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Mass-selective ground-state vibrational spectra of jet-cooled carbazole•R ~R5Ne, Ar, Kr, and Xe!
van der Waals complexes were obtained by populating ground-state intra- and intermolecular levels
via stimulated emission pumping, followed by time delayed resonant two-photon ionization of the
vibrationally hot complex. By tuning the dump laser frequency,S0 state vibrational modes were
accessed from'200 cm21 up to the dissociation energyD0. Upon dumping to ground-state levels
aboveD0, efficient vibrational predissociation of the complexes occurred, allowing us to determine
theS0 state van der Waals binding energies very accurately. TheD0(S0) values are,214.560.5
cm21 ~R5Ne!, 530.461.5 cm21 ~R5Ar!, 687.964.0 cm21 ~R5Kr!, and 890.861.6 cm21 ~R5Xe!.
In the S1 state, the corresponding binding energies are larger by 9% to 12%, being,222.961.0
cm21, 576.361.6 cm21, 756.464.5 cm21, and 995.862.5 cm21, respectively. ©1995 American
Institute of Physics.

I. INTRODUCTION

Weakly bound van der Waals~vdW! complexes between
aromatic molecules~M! and rare-gas atoms~R! have become
prototype systems for the investigation of solvation at a mi-
croscopic level, especially with respect to spectroscopic
properties,1–3 intermolecular vibrational redistribution~IVR!,
and vibrational predissociation~VP!.4–15 Especially for the
dynamic studies, the weakness of the vdW bond is an essen-
tial feature. Despite extensive research on aromatic vdW
complexes, these intermolecular binding energies are still not
known to high accuracy. Thus for, e.g., benzene•R com-
plexes, the binding energies have been at the focus of recent
experimental and theoretical research.16–20

We have recently introduced thestimulated emission
pumping/resonant two-photon ionization~SEP-R2PI! method
for the mass-selective determination of ground-state vdW
binding energies and vibronic spectra of jet-cooled aromatic
van der Waals complexes and clusters M•R or M•Rn , where
M is an aromatic molecule~carbazole! and R a solvent
atom21,22 or molecule.23 The results obtained so far for
carbazole•Ar ~Refs. 21 and 22! reveal great potential for the
investigation ofvibrational states, binding energies, anddy-
namicsof weakly bound aromatic vdW systems in the elec-
tronic ground state. From the point of view of theory, inter-
molecular interactions in electronic ground states are much
more tractable than excited states, and accurateab initio cal-
culations of molecular properties are now possible.16–19Ex-
perimentally, the ground-state polarizability and charge dis-
tribution of the aromatic molecule are usually characterized
much more accurately than for excited states. In the present
work, we extend the application of this method to the com-
plexes of carbazole with R5Ne, Kr, and Xe.

SEP-R2PI spectroscopy can be viewed as stimulated
emission pumping~SEP! followed by a R2PI detection step,
in which hot complexes or clusters are detected mass-
specifically. Conventional SEP techniques, in which popula-
tion losses are monitored~i.e., differential signals are re-
corded!, are well established.8,9,24–29 In contrast to these

techniques, SEP-R2PI spectroscopy probesonly the ‘‘hot’’
M•R S0-products resulting from the pump/dump process fol-
lowed by ground-state IVR. The method is essentially
background-free, and hence very sensitive, as will be shown
below.

Other, conceptually similar pump/probe schemes have
been used in studies of complexes of the ground-state vibra-
tional dynamics of vdW complexes.8,9 Rotational coherence
fluorescence depletion is a related technique for the measure-
ment of rotational constants.30 Ionization-detected stimulated
Raman spectroscopy~IDSRS! is also closely related, and has
been applied by Felker and co-workers for the detection of
intra-31 and intermolecular32 vibrational resonances in vdW
complexes and clusters. The SEP-R2PI method can also be
viewed as a fully resonant Raman variation on the IDSRS
method. Pump/probe methods have also been used to deter-
mine excited-state IVR rates in aromatic vdW
complexes.33,34

Limits on vdW binding energies have previously been
determined by various methods: excited-state dissociation of
M•R complexes has been detected by observation of dis-
persed fluorescence from the bare M aromatic molecule, fol-
lowing IVR/dissociation of the vdW complex.4,5,7,10,12,35In
an extension, picosecond time-resolved decay time measure-
ments coupled to dispersed fluorescence emission techniques
give information on the state-to-state IVR energy flow as
well as on the dissociation energy in the vdW complex.13,14

Alternatively, the nonobservance ofS1 state vibronic bands
in R2PI spectroscopy indicates vibrational predissociation of
the vdW complex prior to ionization.11,36 All these tech-
niques probe the excited state and give only upper limits to
the binding energies. Conversely, observation of relaxed
fluorescence of the vdW complex following excitation im-
plies that the energy content of the complex is less than the
binding energy, and lower limits to vdW binding energies
have been so inferred.7 However in electronically excited
states, VP rates usually compete with intramolecular radia-
tive and nonradiative processes@fluorescence, intersystem
crossing~ISC!, internal conversion~IC!#,13 which may intro-
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duce uncertainties in the determination of the binding energy.
Recently Krauseet al.37 applied mass-selective threshold

pulsed field ionization to obtain information on the photodis-
sociation process of cluster ions. By monitoring both the
cluster-ion~M•R1! and product-ion~M1! channel,lowerand
upper limits to the ion-state dissociation energy become ac-
cessible. Adding the ionization potential shift~DIP! of M•R
relative to M results in lower and upper limits for the elec-
tronic ground-state binding energy. Therefore, with respect to
the measurement of binding energies, this technique is a
complementary scheme to the SEP-R2PI method described
in this work.

A detailed description of the experimental setup is given
in Sec. II. In Sec. III we present and discuss theS0 andS1
state binding energies as well as the intermolecular vibra-
tional level structure observed for carbazole•R ~R5Ne, Ar,
Kr, and Xe!, and also correlate and compare theD0 values of
the different vdW complexes. Section IV contains the con-
clusions.

II. EXPERIMENT

A. Principle of the SEP-R2PI method

A scheme of the method21,22 is displayed in Fig. 1. Su-
personically cooled M•R complexes are pumped at the
S0→S1 00

0 band, shown as step~1! in Fig. 1. A very small
fraction—typically,0.1%—of the generatedS1-state com-
plexes absorbs a second photon at the pump laser frequency,
and is directly ionized, see Fig. 1. In the dump step, induced
by a second tunable laser~2! or ~28!, a large fraction—
typically 30%–40%—of the excited-state population is
transferred back to a specific intra- or intermolecularS0 vi-
brational level, at an excitation energyE relative to the vi-
brationless ground state. The combination of pump~1! and
dump~2!/~28! steps, which are synchronized to within62 ns,
define the SEP process. The population transfer efficiency
achieved in the SEP process depends on several factors, in-
cluding laser powers for the pump and dump steps, oscillator
strength (f ), Franck–Condon factors~FC’s!, IC as well as
ISC rates in theS1 state and dynamics in theS0 state. By
tuning the dump laser a wide range of ground state vibra-
tional states can be accessed.

Following the SEP process, the vdW complex is left to
evolve on the ground-state hypersurface, and can be probed
for delay timesD ranging from 50 ns to 15ms, see Sec. II B.
Initially, rapid relaxation occurs out of the preparedS0-set of
mixed eigenstates; in the limit of high vdW mode densities,
rapid dissipative IVR occurs. IfE.D0(S0), this is followed
by vibrational predissociation~VP!—typically on a longer
time scale than IVR.7–9,14Due to substantial anharmonicities
of the intermolecular potential energy surface~PES! and the
high vibrational level density, which are both very typical for
vdW complexes and clusters,38,39 vibrational relaxation pro-
cesses occur already at modest excitation energies of a few
100 cm21.

The relaxation products are probed in theprobe step
@step~3! in Fig. 1# using single-color R2PI. We distinguish
two cases:

~1! If the complex has not dissociated duringD, i.e.,

E,D0(S0), the product M•R complex can be probed via
hot bands or sequence bands. By scanning the dump la-
ser ~2! and monitoring the ion signal from the probe
laser~3!, the ground-state vibrations with energies below
the dissociation energy are mapped out; this will be de-
noted dump spectrum. Alternatively, if the dump and
pump laser are held fixed, and the frequency of the probe
laser is varied,S0→S1 vibronic spectra of selectively
heated complexes are obtained, denotedprobe spectra.
Since the dump laser is tuned to a single vibronic tran-
sition, all the complexes are generated with defined total
internal vibrational energy by the dump process, i.e., are
microcanonically ‘‘hot’’ systems. The energy definition
disregards the rotational energy spread, which is how-
ever low, typicallyTrot'2 K in the beam.

~2! If the M•R species has dissociated~that isE.D0! within
the timeD, the hot ground-state population originating
from the SEP process has vanished, henceS0 vibrations
are no longer recorded aspositivesignals in the probe
step. Under certain conditions discussed in more detail in
Sec. III C it is possible to observe ground-state vibra-

FIG. 1. Schematic level diagram of the stimulated-emission-pumping reso-
nant two-photon ionization~SEP-R2PI! experiment, as applied to a M•R
vdW complex. The vertical axis indicates vibrational and/or electronic en-
ergy in the M•R complex, the horizontal axis indicates time. In the pump
step ~1!, the M•R complex is excited fromS0 to S1, usually via the elec-
tronic origin. In the dump step~2!, vibronic transitions from theS1 zero-
point level are stimulated down to intra- or intermolecular vibrational levels
in the S0 state, which lie below the M•R vdW binding energy~D0!. The
system evolves inS0 during a variable timeD550 ns to 15ms. During this
time, IVR leads to population of hot vdW levels. Alternatively, in step~28!,
the dump photon populates levels aboveD0, leading to vibrational predis-
sociation~VP! duringD. The population increase~or decrease! in hot vdW
levels is then probed by 111 resonant two-photon ionization~R2PI! via
vdW sequence bands, using photons~3!1~3!.
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tions lying aboveD0(S0) as negative peaks. Thus,
D0(S0) is bracketed by the last positively observed and
the first negatively or nonobservedS0 vibrational level.

Figure 2~a! shows a probe laser spectrum of the
carbazole•Xe vdW complex in the vicinity of the electronic
origin (S0→S1); for this spectrum the pump laser was on,
but the dump laser was off, andD5750 ns. In trace~b!, the
second laser dumps Car•Xe complex population to anS0
intramolecular combination band at 845.2 cm21; the probe
laser covers the same spectrum as in trace~a!. A manifold of
hot bands and sequence bands appears as a relatively un-
structured background spectrum; superimposed on this is the
spectrum of the remaining ‘‘cold’’ Car•Xe complexes which
did not undergo the SEP process. In Fig. 2~c!, subtraction of
the ‘‘cold’’ spectrum ~a! from ~b! reveals the spectrum of
microcanonically hot carbazole•Xe at an internal energy of
845 cm21. Note that the vibronic bands still present in~c! are
wider and less intense than in trace~a!, and areblue-shifted
by nearly 3 cm21. On the other hand the broad background in
the 30 600–30 800 cm21 range without sharp structure re-
flects the statistical energy redistribution by IVR at a rela-
tively high density of states.

For the dump spectra, the sensitivity depends on the
choice of the probe laser frequency. The arrow in Fig. 2~c!
marks an optimum position for the probe laser

~nprobe530 790 cm21!, as the fraction of hot complexes de-
tected at this frequency is relatively large, and the back-
ground of cold clusters present without dump laser@Fig.
2~a!# is minimal. The probe-laser frequencies used for the
other complexes are given in Sec. III.

The band intensities of the dump spectra depend on~i!
the Franck–Condon factors for theS1→S0 transition;~ii ! the
S0 IVR rates from the optically accessed or ‘‘bright’’ state to
the background states;~iii ! optical saturation: in order to
achieve a reasonable downward population transfer, the
dump laser intensity was usually high enough to saturate the
stronger vibronic transitions, leading to an overestimate of
the weaker bands;~iv! the frequency of the probe laser. This
effect is most pronounced at low dump frequencies~excess
energies!, since the mode density is still low and vibrational
interstate couplings may be level-dependent. At low excita-
tion energies, the probe spectra are structured, i.e., distinct
sequence bands are observed, as was previously shown for
Car•Ar ~Ref. 21! after dumping ton3~a1! at 215 cm

21. Since
in the dump spectra the probe laser is fixed at a certain fre-
quency, modes for a sequence or hot band that happens to lie
at the probe laser frequency are enhanced by the probe step.
At higher frequencies, the probe laser spectra are broad and
unstructured, but the shape of the probe spectrum can change
systematically with excitation energy. For example in
Car•Xe, where the probe spectrum is broad and unstructured
above 420 cm21 excitation energy, the maximum of the
broad spectrum shifts to higher energy when exciting higher
vibrational levels.

B. Experimental details

1. Cluster synthesis

Car•R ~R5Ne, Ar, Kr, and Xe! clusters were synthesized
and cooled in pulsed, seeded supersonic expansions. A mag-
netically actuated pulsed valve was employed, with a circular
nozzle of diameterD50.4 mm and wall thickness 0.2 mm.
Gas pulsewidths were 200–250ms. Carbazole~Fluka AG
Switzerland,.99% purity! was heated to 120 °C, giving a
vapor pressure of'1 mbar, and seeded into either pure neon
or mixtures of 2% argon, krypton or xenon in 98% neon
carrier gas at a backing pressurep051.2 bar. The skimmed
molecular beam was probed at a distancex/D5400. Details
of the molecular beam machine and the linear time-of-flight
mass spectrometer system are essentially identical to that of
our previous work.40

2. Laser system

Three independently tunable nanosecond UV lasers are
employed in the experiment. The pump and dump laser
pulses@step~1! and ~2! or ~28! in Fig. 1# were provided by
two frequency doubled dye lasers~FL2002, FL3002, DCM
dye!, pumped by the same 532 nm output of a Nd:YAG laser
~Quanta Ray GCR3!. Typical pulse energies were 200mJ and
1 mJ for pump and dump laser pulses, respectively. Both
beams were mutually overlapped in space and time, and
crossed the molecular beam perpendicularly within the ion
source. The frequency doubled UV output of a third pulse
dye laser ~FL3002, DCM dye!, pumped by a sec-

FIG. 2. Probe spectra of the carbazole•Xe complex following the SEP pro-
cess, using 111 resonant two-photon ionization. In trace~a! the pump laser
@~1! in Fig. 1# is on, the dump laser~2! is blocked. In~b!, both pump and
dump lasers are on, dumping occurs to then141n3 intramolecular combina-
tion band at 845.2 cm21, below the vdW bond energyD0(S0); note the large
increase in broad background in the spectrum. In trace~c!, the part of the
spectrum due to remaining cold carbazole•Xe population in the beam is
subtracted@~c!5~b!20.7~a!#. Hence,~c! is the spectrum of ‘‘hot’’S0 state
complexes generated by the pump/dump steps. Note that the residual sharp
bands are blue-shifted with respect to spectrum~a!.
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ond Nd:YAG laser~Quanta Ray GCR 170! was used for the
probe. TheQ-switches of the two Nd:YAG lasers were syn-
chronized with a digital delay generator~Stanford Research
DG 535!. The crossing point of the probe laser with the
molecular beam could be varied from 0 to 13 mm down-
stream of the pump/dump beams. This is possible due to the
relatively large acceptance diameter of the TOF mass spec-
trometer. With Ne carrier gas, this corresponds to a time
delayD up to 15ms. The minimum delay time that could be
usefully employed was 50 ns, roughly twice the fluorescence
lifetime of the Car•Ar complex.40 Typical probe laser pulse
energy was 300mJ. All three laser beams were unfocused,
and the beam profiles at the molecular beam were approxi-
mately 232 mm.

3. Fluorescence lifetimes

Carbazole or Car•R complexes R~R5Ne, Ar, Kr, and
Xe! were excited at their respective electronic origins, at
x/D'15. The resulting fluorescence was collected with a
quartz lens and detected by a RCA 7265 photomultiplier. The
fluorescence decay curves were recorded with a Tektronix
DSA-602 2 GHz digitizer and averaged over 1000 laser
shots. The data were corrected for the laser pulsewidth and
instrument response function via deconvolution. All five de-
cay curves were exponential to within experimental accu-
racy.

III. RESULTS AND DISCUSSION

A. Carbazole –Kr

1. S0 ground-state vibrations

We first discuss the intra- and intermolecular vibrational
levels of Car•Kr in the frequency range 200–700 cm21. For
all dump spectra the probe frequency wasnprobe530 873
cm21, 64 cm21 to the blue of theS0→S1 origin transition.
An overview spectrum is shown in Fig. 3, and two spectrally
expanded regions in Fig. 4. The intramolecular modes are
classified in theC2v point group symmetry of bare carbazole,
although the complex has lower symmetry. The
S0(A1)→S1(A1) transition is in-plane and short-axis~y-
axis! polarized. The assignment ofS0 intramolecular bands
in the Car•Kr SEP-R2PI dump spectrum is based on previous
work in molecular beams and low-temperature crystals41,42

as well asab initio calculations.22,43Due to Herzberg–Teller
coupling to theS2(b2) electronic state,b2 vibrations also
occur with moderate intensities.41 Note thata21b1 combi-
nation bands are also ofb2 symmetry. Besidea1 and b2
vibrations, such combination bands are observed in the
Car•Kr spectrum at 393.0 cm21 [n2(a2)1n4(b1)], 619.4
cm21 [n5(a2)1n6(b1)] and 683.9 cm21

[n2(a2)1n3(a1)1n6(b1)]. Between 200 cm21 and 700
cm21 the spectrum~Fig. 3! consists of three clumps of bands
centered at 240 cm21, 440 cm21, and 650 cm21, respectively.
Within the first group, shown in Fig. 4~a!, are the strong
intramolecular vibrations 2•n1~b1! and n3~a1!. The most
prominent bands in the second group are assigned ton7~a1!
and 2•n3~a1!, whereas in the third group, presented in Fig.
4~b!, n14~b2! andn15~a1! have largest intensity. Table I com-
piles the observedS0 vibrational frequencies and intensities.

Many combination bands of intra- with intermolecular
vibrations are also observed in the dump spectra. The derived
intermolecular vibrational frequencies are also listed in Table
I. From these, average values of intermolecular frequencies
~averaged over all observed combination bands! are listed in
Table II. Vibrational fundamentals of theny and nz vdW
modes appear in the spectrum, at 23.4 cm21 and 38.8 cm21,
respectively. Assignments are based on earlier work on
Car•Ar ~Ref. 44! and Car•Kr;36 ny is the in-plane or bending
vibration along the short axis of carbazole andnz is the out-
of-plane or stretching vibration. Both modes are totally sym-
metric ~a8! in the complex point groupCs . Earlier determi-
nation of these frequencies by dispersed fluorescence
emission spectroscopy36 gave ny522.7 cm21 and nz539.0
cm21, in good agreement with the present results.

The ny mode usually yields the strongest intermolecular
combination bands, but the first overtone 2•ny as well as the
nz fundamental are also often observed in combination with
strong and moderately strong intramolecular bands. In com-
bination with n3~a1!, which is especially intense, even the
second overtone 3•ny and the intermolecular combination
nz1ny are observed. Here, the inter- plus intramolecular
combination bandn3(a1)1ny is even stronger than the in-
tramolecular fundamentaln3~a1! as seen in Figs. 3 and 4~a!.

2. Binding energy

The ground-state vdW binding energyD0(S0) of Car•Kr
was accurately determined by a bracketing measurement.
The highest vibrational level which gives apositivedump

FIG. 3. SEP-R2PI ground-state spectra of carbazole•R ~R5Ne, Ar, Kr, and
Xe! obtained by tuning the dump laser frequency@step~2!, ~28! in Fig. 1#.
The scale is given in wave numbers relative to the respective origins 00

0, see
text.
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spectrum signal lies at 683.9 cm21, shown in Fig. 4~b!. This
band corresponds to then2(a2)1n3(a1)1n6(b1) combina-
tion level, observed at 682 cm21 in bare carbazole. This level
determines the lower limit of the vdW binding energy. The
following vibrational levels expected, butnot observed, are
indicated in Fig. 4; the dotted lines indicate the observed
positions of the vdW combination bands ofn3~a1! in Fig.
4~a!, and point to the expected positions of the analogous
combination bands ofn15~a1! in the lower half of Fig. 4~b!.
One such band is the intra- plus intermolecular combination
n151nz , expected at 653.1138.8 cm215691.9 cm21. We
note that then151ny band is strong, but the higher intermo-
lecular combination vibrations, i.e., thenz , the 2•ny , and the
ny1nz are clearly missing. Another missing~or very weak!
combination band corresponds to the leveln141ny1nz , ex-
pected at 691.3 cm21. Neither of these, nor any other levels
are observed to higher frequency, implying all levels.691.9
cm21 lie above the dissociation limit of the vdW bond. Com-
bination of these two limits bracket the ground-state binding
energy of Car•Kr asD0(S0)5687.663.7 cm21.

3. Delay time dependence and dissociation rates

Weber and Rice have performed time-resolved experi-
ments on vdW complexess-tetrazine•R ~R5Ar, Kr, Xe! in
the electronic ground state, which gavelower limits to vibra-
tional redistribution lifetimes of 4–15 ns, depending on the
rare gas and the excess energy.8 This indicates that ground-

state IVR/VP processes might be quite slow, for yet un-
known reasons. Also, the VP rate decreases as the dissocia-
tion limit D0 is approached from above. For either of these
reasons, one might argue that during the delay timeD5400

FIG. 4. Expanded regions of the ‘‘dump’’ spectrum of carbazole•Kr ~see
Fig. 3!, showing intermolecular vdW modes~ny andnz! in combination with
the intramolecular levelsn3 @trace ~a!# and n15 @trace ~b!#, respectively. In
order to bring out the missing transitions in trace~b!, the two intramolecular
transitionsn3 and n15 are horizontally aligned. The scale is relative to the
origin of carbazole•Kr at 30 740.5 cm21.

TABLE I. Intra- and intermolecular vibrational frequencies and band inten-
sities for ground-state carbazole•Kr, in the 200–700 cm21 range. Intermo-
lecular frequencies are derived from combination bands with intramolecular
modes.

Assignment Wave number/cm21 Interm./cm21 Intensity/%a

2•n1 210.3 61.7
n3 215.0 69.3
2•n11ny 233.8 23.5 42.4
n31ny 238.5 23.5 100.0
2•n11nz 249.2 38.9 15.3
n31nz 253.9 38.9 29.3
2•n112•ny

b 257.6 47.3 12.8
n312•ny

b 262.0 47.0 16.0
n31ny1nz

b 274.0 59.0 13.5
n313•ny

b 285.4 70.4 10.2
n21n4 393.0 29.5
n7 427.3 91.8
2•n3 430.7 63.8
n21n41nz 443.1 16.2
n71ny 450.5 23.2 34.4
2•n31ny 453.9 23.2 38.7
n71nz 466.1 38.8 10.9
2•n31nz 469.5 38.8 8.5
n712•ny

b 473.8 46.5 6.8
2•n312•ny

b 477.5 46.8 8.1
n11 552.9 13.3
n111ny 578.0 25.1 9.2
n51n6 619.4 17.6
n14 632.3 81.8
3•n3 643.2 22.5
n15 653.1 75.5
n141ny 655.4 23.1 67.9
3•n31ny 666.3 23.1 9.1
n141nz 671.0 38.7 12.8
n151ny 676.0 22.9 33.6
n1412•ny

b 678.7 46.4 17.6
n21n31n6 683.9 25.2

aPercentage intensity, relative to strongest band.
bTentative assignment.

TABLE II. Experimental intermolecular vibrational frequencies~in cm21!
for carbazole•R ~R5Ar, Kr, and Xe! in theS0 andS1 state.

a

Vibration Ar Kr Xe

S0 state ny 22.9 23.4 24.4
6•nx

b 24.4
2•ny

b 42.3 46.9 49.1
nz 50.0 38.8 37.7

ny1nz
b 59.0 60.4

3•ny
b 70.4 73.3

2•ny1nz
b 83.4

S1 state ny 23.6 24.5 26.9
6•nx

b 25.9 22.8
2•ny

b 43.6 49.4 54.0
nz 50.8 40.2 38.5

ny1nz
b 61.7 64.6

3•ny
b 77.2

aValues refer to band maxima; experimental error60.2 cm21.
bTentative assignment.
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ns employed for the dump spectra in Fig. 4 the vdW complex
did not dissociate to an appreciable extent. IfS0-state VP
dynamics would indeed extend into this time range, the in-
tensities of bands corresponding to levels lying aboveD0
should be delay time dependent. Also, since the VP rate in-
creases with increasing excess energyE1 (E15E2D0),
bands corresponding to different levels aboveD0 should dis-
appear at different rates with increasing delay time.

In order to investigate this, dump spectra were measured
over a spectral range of'100 cm21 in the vicinity of the
dissociation limit, with the probe laser delayed byD590 ns,
400 ns, and 12ms, covering more than two orders of delay
time. As Fig. 5 shows, the spectra showno delay time de-
pendence whatsoever betweenD590 ns to 12ms, even small
details of the relative band intensities being conserved. From
this we conclude that~i! even at the lowest excess energy
E1, corresponding to then15(a1)1nz level, the VP lifetime
must be,40 ns, given the delay time of 90 ns, the expected
signal intensity, and the noise level, corresponding to a lower
limit of the VP ratekVP52.5•107 s21. ~ii ! Since no higher-
lying levels are observed, their VP lifetimes must also be
,40 ns, indicating no detectable variations in VP rates in this
energy range.~iii ! If the 683.9 cm21 level were above the
dissociation energy, as postulated above, its VP lifetime
would have to be.30ms, given theD512ms and the simi-
larity of spectrum in Fig. 5~c! to that in Fig. 5~a!. A differ-
ence of almost three orders of magnitude in VP rate over a
small energy range is highly improbable, and we conclude
that the lower experimental limit ofD0(S0) for Car•Kr is
indeed 683.9 cm21.

The VP rate predicted by the RRKM model is given by

kVP~E!5
(Nv~E

1!

hr~E!
,

whereE is the total~intra- and intermolecular! vibrational
energy,E1 is the amount of excess vibrational energy above
the dissociation thresholdD0 ~see definition above!, the nu-
merator is the sum of vibrational states exceeding the disso-
ciation energy~but exclusive of the dissociation coordinate!,
andr(E) is the vibrational density of states at energyE. If
we employ the lower limit to the VP rate derived above and
assume that(Nv(E

1)51, i.e.,E1 is at thefirst state above
the dissociation energy, a vibrational density of states
r'1200/cm21 is obtained at a total energy corresponding to
the vdW dissociation energy. Previous estimates of the vibra-
tional density of states6,14,15are one to two orders of magni-
tude lower than this, indicating that the VP rate predicted by
the RRKM model is 108–109 s21 just above the threshold.
This is in agreement with the present observations.

The S1 excited-statebinding energy can be determined
by adding the spectral red shift ofdn568.560.5 cm21 to the
ground-state binding energy, givingD0(S1)5756.164.2
cm21. The measured values for theS0 ground-state binding
energy, the spectral shiftdn and theS1 excited state binding
energy as well as the relative increase of the binding energy
upon going fromS0 to S1 are collected in Table III for Car•R
~R5Ne, Ar, Kr, and Xe!.

B. Carbazole –Xe

1. S0 ground-state vibrations

The dump spectrum of Car•Xe in the frequency range
630–890 cm21 is shown in Fig. 3, and expanded in Fig. 6.
The probe laser was fixed 71 cm21 to the blue of the 00

0 band.
Table IV lists the frequencies, intensities, and assignments of
the observed transitions. The relative intensities of the in-
tramolecular vibrations in the spectra of Car•Xe and Car•Kr
are similar between 630 cm21 and 690 cm21. Intense bands
at 632 cm21 and 653 cm21 are assigned to then14 and n15
modes, respectively, whereas considerably weaker bands as-
signed to 3•n3~a1! andn2(a2)1n3(a1)1n6(b1) arise at 643
cm21 and 684 cm21, respectively. The frequencies of these
intramolecular modes agree to within 0.5 cm21 for the Kr
and Xe complexes. At energies beyondD0(S0) of Car•Kr,
further intramolecular modes have been assigned for Car•Xe.
The most prominent bands above 840 cm21 are combinations
of n3 with n14 and n15 at 845.2 cm21 and 868.0 cm21.
Slightly less intense bands arise fromn21~b2!,
n5(a2)1n12(b1) and n22~a1! modes at 849.1 cm21, 864.5
cm21 and 881.6 cm21, respectively.

As for Car•Kr, the two intermolecular fundamentalsny
and nz are active and are observed as combinations with

FIG. 5. SEP-R2PI spectra of carbazole•Kr obtained by scanning the dump
laser in the vicinity of the ground-state dissociation limitD0(S0). The delay
timesD between SEP process and R2PI detection step, are~a! D590 ns,~b!
D5400 ns, and~c! D512 000 ns. Within experimental accuracy, all traces
show identical band positions and relative intensities.

TABLE III. Dissociation energiesD0 ~in cm21! for the S0 andS1 state of
carbazole•R ~R5Ne, Ar, Kr, and Xe!.

R D0(S0) dna D0(S1) Increase

Ne ,214.560.5 28.560.5 ,222.961.0
Ar 530.461.5 245.960.04b 576.361.6 8.8%
Kr 687.663.7 268.560.5 756.164.2 10.0%
Xe 890.861.6 2105.061.0 995.862.5 11.8%

aSpectral shiftsdn are relative to the carbazole 00
0 band at 30 809 cm21.

bValue from Ref. 51.
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intramolecular modes in the dump spectra. Table II compiles
intermolecular frequencies as derived from combination
bands with intramolecular modes. The averageS0 state fun-
damental frequencies are 24.4 cm21 and 37.7 cm21 for ny
andnz , respectively. As for Car•Kr, ny is observed in com-
bination with all moderately strong bands in the spectrum,
the intensity being one third to one half of the corresponding
intramolecular band intensity. Beside the very intenseny
band,nz , 2•ny andny1nz are clearly observed in combina-
tion with n15, as shown in Fig. 6~a!. Weaker bands are as-
signed to 2•ny1nz and 3•ny , respectively.

2. Binding energies

An accurate ground-state van der Waals binding energy
D0(S0) was also obtained for Car•Xe. In Fig. 6~b! the rel-
evant part of the spectrum is expanded; the last observed
level, at 889.2 cm21, corresponds to the intra- plus intermo-
lecular combination leveln51n121ny . The next expected
level n31n151ny at 868.0124.4 cm215892.4 cm21 is not
observed. Therefore, the bracketing measurement is very ac-
curate, giving a ground-state binding energy of
D0(S0)5890.861.6 cm21. In Fig. 6~a!, then15~a1! vibration
at 652.4 cm21 serves as an example for the typical pattern of
intra- plus intermolecular vibrations. In Fig. 6~b! the dotted
lines indicate the corresponding line positions for combina-
tions with then31n15 mode, which are clearly missing. If the
dissociation limit were.892.4 cm21, the n31n151ny band
should have comparable intensity as the last observed band,

since both levels correspond to combination bands of an in-
tramolecular vibration withny and the two intramolecular
bands are of similar intensity.

Addition of the spectral shift of 105.061.0 cm21 yields a
dissociation energy in theS1 first excited state of
D0(S1)5995.862.5 cm21 ~see also Table III!.

C. Carbazole –Ar

1. S0 ground-state vibrations

A brief discussion of intramolecular and vdW vibrations
of Car•Ar, as shown in Fig. 3, was given in Ref. 21. The
same intramolecular modes as for Car•Kr are observed for
Car•Ar with similar relative intensities. The two strong
bands at 214.8 cm21 and 210.7 cm21 correspond to intramo-
lecular vibrationsn3 and 2•n1. Further bands in the spectrum
below the dissociation limit are observed at 392.1 cm21,
427.1 cm21, and 430.5 cm21 corresponding to intramolecular
vibrationsn21n4, n7, and 2•n3. Combination bands with in-
termolecular vibrations are considerably less intense for

FIG. 6. Expanded regions of the ground-state spectrum of carbazole•Xe, cf.
Fig. 3. The spectral regions corresponding to the intramolecular levelsn15
@trace~a!# andn31n15 @trace~b!#, respectively, are shown. In order to point
out the bands which are missing in trace~b!, the two intramolecular transi-
tions n15 and n31n15 are horizontally aligned. The scale is relative to the
origin of carbazole•Xe at 30 704.0 cm21.

TABLE IV. Intra- and intermolecular vibrational frequencies and relative
intensities for ground-state carbazole•Xe, in the frequency range 600–900
cm21. Intermolecular frequencies are derived from combination bands with
intramolecular modes.

Assignment Wave number/cm21 Interm./cm21 Intensity %a

n14 632.1 96.9
n31n7 638.6 12.4
3•n3 643.1 31.8
n15 652.4 100.0
n141ny 656.1 24.0 40.7
3•n31ny 667.7 24.7 11.1

669.1 16.5
n141nz 669.9 37.8 17.0
n151ny 677.0 24.6 55.5
n1412•ny

b 681.2 49.1 33.2
n21n31n6 683.4 11.5
n151nz 689.9 37.5 20.9
n141ny1nz

b 692.5 60.4 14.2
n1512•ny

b 701.5 49.1 22.0
n1413•ny

b 705.4 73.3 13.4
n21n31n61ny 707.7 24.3 13.4
n151ny1nz

b 712.7 60.3 11.8
n1412•ny1nz

b 715.5 83.4 5.0
n16 745.0 15.0

763.5 10.9
n31n11 767.2 18.9
n161ny 769.4 24.4 8.9
n31n111ny 791.3 24.1 7.5

830.1 5.5
833.5 8.8
836.2 7.0

n31n14 845.2 56.1
n21 849.1 31.5
n51n12 864.5 38.6
n31n15 868.0 49.4
n31n141ny 869.4 24.2 26.4
n211ny 873.3 24.2 13.6
n22 881.6 43.1
n81n9 885.0 11.9
n51n121ny 889.2 24.7 11.5

aPercentage intensity, relative to strongest band.
bTentative assignment.
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Car•Ar than for Car•Kr and Car•Xe, reflecting smaller FC
factors in the former case. The strongest vdW band is the
214.81ny transition, corresponding to a frequency of 22.9
cm21 for the short-axisny mode. A weaker level occurs
closely above this transition, and is tentatively interpreted as
a Fermi resonance of theny fundamental with the fifth over-
tone of the long-axis in-plane mode, e.g., 214.816•nx . The
214.81nz combination is also strong, yielding a frequency of
50.0 cm21 for the out-of-planenz fundamental. A weak band
at 257.1 cm21 is tentatively assigned as the 214.812•ny tran-
sition. The experimentally observed intermolecular frequen-
cies in theS0 andS1 electronic states are collected in Table
II.

2. Binding energies

The original bracketing measurements for this complex
were previously presented in Ref. 21 and the corresponding
dump spectrum is shown in Fig. 3. In contrast to Car•Kr and
Car•Xe, vibrations above the dissociation limit are observed
asnegativesignals in all dump spectra of this complex. This
observation is rationalized as follows: The fluorescence
quantum yield of Car•Ar is Ffl'0.61 ~see below!. If the
dump laser is not present or not resonant with any vibronic
transition, theS1 state population fluoresces to a large col-
lection of levels according to the FC factors. That part of the
population which fluoresces to ground-state levels below
D0(S0) creates a ‘‘hot’’ complex population, resulting in a
constant background signal in the dump spectra. If the dump
laser is resonant, a much larger fraction of the excited-state
population will be dumped to one specificS0 state vibra-
tional level, since the stimulated emission rate is much
higher than spontaneous emission, given the laser intensities
used in our experiments. Hence, in the dump spectrum the
background signal from hot complexes produced by fluores-
cence is decreased. This is overcompensated by an increase
of signal from the population transferred toS0, if this level is
below D0. The overall effect is an increase of signal and
therefore a positive band is observed in the spectrum. If the
dumped vibrational level isabove D0, where the excited
population dissociates, the decrease of hot population gener-
ated by spontaneous emission processes is not compensated,
resulting in an overall decrease of signal and anegativeband
in the spectrum. Negative bands in the dump spectra will
only arise if the fluorescence quantum yield is high enough
to generate a substantial background signal. As can be seen
from Fig. 3, negative signals were observed for complexes
with Ne and Ar, while for Kr and Xe no negative bands could
be observed.

This explanation is in agreement with the measured fluo-
rescence lifetimes of Car•R ~R5Ne, Ar, Kr, Xe! complexes
given in Table V. The measuredS1 lifetimes decrease in the
series from Ne to Xe. Based on fluorescence lifetimes and
quantum yield measurements of carbazole in hexane solution
by Bolman,45 we estimate a fluorescence quantum yield
Ffl50.9 for gas phase carbazole. From the measuredS1 life-
times we calculate fluorescence quantum yields of 0.83,
0.61, 0.19, and,0.14 for the Car•R ~R5Ne, Ar, Kr, and Xe!
complexes, respectively. Thus, the quantum yieldFfl of the
Kr and Xe complexes is more than three times smaller than

for the lighter adatoms, implying that other processes must
compete with fluorescence emission. It seems reasonable that
the ISC rate strongly increases when going from the Ne to
the Xe complex, since spin–orbit coupling increases withZ4.

Figure 3 shows thatD0(S0) falls into a spectral region
which is relatively devoid of vibronic transitions, therefore
the accuracy of the bracketing measurement is much lower
than for the two heavier rare gases. From the spectrum in
Fig. 3 the binding energy of Car•Ar was determined as
D0(S0)5517637 cm21 in Ref. 21. In subsequent work, we
were able to detect vibrationally hot carbazole released as a
product from the VP process.22 Analysis of that data yielded
additional limits for the binding energy, and combination
with the data of Ref. 21 allowed a much more accurate
determination. The values determined22 are
D0(S0)5530.461.5 cm21 for theS0 state. Together with the
measured spectral shift,44 yields D0(S1)5576.361.6 cm21

for the excited state~see Table III!.
For the related vdW complex indole•Ar, Outhouseet al.

have determined an upper limits for theS0 andS1 binding
energies asD0(S0),502 cm21 and D0(S1),528 cm21.15

This is in qualitative agreement with the present results,
since the carbazole molecule is larger by one benzene ring,
offering an additional stabilization interaction in both states.

D. Carbazole –Ne

For this complex, the SEP-R2PI method furnished only
an upper limit to the binding energy; in the dump spectra, no
positive signals could be observed, while anegativesignal
was observed already at the 214.5 cm21 band, as is shown in
Fig. 3. The probe frequency was fixed 42 cm21 to the red of
the origin transition. We conclude that the Car•Ne dissocia-
tion energy isD0(S0),214.560.5 cm21. By adding the
spectral shift,D0(S1),222.961.0 in the excited stateS1 ~see
Table III!.

This clearly demonstrates one of the constraints of the
experiment. The dissociation limit can only be bracketed if
the complex has active modes above and belowD0. Also, the
determination is more accurate for systems with a high den-
sity of active modes aroundD0, as for Car•Kr and Car•Xe.

The upper limit toD0(S1) given for Car•Ne in this work
is in qualitative agreement with the excited-state dissociation
energy of Ne bound to 2,3-dimethylnaphthalene~an aromatic
molecule of comparable size to carbazole!, which was deter-

TABLE V. Fluorescence lifetimes of carbazole and carbazole/rare gas com-
plexes measured at the respective 00

0 bands.

Species Lifetime~ns!

carbazole 3862a 3862b

carbazole•Ne 3562a

carbazole•Ar 2662a 2662b

carbazole•Kr 861a

carbazole•Xe '6a

aThis work.
bReference 40.
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mined from a three-dimensional quantum mechanical fit to
the vdW vibrational level structure asD0(S1)5179.2
cm21.46

E. Correlation of results

1. Binding energies

Table III compiles the experimentally determined
ground- and excited-state vdW binding energies for Car•R
~R5Ne, Ar, Kr, and Xe!. With the exception of Car•Ne, for
which only upper limits were obtained, the binding energy
measurements are very accurate. The relative errors for
R5Ar and Xe are of the order of60.3%, and for R5Kr, of
the order of60.7%.

The main contribution to the attractive intermolecular
interaction of an aromatic molecule with a rare-gas atom are
the dispersive interactions. The largest term is the induced
dipole-induced dipole, which falls off withR26, followed by
the induced dipole-induced quadrupole contribution, which
falls of asR28. Due to the large dipole moment of carbazole
~1.9 D, Ref. 36!, thedipole-induced dipoleinteraction, pro-
portional toR26, is also non-negligible. All of these interac-
tions scale with the rare-gas atomic polarizabilityaR , albeit
with different dependencies on the distance of the atom from
the carbazole center-of-massRcm. The distance dependen-
cies arenot simpleR2n functions, due to several factors;~i!
the large size of the aromatic molecule, relative toRcm, ~the
dipole–dipole dispersion term between two interacting atoms
falls off with R26, while for an atom interacting with an
infinite surface monolayer, the sameatomic interaction term
leads to an integrated interaction which is proportional to
R24!; the dispersive interaction of carbazole with a rare gas
is an intermediate case;~ii ! the distribution of polarizability
and charge over the molecular frame, which is not homoge-
neous; ~iii ! the summation of attractive terms mentioned
above.

Figure 7~a! shows the values ofD0(S0) and D0(S1)
plotted vsaR ~the polarizabilities are from Ref. 47!. As ex-
pected,D0 increases with the polarizability ofR, going from
Ar to Xe, but the increase is not linear. The deviation from
linear behavior is significant for large values ofaR , e.g.,
R5Xe. This is an indication that the distance of the rare gas
atom Ar, Kr or Xe, respectively, to carbazole, is different and
increasing in the above order.

For Car•Ne the SEP-R2PI technique yields only upper
limits to the vdW dissociation energy of the complex in the
ground and first excited state~cf. Table III and Sec. III D!. As
expressed by the dashed straight lines in Fig. 7~a! ~the upper
line is for S1, the lower forS0 state, respectively!, approxi-
mate lower limits can be derived for the Ne case, assuming
linear dependence betweenD0 andaR for R5Ar. The values
for Car•Ne obtained by this procedure areD0(S0).127
cm21 andD0(S1).139 cm21, respectively.

Figure 7~b! plots the sameD0 values vsaR/Rcm
6 . For the

Rcm, we have chosen to use the values of benzene•R deter-
mined by Neusseret al. by high resolution electronic
spectroscopy48 and by Brupbacheret al. by microwave
spectroscopy,20,49since this is the most complete set of struc-
tural data currently available for an atom-large molecule

complex. As outlined above, the choice of exponent is arbi-
trary, since there will be attractive contributions with expo-
nents ranging fromn54 upwards. Despite these uncertain-
ties, the plot ofD0(S0) vs aR/Rcm

6 for carbazole•R ~R5Ne,
Ar, Kr, and Xe! results in an almost perfectly linearity cor-

FIG. 7. ~a! Experimental dissociation energiesD0 of carbazole•R ~R5Ne,
Ar, Kr, and Xe! vs polarizability~aR! of the rare gasR in the ground~S0!
and first excited state~S1!, respectively.~b! Dissociation energiesD0(S0) ~in
cm21! vs aR/Rcm

6 . Rcm gives the distance ofR to the carbazole center-of-
mass. The error bars give the experimental uncertainties; the numerical val-
ues ofD0 are shown in Table III. For details, see text.
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relation, cf. Fig. 7~b!. Upon electronic excitation to theS1
excited state, allD0 values increase~Table III!. The absolute
increase in dissociation energy is experimentally determined
by the spectral shiftsdn. Such measurements have been per-
formed for many vdW systems, and it has been known for
over a decade that the shifts increase with polarizability.50 It
is interesting that also therelative increase is larger for the
heavier atoms, increasing from 8.8% for Ar to 11.8% for Xe.

For carbazole-Ar aRcm~S0!53.48 Å has recently been
determined by Sussmannet al.;51 the corresponding value
for the complex with benzene is 3.58 Å.48 The shorter vdW
bond distance reflects the increased interaction strength with
carbazole. This difference has not been accounted for in the
plot of Fig. 7~b!, since only the value for R5Ar is known.

Up to now, accurate experimental data available on dis-
sociation energies of aromatic molecule-rare gas vdW com-
plexes are not plentiful, and in many cases the accuracy of
the data is not precisely known. Some early references are
collected in Ref. 52. For the system Car•Kr, Bösiger and
Leutwyler36 previously determinedD0(S1) andD0(S0); in
the R2PI spectrum the signal strongly decreased between
two bands at 736 cm21 and 792 cm21, and moreover the
band at 792 cm21 was severely broadened. It was concluded
that D0(S1) is bracketed by these two values, resulting in
binding energies of D0(S1)5764628 cm21 and
D0(S0)5696628 cm21. This is in good agreement with the
value in this work@D0(S0)5687.663.7 cm21, see Table III#.

As for the geometry determinations, many investigations
of dissociation energies, some conflicting, have been under-
taken for M5benzene. Brupbacheret al.20 have deduced the
binding energy of benzene•Ar and benzene•Ne by Fourier
transform microwave spectroscopy and predict values of
D0(S0)5408 cm21 ~R5Ar! and D0(S0)5151 cm21 ~R
5Ne!, respectively. Neusseret al.48 predicted a much lower
dissociation energy on the basis of an extrapolation of the
out-of-plane vibrational mode. On the other hand, using
pulsed field threshold ionization spectroscopy, the same
group37 has determined upper bounds for the ground state
D0: D0~benzene•Ar!,457 cm21 andD0 ~benzene•Kr!,402
cm21. Since D0~benzene•Ar! must be smaller than
D0~benzene•Kr! they corrected the upper limit for the bind-
ing energy of benzene•Ar to D0~benzene•Ar!,402 cm21.
This value is in qualitative agreement with the work of Brup-
bacher and co-workers.20 Given the fact that carbazole is
larger than benzene, both values obtained for benzene•Ar are
consistent with the present value for Car•Ar
@D0(S0)5530.461.5 cm21, see Table III#. The upper bound
for benzene•Kr, which is D0(S0),402 cm21 ~Ref. 37! is
much less than our value for Car•Kr of D0(S0)5687.6
cm21. Assuming that both values are correct, Kr is bound
more than 1.7 times stronger to carbazole than to benzene.

On the theoretical side,ab initio calculations were per-
formed on most benzene•R complexes. In a series of papers,
Hobza and co-workers have presented ground-state well
depths for benzene•Ne De(S0)599 cm21, benzene•Ar
De(S0)5429 cm21 @D0(S0)'380 cm21#, benzene•Kr
De(S0)5485 cm21 @D0(S0)'450 cm21# and benzene•Xe
De(S0)5601 cm21.16–18 These results were obtained using
counterpoise corrected MP2 calculations. Klopper19 and co-

workers applied MP2-R12~counterpoise corrected! to
benzene•Ne and benzene•Ar and obtained ground-state value
for De ; De(S0)5154 cm21 ~R5Ne! andDe(S0)5553 cm21

~R5Ar!. There is thus quite a large uncertainty in theab
initio results for the strongly studied benzene rare gas com-
plexes; therefore, accurate experimental values are of high
interest.

2. Well depths

In order to determine the well depthsDe , accurate zero-
point vibrational energies~ZPVE! are needed. In principle,
these are only obtainable through knowledge of the exact
intermolecular potential, in combination with a three-
dimensionally exact vibrational eigenvalue calculation.53 In
the harmonic approximation, the observedny andnz funda-
mentals yield the zero-point energy contributions. The zero-
point energy for thenx vibration is very small, preliminary
calculations give frequencies in the range 3–5 cm21.53 We
have therefore assumednx/252.5 cm21 for the Car•Kr and
Car•Xe complexes while for Car•Ar, nx/2 was calculated
from the observed~and tentatively assigned, cf. Table II!
6•nx frequency, assuming harmonic behavior. Frequency
shifts of intramolecular vibrations upon complexation are ne-
glected, since most frequencies of intramolecular modes are
expected to shift very little when forming vdW complexes.
The obtained zero-point vibrational energies~ZPVE! and
well depthsDe are compiled in Table VI for the Car•Ar,
Car•Kr, and Car•Xe complexes for both theS0 andS1 states.
Interestingly, the ZPVE is largest for the Car•Ar complex
and decreases by'10% for Car•Kr and Car•Xe. On going to
theS1 electronic state, the ZPVE increases only slightly~1–2
cm21!. The relative difference betweenD0 and
De[(De2D0)/De] is 6.8% ~6.4%!, 4.6% ~4.4%!, and 3.6%
~3.4%! for Car•Ar, Car•Kr, and Car•Xe in theS0~S1! elec-
tronic state.

IV. CONCLUSIONS

The experimental results given in the above work show
that the SEP-R2PI method is a flexible and accurate tech-
nique for the determination of the ground-state vdW disso-
ciation energiesD0(S0) of M•R complexes. Very accurate
determinations of theD0(S0) values are presented for the
systems carbazole•R ~R5Ar, Kr, and Xe!, with relative un-
certainties of60.4%. For the complex with Ne an upper
limit of D0(S0),214.560.5 cm21 is determined. By taking
into account theS0/S1 electronic spectral shiftsdn of the
complexes relative to bare carbazole, excited-state dissocia-
tion energiesD0(S1) were derived with similar precision.

TABLE VI. Zero-point vibrational energies~ZPVE! and well depthsDe for
carbazole•R ~R5Ar, Kr, and Xe! in theS0 andS1 state.

Property Ar Kr Xe

ZPVE~S0! 38.562 33.662 33.662
De(S0) 568.963.5 720.566.0 923.463.8
ZPVE~S1! 39.462 34.962 35.262
De(S1) 615.763.6 790.366.5 1030.064.6
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The absolute accuracy of the dissociation energy determina-
tion depends on the density of optically active vibronic bands
in the spectrum at the dissociation threshold. Furthermore,
the dump spectra acquired with the SEP-R2PI technique
yield mass-specific ground-state vibronic spectra of the M•R
complexes.

No dependence of the dump spectra on the delay time
between SEP~pump/dump! preparation process and R2PI
probe step was observed on the time scale investigated, 50
ns,D,15 ms. This is true for even the lowest excess ener-
gies studied, which for carbazole•Xe must be,3.2 cm21.
We conclude that the vibrational predissociation lifetime is
considerably less than 50 ns, even at these very low excess
energies. Although this limit is not very stringent compared
to the ps time scale studies in electronic excited states, it is
not far above thelowerVP lifetimes of 15 ns established by
Weber and Rice fors-tetrazine/rare gas complexes.8

The measured dissociation energiesD0(S0) for Car•R
~R5Ar, Kr, Xe! were found to depend linearly onaR/Rcm

6 ,
whereaR is the polarizability ofR, andRcm gives the dis-
tance ofR from the center of mass of carbazole. This is in
agreement with the assumption that the attractive vdW inter-
action between a rare gas atom and the carbazole molecule is
dominated by the dipole–dipole dispersion term.

As potential advantages of the SEP-R2PI scheme we
point out~i! SEP-R2PI is a mass-specific ground-state vibra-
tional spectroscopic method at laser resolution.~ii ! The
method is optically triply resonant, and frequency specificity
can be exploited in each of the three steps.~iii ! Depending
on the choice of the probe laser frequency, the method is
essentially background-free and is therefore highly sensitive.
Moreover, at the present signal levels the technique also al-
lows to detect and analyze the aromatic molecule vibrational
predissociation products, produced in the electronic ground-
state, see Ref. 23.

Further applications of the SEP-R2PI technique to the
measurement of dissociation energiesD0 of molecular van
der Waals complexes and also of hydrogen-bonded com-
plexes M•S ~with S5H2O, CH3OH, and NH3! are in
progress.53
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