1540 .15 1518 .27
1565 .17 1586 .14 1554 .25

a Langho† 1996.
b Hudgins & Allamandola 1995b.

spectrum, features are poorly resolved although the most
intense lines can still be discerned. For the lines at 1391,
1518, and 1554 cm~1, the agreement with the calculations
(Langho† 1996) appears to be slightly better than with
matrix frequencies, which tend to be blueshifted by about
2%.

The pyrene cation spectrum is shown in the(C16H10` )
lower panel of Figure 3 in conjunction with the calculated
spectrum (Langho† 1996). Fragmentation of pyrene
whereby a unit is detached is uncommon (Ekern et al.C2H21998), and thus the signal is rather weak (compare vertical
scale with that of, e.g., anthracene). From Table 4 one
notices that most prominent features are observed with a
redshift of typically 1.0%È1.5%, which is likely due to the
e†ects of vibrational anharmonicities in the present data. Of
the CH out-of-plane bending modes, only the one due to

TABLE 4

INFRARED ABSORPTION FREQUENCIES OF THE PYRENE CATION

CALCULATED a MATRIX b THIS WORK

lvib Irel lvib Irel lvib Irel
683.1 .05 . . . . . . . . . . . .
684.7 .24 690.1 .23 682 .12
863.4 .58 861.0 .27 854 .45
966.1 .06 976.5 .09 . . . . . .
985.4 .10 . . . . . . 989 .10
1098.3 .05 1102.0 .08 . . . . . .
1214.2 .09 1216.0 .12 1212 .50
1250.6 .42 1245.1 .34 1235 .80
1339.3 .70 B1357 1.00 1345 1.00
. . . . . . 1361.8 .16 . . . . . .
1412.2 .10 1421.1 .16 1405 .52
1433.0 .16 1440.3 .10 . . . . . .
1532.6 1.00 B1553 .89 1538 .80

a Langho† 1996.
b Hudgins & Allamandola 1995a.

doubly adjacent CH units is observed at 854 cm~1. Our
spectrum conÐrms that the band due to the two rings with
triply adjacent CH units, expected to be located between
750 and 810 cm~1 (Hudgins & Allamandola 1999), is appar-
ently too weak to be observed, as was previously suggested
by Hudgins & Allamandola (1995a). Of the CH in-plane
bending modes, the band calculated and observed in the
matrix spectrum near 1102 cm~1 (Hudgins & Allamandola
1995a ; Vala et al. 1994) is absent in our spectrum, whereas
the somewhat weaker band near 989 cm~1 is detected with
a small blueshift. In agreement with the matrix spectrum,
most intense bands are found in the in-plane CH bending
and CC stretching ranges, though, toward the blue ([1400
cm~1), intensities may be underestimated because of the
fading power of FELIX and the fact that the dependence on
laser Ñuence appears to be substantially higher than linear
for this ion.

5. EXCITATION MECHANISM

From the ionization potential of naphthalene (8.12 eV)
and the appearance energy of the fragment (14.4 eV)C8H6`(Gotkis et al. 1993), the energy required in order to disso-
ciate the ion can be estimated to be 6.3 eV, corresponding to
about 50 photons at 10 km. In view of the line width of the
infrared radiation and typical anharmonicities in vibra-
tional potentials, true multiphoton absorptionÈi.e., climb-
ing the vibrational ladder of the excited modeÈis clearly an
unrealistic mechanism here. A more likely process involves
sequential photon absorption. Such a mechanism has been
described in detail for fullerenes (von Helden et al. 1999)
and is able to explain the absorption of several hundred
photons per molecule, leading to thermal ionization of the
fullerene (von Helden et al. 1997).

To obtain insight into the excitation mechanism, the
density of vibrational states o(E) of the naphthalene cation
was evaluated using the Beyer-Swineheart algorithm (Stein
& Rabinovitch 1973) and calculated fundamental fre-
quencies (Pauzat et al. 1992) (see Fig. 4a). Assuming that
upon ionization the excess energy is mostly converted into
kinetic energy, the vibrational state distribution of the ion is
obtained by convoluting o(E) with the Boltzmann factor
e~E@kT at room temperature. Normalizing the vibrational
state distribution (Fig. 4b) and multiplying with the mode
energy yields the average energy per vibrational mode,
which gives an integrated average energy per molecule of
1006 cm~1. Note that at room temperature, only 9% of the
molecules are in the vibrational ground state (Fig. 4b),
which emphasizes the inÑuence of vibrational anharmoni-
city on spectral line positions. After absorption of the Ðrst
photon, an ion possesses on average 2000 cm~1 of internal
energy and Ðnds itself in a region where o amounts to
around 20 states per cm~1. IVR is likely to occur on a
subnanosecond timescale (Felker & Zewail 1985), whereas
the time available to absorb the photons is about 5 ks (i.e.,
the macropulse length). Competing decay mechanisms such
as collisional relaxation (at the background pressure of
about 10~6 torr) and infrared radiative decay typically take
place on a millisecond timescale or even longer. Provided
absorption strength and laser Ñuence are such to facilitate a
sufficient photon absorption rate, multiple photons can be
absorbed by a single molecule in which the absorbing mode
has only its thermal excited-state population. Thus it is
possible to avoid the shift away from resonance due to
anharmonicities. During and after the macropulse, the ion
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FIG. 4.ÈCalculated vibrational state density o(E) for the naphthalene
cation (top). Convolution with the Boltzmann factor and normalization
gives the relative populations in the various vibrational levels at room
temperature (bottom). Multiplying with the mode energy and integrating
over all modes gives an average internal energy per molecule of 1006 cm~1.

can release its internal energy by infrared radiation, col-
lisional quenching, or dissociation. Decay times for the
former two mechanisms are typically in the millisecond to
second range, whereas the dissociation rate for the naphtha-
lene cation is calculated to be 103 s~1 at 7 eV internal
energy and 105 s~1 at 8 eV (Gotkis et al. 1993).

Note that the bath of vibrational states not only aids in
the sequential photon absorption process, but also yields a
uniform fragmentation efficiency as it results in complete
scrambling of the ionÏs memory of the initially excited
vibrational mode. Consequently, fragmentation efficiency of
the ion depends only on its total internal energy regardless
of the vibrational mode through which the energy is
pumped into the ion. For the larger PAH cations, the vibra-
tional state densities are likely to be even higher, resulting in
even shorter IVR lifetimes.

Recording the spectrum at di†erent laser Ñuences reveals
(only) slightly nonlinear line intensities, which may come as
a surprise in view of the fact that more than 50 photons
need to be absorbed to reach the dissociation threshold. As
a possible explanation, it may be argued that the absorption
of the Ðrst photon is the rate-limiting step in the process
because the vibrational state density in the ion is still rela-
tively low at this point. Such a single bottleneck would give

rise to a linear dependence of the signal on laser power. As a
Ðrst-order correction, all spectra were scaled linearly with
laser power to compensate for variations in FELIX inten-
sity. Despite the nonlinearities, relative spectral intensities
as shown in Figure 2 compare fairly well with those in the
linear absorption spectrum (Piest et al. 1999a).

6. CONCLUSIONS

Applying the intense radiation of a free electron laser, it
has been possible to fragment PAH cations conÐned in a
quadrupole ion trap. Fragmentation occurs whenever the
laser radiation is in resonance with an allowed infrared
transition in the ion. Thus, mass selective analysis of the
contents of the trap as a function of wavelength allows one
to record the infrared spectrum of the PAH ion in the gas
phase. Care must be taken when interpreting the spectra, as
line positions may be shifted slightly with respect to the
ro-vibrationally cold ion, and, in addition, intensities may
be a†ected by nonlinearities. However, elimination of
unknown e†ects due to matrix isolation or van der Waals
complexation may be regarded as an important asset. Com-
pared with the messenger technique with which the naph-
thalene spectrum of Piest et al. (1999a) was recorded, the
technique presented here is far simpler in various aspects ;
no molecular beam apparatus is required, nonresonant ArF
ionization is applied instead of complex resonance
enhanced multiphoton ionization (REMPI) schemes, and
timing of the experiment is less critical.

The spectra obtained here compare favorably with avail-
able matrix isolation data though a redshift of typically
1%È2% is observed, most likely because of the di†erence in
sample temperature (Joblin et al. 1995). Note, however, that
the vibrational temperature prevailing in our experiments
(300 K) matches that of the PAH cations giving rise to the
UIR bands (300È1000 K; Le Coupanec et al. 1998 ; Joblin et
al. 1995) relatively well, and thus spectral line shapes and
shifts (due to anharmonic couplings) may be comparable.
More speciÐcally, one could consider the spectra shown
here as absorption spectra averaged over cations with inter-
nal energies ranging from about 1000 cm~1 to several eV,
whereas the UIR emission spectra may be considered as
averaged over cations cooling down over roughly the same
energy range.

Combination of this method with more sophisticated
mass-spectrometric techniques such as ion cyclotron reso-
nance or high(er) resolution TOF detection may greatly
improve the performance since, for example, the main H2-fragmentation channel may be resolved.loss
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