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The gas-phase electronic absorption spectra of the naphthalg;hdgocand acenaphthene (£H1+o)

cations have been measured in the visible range in a free jet planar expansion in an attempt to collect
data in an astrophysically relevant environment. The direct absorption spectra of two out of four
bands measured of the gas-phase cold naphthalene cation along with the gas-phase vibronic
absorption spectrum of the cold acenaphthene cation are reported for the first time. Direct absorption
spectra of their van der Waals complexes with argon are also reported for the first time. The study
has been carried out using the ultrasensitive and versatile technique of cavity ringdown spectroscopy
(CRDS coupled to a pulsed discharge slit noz#kDN). The new PDN-CRDS set up is described

and its characteristics are evaluated. The direct-absorption spectra of the polycyclic aromatic
hydrocarbor(PAH) ions are discussed and compared to the gas-phase and solid-phase data available
in the literature. The analysis of the results show that cold, free flying PAH ions are generated in the
argon discharge primarily through soft Penning ionization. This enables the intrinsic band profiles
to be measured, a key requirement for astrophysical application80@ American Institute of
Physics. [DOI: 10.1063/1.1564044

I. INTRODUCTION preclude a decisive comparison with astronomical data. MIS
surveys over a broad spectral range are critical however for
Polycyclic aromatic hydrocarbon®AHs) play an im-  the pre-selection of the most promising candidates.
portant role in astrophysics and have been the target of ex- Measuring the spectra of PAH ions in the gas phase rep-
tensive laboratory studiedor a recent review, see Ref).1 resents an experimental challenge because PAHs are large,
PAHs are found in meteorites and interplanetary dust pamonvolatile molecules that need to be vaporized and ionized.
ticles and have been suggested to carry the ubiquitous unfurthermore, due to the ultrafast nonradiative processes of
dentified infrared bands seen in emission in a wide variety ofnternal electronic conversion that take place in these large
interstellar and extragalactic environménas well as some molecular systems, detection by laser-induced fluorescence
of the 300 diffuse interstellar bandBIBs) seen in absorp- or by multiphoton excitation cannot be employed. The mo-
tion in the spectra of diffuse interstellar clouttsThe iden-  |ecular spectroscopy of PAH ions in the gas phase has thus
tification of the DIBs is the longest standing problem in as-remained unexplored until only very recently when two
trophysical spectroscopyfor a review see Ref.)5 The  groups succeeded in measuring the electronic absorption
present consensus is that the DIBs arise figas-phaseor-  spectra of cold PAH ions in the gas phdsé.
ganic molecules and/or ions that are abundant under the typi- e report, here, direct absorption measurements in the
cal conditions reigning in the diffuse instellar medium gas phase of electronic bands of the naphthalene and the
(ISM).>" A significant fraction of PAHs is expected to be acenaphthene cations and describe the cavity ringdown
ionized in the diffuse ISM.In order to unambiguously as- spectrometer-pulsed discharge noz@N-CRDS system
sess the validity of the PAH proposal, it is essential to meathat has been developed at NASA—Ames to measure the gas
sure the electronic absorption spectra of neutral and ionizeghase spectra of neutral and ionized interstellar PAH analogs.
PAHs under conditions that come close to the conditionsThe CRD spectrometer and the cold plasma source are de-
found in the interstellar medium, i.e., free, cold, moleculesscribed in Sec. II. Section Ill presents and discusses the gas-
and ions. Until very recently, laboratory measurements reliegphase absorption spectra of the cold naphthalene and
on matrix isolation spectroscofiIS) where PAHs are iso- acenaphthene ions. The conclusions are discussed in Sec. IV.
lated in a solid rare gas matrix at very low temperature and
submitted to vacuum ultraviolet radiation to mimic the ISM
conditions! However, even in the least perturbifigw po-
larizability) neon matrices the interaction of the trapped A schematic of the experimental setup is shown in Fig.
PAHs with the rare gas atoms of the solid lattice induces a. The apparatus consists of a pulsed discharge slit nozzle
frequency shift and a broadening of the band profile tha{PDN) mounted in a vacuum chamber and coupled to a high-
finesse optical cavity. The plasma expansion generated by
3Electronic mail: Ibiennier@mail.arc.nasa.gov the PDN is probed by a cavity ringdown spectrometer sev-
PCurrent address: Novawave Technologies, Redwood Shores, California. eral mm downstream with a sub-ppm to ppm sensitivity. The

II. EXPERIMENT
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FIG. 1. Schematic of the pulsed-discharge-nozzle cavity ringdown spectrofR&tFCRDS experimental apparatysee the text for details and Fig. 3 for
the timing sequenge

spectrometer is based on a pulsed dye laser for the injectiomsistor limiting the input currentji) a high capacitorf45
of visible photons into the high-finesse cavity. A photodetec-uF) maintaining a constant voltage when dischargitig) a
tor, connected to a high-speed scope or A/D board, is usefdst switching n-channel field effect transistor
for the detection of the visible photons leaking out of the reafMTP3N1208 that is capable of operating at high voltages,
mirror of the cavity. Individual components are described in(iv) a commercial radio transformer controlling the gate of
detail in the following. the transistor and isolating the HV circuit frofw) the pulse
control generator- 10 V), and(vi) two independent ballast
lines (1 kQ). A negative voltage pulse{400 to— 600 V) is

The PDN combines a supersonic slit free jet with twoindependently applied to both electrodes through the two
electrodes that produce a discharge in the stream of the plaeparate 1 R ballast resistors while the source body is in-
nar expansion! The pulsed supersonic slit jet is based on adependently grounded via a small 80resistor to provide a
design by Saykally and co-worketsThe source body con- current return path and a way to measure it. This implemen-
sists of a heated copper reservoir onto which three synchraation ionizes the seeded carrier gas pulse directly in the
nized pulsed solenoid valvé&eneral Valve Series)have  stream of the jet. The amplitude of the currert50 mA)
been adapted to drive the retraction of a 10-cm-long armaean also be derived from the measurement of the jaw voltage
ture that seals the slit from the inside. The slit aperture wags illustrated in the bottom trace of Fig. 3. The transient
produced using electro-machining methods ensuring a unidecrease in the magnitude of the jaw voltage is a measure of
form gap 200um wide and 10 cm long. The PAH sample the voltage drop across the ballast resistor, which is in turn a
(Sigma Aldrich,=95% purity) can be solid or liquid at room
temperature and is placed in a 25%rmsample reservoir
mounted on the bottom of the source. The sample can be

A. The cold plasma source: pulsed discharge nozzle

heated up to 250 °C to increase its vapor pressure. Two ce- negative high voltage IN
ramic heater strips attached at the bottom and on the top of casur B0k
the PDN assembly provide the heating. The top of the PDN 19V

assembly is always maintained at a slightly higher tempera-
ture than the bottom part\(T~2 °C) to avoid condensation

Transformer = =

of the high-refractory PAHs on the internal edges of the J: %l% source
nozzle. A typical argon gas pul$89.985% purity of 1 atm Yo I I N-channel FET
backing pressure and lasting 1.2 ms generates a background o,etition rate: 10 Hz gate
pressure of 150 mTorr in the expansion chamber at 10 Hz. pulse duration: 0.1 ~ 0.5 ms drain

Two polished stainless steel knife-edge electrode jaws

are mounted on each side of the slit. The two electrodes are reg, discharge

R1k 256W
insulated from the PDN assembly by a 1.5-mm-thick Macor W ballast resistors
rectangular plate possessing a slit opening equal to twice the LA 44 RIK O5W
width of the nozzle(400 um). An even gap(typically 400 anodes cathodes

mm) is maintained between the jaws. Figure 2 gives the SChquG. 2. High voltage electrical circuit. Adapted from Ref. 13. Typical op-

matic of the high VOItage pUIse genera]t%" is based ori) erational conditions are-500 V for the applied voltage and 50 mA for the
a low current HV source {1200V, 75 mA and a 10 K measured current.
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FIG. 3. (a) Time sequence. The time
sequence is empirically optimized.
Typical operational conditions are as
follows: The gas pulse duration is
~1000 —120Qus, the HV discharge
is applied for~500 us, the ringdown
is =100us and starts midway
through the gas pulse duration. The ar-
row a is the measure of the discharge
current flowing through the ballast re-
sistors and arrovb is the measure of
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direct measure of the instantaneous current through the disvith 7, the transmittivity,C, the small losses due to the direct
charge. absorption by the multilayer dielectric coating and the scat-
The plasma is expanded in a 25 cm cubic stainless steééring from the surface irregularities, the absorption coef-
chamber equipped with four ports. One port is used to mounficient of the gaseous sample present in the cavitythe
the PDN assembly. A transparent window is mounted on theavity length,c, the speed of light, and,, the photon con-
opposite port for visual observation of the jet expansion. Théinement time of the empty cavity. Once the decay rate for a
two remaining ports are equipped with two 2.5-cm-diam,fixed wavelength has been determined, the laser is tuned and
15-cm-long, cylindrical arms designed to accommodatghe procedure repeated to acquire a whole spectrum corre-
vacuum-compatible mirror mountf.os Gatos Researth sponding to the sum of the intrinsic losses, which vary
The chamber is extended in order to reduce the formation of|owly with the frequency over the broad reflectivity curve of
a deposit on the optical surfaces of the ringdown cavity. Furthe mirror, and the absorption due to the gaseous species
ther isolation is provided by inserting baffles into the arms of-yntained in the cavity. The same procedure is repeated with
the cavity and by circulating a continuous flow of argon inhe empty cavity. The absolute absorbance associated with
front of the mirrors. The gas expansion is evacuated perpenpe sample is determined by subtracting the baseline losses
dicularly to the expansion plane by a mechanical boostef,m, those obtained with the PDN source functioning. In the
pump (Edwards, EH-1200that is backed by a dry pump c,qe of PAH ions, the sample absorption bandwidth is
(Edwards, GV-250) The pumping capacity of the system is ﬁ:oader than the laser linewidth and the measurements re-

250 I/s. The jet assembly can be moved back and forth an ain quantitative. Their spectra are not affected by nonlinear

up and down from the outside to probe the planar exp"’ms'ore]lbsorption effects due to the injection in the cavity of modes

from O to 2 gm downstrgam, although the expansion is usuéncountering nonhomogeneous losses that would, otherwise,
ally probed in the postdischarge regi¢h mm downstream

the electrode javjsvhere the absorption signal is maximum result in the underestimation of the concentration.
] P 9 ' The laser source of the NASA—Ames CRD spectrometer

is a 0.1 cm ! linewidth, tunable, pulsed Continuum ND6000
B. Cavity ringdown spectrometer dye laser that is pumped by the second harmonic of a
é}ld:YAG Quanta Ray DCR 1A, operating at 10 Hz. The ex-
citation of pure longitudinal cavity modes that is essential for

nesse optical cavity formed by two high-reflectivity concavelN€® conservation of the monoexponential behavior of the
mirrors4 Photons are injected into the cavity through theraPped photon decay is aided by mode matching the incident

front mirror when the laser spectral linewidth overlaps with2S€r pulse using two lenses and a pinf&@-80xm diam-

at least one cavity mode. A photodetector is used to monito?te')- This optical configuration also helps spatially filter the
the exponential decay of the number of photons escaping tHE€OmMing non-Gaussian beam. The ringdown cavity is com-
cavity through the rear mirror, with a characteristic time thatP0Sed of two concave dielectric super mirrdtos Gatos
depends on the intrinsic losses of the cavifansmission, Research 99.99%-99.999% reflectivity coefficient, 6 m
Scattering’ and absorption by the m”‘mmd losses due to curvature I’adIUS, mounteld=55 cm apart. The h|gh reflec-

the gaseous absorbent present in the cavity. In the high rélvity curve of the mirrors covers typically-12% of the
flectivity mirror limit, the decay rate can be written as wavelength of maximum reflection i.e., 70 nm at 600 nm.

The beam waist remains almost constasat500 xwm diam-
1=w=i+mx (1) etep along the 10 cm probing column. A photomultiplier
T I/c o tube (Hamamatsu R955s used to detect the ringdown pho-

Cavity ringdown spectroscopy is based on the measur
ment of the lifetime of photons trapped in a stable high fi-
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FIG. 4. Gas phase absorption spectrum of the four stronger vibronic bands@§4h®, electronic transition band system of NpThe vibronic bands were
all measured individually in separate spectral windows.

tons that leak out of the cavity. A narrowband filter is used toextraction of the cavity losses. Each ringdown event is trig-
dramatically reduce the stray photons arising from the chargered on its falling slope at a given threshold and fitted in-
acteristic glow emission of the carrier ga& or Ne) plasma.  dependently with an exponential decay wave form with a
The photocurrent is subsequently amplified bytrans floating baseline determined by sampling 10 data points be-
impedance circuit and digitized by a 500 MHz 9 bit oscillo- fore the trigger. The ringdown time of the 55 cm cavity lasts
scope (Textronix TDS 3052 or a 20 MHz 12 bit digital from 20 to 100us depending on the reflectivity of the di-
acquisition board(Adlink, PCI9812-2. The data are then electric mirrors. Given the 10-cm-long absorption column of
processed in a PC by eaBviEw program that has been the PDN, these decay times correspond to effective path
developed to carry out treatment of the digital signal andengths of 1-5 km. The noise level is better than 0.1 ppm for

TABLE I. Naphthalene ion (GHg) absorption peak positions and widths of the vibronic bands foDthe-D, electronic band system.

Gas phase Solid phase

PDN-CRDS cw-jet CRDS Photodepletioh MIS/Ne?
Assignment A% (nm) v (em™) Av (cm™) N (nm) Av (cm™Y N (nm) Av (cm™} A (nm) Av (cm™
0 670.70 14905.7 25 670.65 31 670.69 23 674.1 120
vo(ag) 648.89 15406.7 25 648.84 43 648.93 e 652.0 :
v4(ag) 612.52 16321.5 27 612.48 615.1
vo(ag) + v4(ag) 593.35 16848.8 31 593.4 o 596.5
aThis work. dSalamaet al. (Ref. 19.
bew-jet expansion pulsed discharge CRDS. Romaeiral. (Ref. 9. CAir wavelength.
‘Pinoet al. (Ref. 18. fVacuum wave numbers.
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the “empty” cavity and reaches 1-2 ppm loss per pass wheqc, Hi) have been measured and are shown in Fig. 4. Mea-
the plasma is expanding. The increase of the noise level i§urements were performed at~a70 °C reservoir tempera-
primarily due to scattering by the plasma, and more margintyre, under~760 Torr backing pressure and—500 V ap-
ally to the incomplete blocking of the fluctuating blue emis- pjlied voltage. The 670.70 and the 648.89 nm bands are in
sion of excited argon atoms that superimpose with “ring-perfect agreement with our previous CRDS measurerients
down” photons leaking out of the cavity. We usually averagewhile the 612.52 and the 593.35 nm bands are measured for
8-20 laser shots before tuning the laser wavelength. Thehe first time through direct absorption CRDS. The four vi-
spectrum is finally processed by an 11 pointsi(cm™*)  pronic bands have been previously assidfdry analogy
Savitsky—Golay smoothing procedtitehat keeps the line yith the spectrum of neutral naphthalene to transitions in-
shape distortion minimum. The wavelength calibration isvolving the out-of-plane distortion modeg(ay) and the
performed by using the well-documented absorption line ot _c stretching vibration mode of the bond common to both
sitions of metastable argdfi. . _ _ rings v(ay) and are listed in Table | where the measured

~ The time sequence followed in the experiments is defrequencies are also compared with the values obtained by
picted in Fig. 3. It is an empirical optimization of the se- \is in a Ne matrix'® cw-jet expansion CRD&and photo-
quence adopted by Motylewski and Linnatfz multichan-  gissociation of the Np—Ar complex prepared by resonant
nel pulse generator controls a _pu!sed valve dnﬁ@enerql two-photon two-color ionizatiofR2P2C).28 The band peak
Valves, lota Ong for gas admission, a homemade high- y,gitions are determined with an accuracy better than
voltage discharge circuit and the firing of the laser. In atypi-—- 9 95 nm and in excellent agreement with the measure-

cal experiment, t.he gas pulse QUration i_s set to 1._Q—1.2 MSients from previous gas-phase experim@ﬁ?sThe small
and can be monitored by delaying the discharge firing. Theasiqual uncertainty results mainly from the error bar deter-

high-voltage pulse is kept on two to three times longer thanyineq py the fitting procedure described in the following and
the ringdown event and sta_rts 509 MS after the solen0|d. is strongly correlated to the signal-to-noi€®/N) ratio. We
valves open. A short delay is maintained between the highy s, note ‘that the intensity of the absorption signal has been
voltage switch on and the triggering of the laser. Mon'tor'ngimproved by two orders of magnitude as compared to our
the fluorescenpe and/or phosphorescence of the metas_talapevious pulsed-CRDS measurements that were performed
Ar atoms and |on$ob_se_rved _when the_ nz_zlrrowband filter is under identical experimental conditiofsame backing pres-
removed helps to optimize discharge timing. sure, same carrier gas, same sample temperature, and same
applied voltagewith a cw slit jet expansioR.The combina-
IIl. RESULTS AND DISCUSSION f[ion of vario_u_s factorgsuch as a longer and \_Nider slit, an
improved mixing of the seed molecul&2AHs) with the car-

The visible absorption spectra of the gas-phase naphthaier gag has contributed to the enhancement of the absorp-
lene (qug) and acenaphthene (£E|1+o) cations have been tion signal. Inversely, the lower reproducibility of the hydro-
measured with the newly developed instrument. In the casdynamic conditions in pulsed expansion flows as opposed to
of the naphthalene cation, four vibronic bands of the firstcw conditions leads to about one order of magnitude increase
electronic band system have been measured through CRD& the level of noise in the signal. The result of these com-
Two out of four bands are measured for the first time inpeting factors is a net S/N gain of a factor 10 in the present
direct absorption completing and expanding our prior cavitymeasurements.
ringdown work® The bands were all measured individually The strongest absorption peak at 670.70 nm is assigned
in separate wavelength windows defined by the convolutiorio the band origin. The band is broad, unresolved, with two
of the response curve of the high reflectivity mirrors and theweaker broad features at lower energy. Considering the
dye laser outputsee Sec. )l Band relative intensities were maximum extent of the rotational structure—4 to
scaled using the data available in the literaftféThe mea- 6 cm 1 —that is expected for a molecule the size of naphtha-
surements are compared with detailed matrix isolatiorene for a rotational temperature of 20—100 K in the super-
spectrd® data and with the data derived from the method ofsonic slit jet expansidi and the absence of substructure, we
gas-phase molecular depletithThese comparisons bring conclude that unresolved rotational structure cannot account
conclusive evidence regarding the vibrational states of théor the observed bandwidth. The broadening of the spectrum
probed naphthalene cations(8g ). The electronic absorp- is characteristic of a nonradiative relaxation process of the
tion spectrum of the acenaphthene cationtG,) is re- excited state through internal conversion followed by in-
ported for the first time in the gas phase and compared ttramolecular vibrational redistribution of the enef§y? In
MIS data® The presentation of the spectra is followed by the statistical limit, it translates in the frequency domain into
the discussion of the ion formation mechanism. a homogeneous broadening characterized by a Lorentzian

_ + profile with a width that is proportional to the inverse of the
A. The naphthalene ion  (CsoHg) time scale of the relaxation process. The fitting of the two

Naphthalene is a planar hydrocarbon that belongs to thstronger peaks leads to a full width at half maximumIof
D,, symmetry group. We have adopted the configuration=25 cni ! for each band(see Table ). A lower limit of
where thex andy axes correspond to the long and short axesl/2#1"=212 fs is derived for the relaxation time in excellent
of the molecule, respectively. The first four strong absorptioragreement with the 200 fs value that was recently derived
bands belonging to the vibrational progression of thefrom a femtosecond transient grating spectroscopy study of
Zng(Dz)HXZAu(Do) electronic band system of Np the internal conversion of the naphthalene cation isolated in a
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TABLE Il. Absorption peak positions of th®,« D, vibronic transitions of Np and its associated vdwW
complexes with argon.

Np* Np*—Ar (1/0) Np*—Ar, (1/1)
Assignment Am?2  pvem?d)  A@mm  v(em?d) A mm v (cmd)
0 PDN-CRDS 670.70 14905.7 672.53 14865 674.53 14821
Photodepletion 14906 14863 14820
Vg(a.g) PDN-CRDS 648.89 15406.7 650.48 15369
Photodepletion 15408 15365 15322

2As intramolecular processes dominate the dynamics, the main absorption peaks ahdljis vdW satellites

(1/0) and(1/1) are expected to exhibit the same Lorentzian profile. The bands are fitted accordingly and lead
to Av=25cm L.

bThis work.

‘Pinoet al. (Ref. 18.

solid matrix?® Furthermore, the bandwidths measured here  The weak band seen at 672.53 nm (14865 &rin the
are similar to the intrinsic bandwidths observed by photodisspectrum(see Fig. 4 is assigned to the vibrationless elec-
sociation of the Np—Ar van der Waals complé% clearly  tronic transition of thg1/0) Np*™—Ar van der WaalgvdW)
indicating that the discharg#oes notsignificantly affect the complex that is also formed in the expansion. We measure a
vibrational temperature of the aromatic ions in the coldvalue of —41 cmi ! for the vdW shift induced by one argon
plasma expansion. As the lifetimes associated with the coolatom in excellent agreement with the value 643 cm !
ing process of the PAH ion@nainly by IR cascade emission that has been reported for the electronic transitp
on a millisecond time scalegreatly exceed the residence «D,.*® The spectral signature of the NpAr vdW (1/0)
time of the Ar atoms in the active region of the plasmacomplex is also weakly detected at 38 thto the red of the
(1es~3 uS), these observations seem to indicate that theecond band absorption at 648.89 nr,(vg)«Dy).
aromatic molecules arsoftly ionized(i.e., that the ions con- Weaker signal intensities have precluded the detection of the
serve the vibrational state of their neutral precursol@en  spectral signature of the vdW complex associated with the
production mechanisms are discussed in detail in Sec. 111C612.52 D,(v4)«Dg) and 593.35 nm D,(ve+ v4)<—Dg)
Finally, we note that the bandwidths measured in the cw-jebands. It has also been shcdttithat the vdW shift doubles
CRDS experiments were up to 1.5 times larger than the vawhen a second inert gas atom binds in an adsorption site of
ues measured in the current wadee Table)l These differ-  the aromatic unit that is equivalent to the one occupied by
ences may be partly explained by the lower S/N in the earliethe first atom. This so-called shift additivity rule is also valid
results even if other effects due to different plasma condifor ionic vdW complexes since little geometric change is
tions (e.g., probing between the electroeannot be com- expected after ionization of large molecular species. Vibra-
pletely ruled out. tional analysis of matrix-isolated spectra also indicate that
there is no significant deformation of the molecular skeleton
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FIG. 5. Comparison of cavity ringdown spectrosc¢@RDS—solid line— Wavelength (nm)

and Ne matrix isolation spectroscopyIS)—dashed line—measurements

of the vibronic progression of the,«— D, electronic transition band system FIG. 6. The origin band of th®,« D, electronic absorption band system

of Np*. Since the vibronic bands were all measured individually in separateof the cold acenaphthene ion in the gas phase measured by CRDS. The small
spectral windows, relative intensities are scaled using the data available idashed traces correspond to the three components which are required to
the literature(Ref. 9 and 18 (see the text for more detaljls reproduce the measured band profgelid line).
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TABLE Ill. Absorption peak positions corresponding to thg« D, vibrationless electronic transition of Ac
and its associated vdW complexes with argon.

Ac* Act—Ar (1/0) Ac’—Ar, (1/1)
A (nm)? v (cm™1) X (nm) v (cm™1) A (nm) v (cm™1)
PDN-CRDS 646.27 15469.1 648.6 15418 650.8 15367
Photodepletioh 646.23:0.3 15470 648.50.3 15416 650.720.3 15364

@As intramolecular processes dominate the dynamics, the main absorption peaks$ ahédts two vdw
satellites(1/0) and(1/1) are expected to exhibit the same Lorentzian profile and are fitted accordingly and lead
to Av=55cm L.

®This work.

°Brechignacet al,, private communicatioiRef. 30.

of PAHs upon ionizatior(see e.g., Refs. 19 and 25aking  hybridized C atoms increases the propensity for H-fdss.
advantage of the high quality S/N associated with the stronBecause of the reduced stability of hydrogenated PAHs com-
gest Np° vibrationless transition band and relying on the pared to regular PAHs, the acenaphthene molecule is a good
shift additivity rule, we assign the peak located atcandidate to test the conditions in which the aromatic ions
14821 cm* (—44 cm* from Np*—Ar) to the Np'—Ar,  are formed in the cold plasma expansi6re., if they are
(1/1) complex(i.e., a vdW complex with an argon atom on indeed formed by soft Penning ionization

each side of the plane of the carbon skelgtdfigure 4 The direct absorption spectrum of the acenaphthene ion
shows that the bare Npion and the Np—Ar (1/0) and  (Ac*) in the gas phase is reported for the first time.
Np™—Ar, (1/1) vdW complex absorption bands exhibit very aAcenaphthene is a planar hydrocarbon that belongs to the
similar broadenings. As intramolecular processes dominate, symmetry group. We follow the choice of long)(and

the dynamics, the excited Npand its complexes with argon ghort () axes adopted for naphthalene. The electronic states
will follow the same relaxation pathwaySThis implies that  jnyolved in the transition are assigned based on recent MIS
Np* and its vdW satelliteg1/0) and (1/1) will exhibit the  ag,1ts20 In this paper, we report the vibrationle8s(D,)
same Lorentzian profile. The bands are fitted accordingly_XAz(Do) electronic absorption spectrum of Acpeaking
leading to the bandwidth reported in Table Il. The bare"Np at 646.3 nm. Figure 6 shows the spectrum measured at a
ion absorption band and th#/0) and(1/1) vdW argon com-  oqenoir temperature of 90 °Gample vapor pressure of

plex satellite bands exhibit an intensity ratio of 20:6ske 0.528 Torf®), under 760 Torr backing pressure of argon and

Fig. 4). . : ;
. . an applied voltage of-500 V. The intensity of the absorp-
The absorption spectra of Npmeasured in the gas tion signal of Ac" is six times weaker than for Np consis-

(S.O“d ling) and SO“.d phasegdotted ling are cpmpared N tent with the fact that acenaphthene has a vapor pressure that
Fig. 5. The dotted line represents the absorption spectrumof .. ' . : )

. : : . : . 1s five times lower than that of naphthalene while the transi-
Np™ trapped and isolated in a Ne cryogenic matrix main-

tained at a temperature of 5'R Although the two spectra tions associated with the two cations have comparable oscil-
are similar, this comparison clearly illustrates the need foJatgr strngﬂtf&&(gf tthhe ordtgr ?f Ol'l ?St.%?;syriq by M5 d
gas-phase data to unambiguously identify the carriers of th@" pri Ic E y | core |cal ca C:;.ad' hi rect |gnl;':1c r?n|
diffuse interstellar bands or any free interstellar moleculafO"WOrkers have aso_recer_nystu led this cation by t € laser
species for that matteisee Sec.)l Two major effects in- photerpIetmn technique Ina molecular F’é%m_”d their
duced by the solid phase environment are observed in thgXPerimental values are given for comparison in Table III.
spectrum of the matrix-isolated Np First, a redshift in en- 1he band measured by PDN-CRDS exhibits a strong asym-
ergy in the band positions of the MIS measurements commetry in its profile that we assign to the contribution of the
+
pared to the gas-phase data. In this specific case, we measd¥e’ —Ar (1/0) and Ac"—Ar, (1/1) vdW complexes. Follow-
a band shift in energy of about 0.5% to the fed 75 cn %) ing the described above procedure, the band profile has been
when Np° is trapped into a neon matrisee Table )l in fit with the sum of three Lorentzians with the same width and
agreement with previous gas-phase stutidn addition to equally spaced. '[rllis fitting procgdure results in_a be_mdwidth
a significant shift in energy, the interactions between the hos?f 2.3 nm (55 cm~) corresponding to a relaxation time of
lattice and the trapped molecular ion induce a broadening ot00 fs. The bandwidth is twice as broad as that of the naph-

the bands(of the order of four to five times the intrinsic thalene ion. The position of the main peak at 646.27 nm is
bandwidth as evidenced in Fig).5 very close to the value of 646:20.3 nm derived from Ref.

30. The Ac¢ —Ar (1/0) and Ac" —Ar, (1/1) vdW complexes
absorption bands peak at 648.6 and 650.8 nm, respectively,
and are shifted to the red by 52 and 104 cmrespectively.
Acenaphthene belongs to the chemical class of hydrogeFhe peak positions of th@l/0) and(1/1) complexes are con-
nated PAHs(i.e., PAHs with an excess of hydrogen sistent with the values obtained in Ref. 30. One should, how-
Acenaphthene has been found in meteorites along with nwever, note that the uncertainty on the determination of the
merous regular PAHE Recent laboratory studies of the pho- peak positions of thg1/0) and (1/1) complexes depends
tostability of a variety of PAHs show that the presencept  strongly on the peak intensity in the case of broad spectral

B. The acenaphthene ion (Cy,H7)
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features, and is as high as0.2 and=+0.4 nm, respectively. (i) By charge transfefCT) between neutral PAH pre-
Table Il summarizes the results. The electronic absorptioffUrsors and ionized carrier gas atoms,

band of the A¢ molecular ion is redshifted by 0.3%er Ar+e —Art+2e-,

42 cm 1) when it is trapped in a neon matri848.1 nm and &)
its width is about 3.9 nm (92 cnrt) or 1.7 times its value in PAH+Ar* —PAH" + Ar

';he g"ti; phas@.'rl;he V?Iug]()f thle_:dfrer?uengy fh'ﬂ WEen gt(r)]lng or (i) through Penning ionizatiofPl) of the neutral precur-
rom the gas phase to the solid phase is lower here than ig by metastable argon atoms,

the case of Np. This effect might be due to the increased
rigidity of the molecular skeleton of acenaphthene by the Ar+e —Ar*+e-
presence of three additional C—C bonds as compared to . N B
naphthalene. This increased rigidity would tend to minimize PAH+Ar" —PAH" +Ar+e".

the perturbation(deformation induced on the molecular Penning ionization appears to be the dominant channel for

structure by the solid lattice of the neon matrix. Finally we the formation of cold PAH ions in the discharge as we dis-

note that, in this case, the intensity ratio of the bare iorcuyss in the following.

(Ac™) with its (1/0) and (1/1) complexes is 7.5:3.0:1.0. Mass spectrometry studies show that the outcome of the
collision of an electron with an aromatic target depends
strongly on the energy of the projectile. For example, at the

C. Production mechanism of the aromatic ions standard high-energy mode of most mass spectromgters

This section addresses the formation mechanisms of thaet electron energy of about 70 g\the most probable out-

C o : ; - . come of the collision is the fragmentation of the molecule. In
aromatic ions in the discharge. This is an essential step tQ[—

. ) " . : he case of naphthalene, two-thirds of the molecules ionized
ward modeling the physical conditions in the plasfvibra- d f &4 whil hird ionized i .
tional temperature, densjtyand optimization of the ion end up _ragm_ent while one-t_ 'rd are lonized in various
source. It is also a, kev requirement. in our specific case telectronlc excited states. Photoion mass spectrometry studies
assess the relevance >c/Jf tf?is experimental a proach to s:i,m%?lve identified the loss of —H, -8, and —H as the pri-
P PP ary fragmentation channe3 A significant fraction of the

late interstellar conditiongfree, cold iong The following remaining naphthalene ions, formed in thBiy excited elec-

discussion will focus on the naphthalene ion because it is thFronic states, undergo rapid intramolecular vibrational relax-

polycyclic aromatic ion that has been the most extensively .. . : )
S . ation (IVR) on a picosecond time scale followed by internal
studied in the gas phase. The conclusions are, however, gen- . . . )
. L conversion(IC) to lower electronic states with the same spin

eral for this class of aromatic ions.

Sased on e CRDS meastrement of an absoue avsrf b oo 11 164 18 el rownd clctonic s
tion of 50 ppm per pass for the strongest band of" Ny g 9y-

670.70 nm and on the determination by R2P2CI of an abpot expected to play a major role given their estimated low

. . "6 . quantum yield and the molecular ions cool primarily through
Sorptllgn cross section .Of 4410 . C.mz for_ this same infrared emission with a millisecond time scéfeThe time
band;® the molecular ion density is estimated to be

100 ¢m~2 in the probed postdischarge region 2 mm dOwn_scale of the radiative cascade emission is thus orders of mag-

T - nitude larger than the time of flight of the molecular ions to
stream from the sharp jawse., 3.5 mm from the origin of the probed postdischarge region 4.5 us). One of the ef-
the planar expansionThis value translates into a 1®ion- b b g 9 > AS)

o - L S f f El in our experiment is therefor r ramati-
ization efficiency when taking into account the dilution fac- ects o our experiment is therefore to reduce dramat

tor of neutral naphthalene in Ar of 0.3% at a backing pres_cally the population of aromatic ions formed in their ground

sure of Ar of 800 torr py,=2.6 Torr at 66°C) and when state. It is difficult to quantify the depletion of the vibrational

adopting the neutral aromatic molecular density derived fror‘riJround state at this point because the naphthalene EI ioniza-
pting y ion cross section and the mean electron energy in the plasma

the hydrodynamlqs equations in the case of a p'aﬂar €XPa%re unknown. The latter is difficult to model because of the
sion generated with a 20@m-wide, 10-cm-long slit iy,

—10%cm 2 at 3.5 mm from the origin of the planar strong density grad|en.t in the supersonic jet and the partmq
NI lar geometry of the discharge arrangement. Thus, we esti-
expansion . . .
. . mate that El is a minor channel for the formation aafld
As a consequence of supersonic velocities (5

: ) molecular Ng ions.
X104. cm/s for Ar gtom}s. the 0N precursors spend;& n The hypothesis of a very limited contribution of El is
the discharge environment. During this short residence time . .
Ar atoms and aromatic molecules are bombarded bSupported by the observation of the collapse of the aromatic
(i/Q)/AX 7.o= 5% 102 electrons/cr where A~ 20 mn? is on signal when a small fractiofa few percentof neon or

the plasma. cross section aind 50 MA is the current helium is introduced in the carrier gas. If El is a major pro-
P o . . duction channel, the ion yield should be independent of a
The aromatic ions can be generated in the discharge,. . e : .
. Slight change in the composition of the carrier gas mixture.
from their neutral precursors through three channels of for- . .
mation Also the observation of a change in the glow color from

(i) By electron impactEl) with energies higher than the blue/violet to orange/red when Ne is added to the carrier gas

TR . or to white/green when He is added indicates that a signifi-
ionization potential(IP) of the neutral precursoflP range ) . o .

cant fraction of Ne/He atoms are excited or ionized. This
between 6 and 8.5 eV for PAKs

means, in other words, that electrons with energies higher
PAH+e” —PAH" +2e". (2)  than 19.82 eV{S, He*, first metastable statare produced

4
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in the chamber. These observations imply that the Ne/Hget planar expansion are reported and discussed. Two vi-
metastable atomdo not efficiently transfer their energy to bronic bands associated with th%ng(D2)<—X2Au(Do)
the neutral aromatics. In particular, they provide an uppeelectronic band system of the cold naphthalene cation
energy limit of 16.62 eV{P, Ne*, first metastable statéor (CiHg ) and the vibrationlesB,(D,) « XA,(Dg) electronic
efficient ionization of the aromatic molecules in the dis-transition of the cold acenaphthene cation 4G, are re-
charge. ported for the first time through direct absorption measure-
These findings are corroborated by two recent experiments in the gas phase. Direct absorption spectra of vdwW
mental studies. The first study shows that organic moleculesomplexes of the type PAH-Ar (1/0) and PAH" —Ar, (1/1)
with an 8 eV ionization potential are heavily fragmentedare also reported. The spectral characteristics of the bands
upon bombardment with metastable atom with energiesire discussed and analyzed in view of the limited data avail-
higher than 16 eV (Ne and H¢ metastable atoms® The  able for PAH ions in the gas phas€RDS cw slit-jet
same conclusions are reached by selected ion flow tube stugxperiment and R2P2CI molecular depletion d4t&49.
ies of the branching ratio and the rate constants for the reacrhe characteristics of the pulsed discharge nozzle—cavity
tion of a variety of positive ions with naphthalene at high ringdown spectrometefPDN-CRDS system developed in
temperaturé® They determined a 16 eV dissociation thresh-our laboratory to measure the spectra of interstellar aromatic
old for the naphthalene cation, a value substantially higheanalogs under conditions that are relevant to astrophysics are
than the H loss threshol(ll5.41 eV appearance enefy discussed. An attempt is also made to identify the main for-
because of kinetic shifts and quenching by collisions with themation mechanisfs) of the aromatic ions in the discharge.
helium buffer gas® Because of the collisionless environ- The main conclusions that are derived from this study
ment provided by a supersonic expansion, the fragmentatiogre the following.
threshold should be lower in our experiment. As the ioniza- (1) The PAH ions that are generated in the plasma of the
tion potential of Ar lies jUSt above the fragmentation thrESh'PDN source are primar"y formed through soft Pl of the neu-
old at 15.75 eV {Py, and ?P;, state, it nevertheless tral precursor minimizing vibrational heating.
means that the charge transfer of’Ao the neutral Np is not (2) As a result, the PAH ions that are formed in the
an efficient process and leads in most of the cases to thepansion are coldvibrational temperature of the order of

heating and the fragmentation of the target aromatic molq100-150 K leading to the measurement of tingrinsic pro-

the formation ofcold molecular Ng ions and conclude that (3) The bandwidths of the vibronic bands of free PAH
the dominant process of ion formation in the plasma isions are intrinsically broad due to femtosecond, nonradiative,
through Penning ionizatiotPl) of the neutral precursors jntramolecular relaxation mechanisnkC combined with
with metastable argon atomsll(55eV°P, active meta- |R) that mask the rotational structure as can be derived by
stable state comparison with the R2P2CI molecular depletion findings.
In PI, the electronically excited metastable atoms have (4) The ionization yield is lowof the order of 105) due
diffuse outer orbitals, giving rise to relatively soft intermo- i the competition of the PI channel with the fragmentation
lecular repulsion in nonbonded excited state potentials. Anannels of the neutral PAH precursor through El and CT.
low energy ionizing collision is themear adiabatic in re- (5) Penning ionization makes the ionization vyield

spect to its effect on the vibrations of the target m°|eC“|estrong|y dependent upon the nature of the carrier gas.
(i.e., the wave functions and Franck—Condon factors are un- (6) vdW clusters of the type PAH-Ar (1/0) and

disturbed by the ionizing collisiort” The final vibrational PAH" —Ar, (1/1) are formed and observed in the jet expan-

states produced by Penning ionization will thus depend oRjo, The measured vdW shifts associated with these clusters
the Franck—Condon overlap of the vibrational wave func'verify the additivity rule.

tions of the initial statéelectronic ground state of the neutral

) , : , (7) Comparison of the gas-phase spectra with matrix-
aromatic precursoi$,) with the final statgelectronic state

RN isolation spectroscopy data permits quantification of the per-
of the aromatic ioh The_ _phqtoelectr_on spectra of Wp turbations induced by solid inert gas matrices in the case of
show that thDo«—S, transition is effectively a near vertical the naphthalene and acenaphthene molecular cations. Red-
lonization process confirming that the aromatic ions A hifts of 0.5% and 0.3% are found in the band peak positions
formed through a soft ionization mechanism in our source f the naphthalenieand the acenaphteheons, respectively

The fragmentation of the aromatic molecules upon EI an hen isolated in solid neon. The solid neoﬁ matrix also,in-

CT may gxplaln the observed. dgpogt of.soo_t on the elecauces band broadening of the order of two to five times the
trodes. It is expected that the ionization yield increases as Rtrinsic bandwidth

reciprocal function of the energy gap between the ionization In conclusion, a PDN-CRDS system has been developed
potential (IP) of the target molecule and the energy of theto measure the direct absorption spectra of ldige, more
metastable *cé';lrrier gas atom._Heavier carrier gas—_such #an 10 carbon atoraromatic ions in a free jet pI:amar ex-
Krypton_(Kr P.Z’ .9'92 eV, active metastable statemight pansion. This information is essential for astrophysical stud-
be required to ionize larger PAHwith lower IPs. ies because it allows one tlirectly compare laboratory spec-
tra with astronomical observations of the interstellar medium
in the UV-NIR range(e.g., Hubble Space Telescop# also

The absorption spectra of cold, free, naphthalenexpands the frontiers of molecular spectroscopy and dynam-
(CiHg ) and acenaphthene {£1],) cations formed in a free ics into the—for the most part—unexplored domain of large

IV. CONCLUSION

Downloaded 16 Apr 2003 to 143.232.124.88. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



7872 J. Chem. Phys., Vol. 118, No. 17, 1 May 2003 Biennier et al.
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