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Mass-selective ground-state vibrational spectra of jet-cooled carb&z(®e=Ne, 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 frequerfaystate vibrational modes were
accessed from=200 cmi ! up to the dissociation enerdy,. Upon dumping to ground-state levels
aboveD ), efficient vibrational predissociation of the complexes occurred, allowing us to determine
the S, state van der Waals binding energies very accurately. O§(&,) values are<214.5:0.5

cm *(R=Ne), 530.4-1.5 cm ! (R=Ar), 687.9+4.0 cm ! (R=Kr), and 890.8:1.6 cm * (R=Xe).

In the S; state, the corresponding binding energies are larger by 9% to 12%, &&89.9+-1.0

cm !, 576.3+1.6 cm %, 756.4+4.5 cmi !, and 995.82.5 cm %, respectively. ©1995 American
Institute of Physics.

I. INTRODUCTION techniques, SEP-R2PI spectroscopy probely the “hot”
M-R Sy-products resulting from the pump/dump process fol-

Weakly bound van der WaalsdW) complexes between lowed by ground-state IVR. The method is essentially
aromatic moleculeéM) and rare-gas aton{®) have become background-free, and hence very sensitive, as will be shown
prototype systems for the investigation of solvation at a mi-below.
croscopic level, especially with respect to spectroscopic  Other, conceptually similar pump/probe schemes have
properties;3intermolecular vibrational redistributioVR),  been used in studies of complexes of the ground-state vibra-
and vibrational predissociatiofVP).*~*> Especially for the tional dynamics of vdwW complexés Rotational coherence
dynamic studies, the weakness of the vdW bond is an essefiuorescence depletion is a related technique for the measure-
tial feature. Despite extensive research on aromatic vdWhent of rotational constant§.lonization-detected stimulated
complexes, these intermolecular binding energies are still ndRaman spectroscogiDSRS is also closely related, and has
known to high accuracy. Thus for, e.g., benzéhecom-  been applied by Felker and co-workers for the detection of
plexes, the binding energies have been at the focus of receimttra-! and intermoleculdf vibrational resonances in vdw
experimental and theoretical reseattr?° complexes and clusters. The SEP-R2PI method can also be

We have recently introduced thetimulated emission viewed as a fully resonant Raman variation on the IDSRS
pumping/resonant two-photon ionizati®EP-R2PI method = method. Pump/probe methods have also been used to deter-
for the mass-selective determination of ground-state vdWhnine excited-state IVR rates in aromatic vdwW
binding energies and vibronic spectra of jet-cooled aromaticomplexes>34
van der Waals complexes and clustersRvbr M-R,,, where Limits on vdW binding energies have previously been
M is an aromatic moleculdgcarbazolg¢ and R a solvent determined by various methods: excited-state dissociation of
atont'?2 or molecule?® The results obtained so far for M-R complexes has been detected by observation of dis-
carbazoleAr (Refs. 21 and 2Rreveal great potential for the persed fluorescence from the bare M aromatic molecule, fol-
investigation ofvibrational stateshinding energiesanddy-  lowing IVR/dissociation of the vdW complek®71%12:35|n
namicsof weakly bound aromatic vdW systems in the elec-an extension, picosecond time-resolved decay time measure-
tronic ground state. From the point of view of theory, inter- ments coupled to dispersed fluorescence emission techniques
molecular interactions in electronic ground states are muchive information on the state-to-state IVR energy flow as
more tractable than excited states, and accuahtimitio cal-  well as on the dissociation energy in the vdw compi&}
culations of molecular properties are now possiflé?Ex-  Alternatively, the nonobservance 6f state vibronic bands
perimentally, the ground-state polarizability and charge disin R2PI spectroscopy indicates vibrational predissociation of
tribution of the aromatic molecule are usually characterizedhe vdW complex prior to ionizatioh-*® All these tech-
much more accurately than for excited states. In the presemiques probe the excited state and give only upper limits to
work, we extend the application of this method to the com-the binding energies. Conversely, observation of relaxed
plexes of carbazole with RNe, Kr, and Xe. fluorescence of the vdwW complex following excitation im-

SEP-R2PI spectroscopy can be viewed as stimulateglies that the energy content of the complex is less than the
emission pumpindSEP followed by a R2PI detection step, binding energy, and lower limits to vdW binding energies
in which hot complexes or clusters are detected masshave been so inferréddHowever in electronically excited
specifically. Conventional SEP techniques, in which populastates, VP rates usually compete with intramolecular radia-
tion losses are monitored.e., differential signals are re- tive and nonradiative process¢fiuorescence, intersystem
corded, are well establishe®®24~2%n contrast to these crossing(ISC), internal conversioiC)],*® which may intro-
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duce uncertainties in the determination of the binding energy.

Recently Krauset al’ 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-R™") and product-iofM*) channeljower and
upperlimits to the ion-state dissociation energy become ac-
cessible. Adding the ionization potential shiIP) 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. Il. In Sec. Ill we present and discuss Bgeand S;
state binding energies as well as the intermolecular vibra-
tional level structure observed for carbaz®te(R=Ne, Ar,
Kr, and X, and also correlate and compare bgvalues of
the different vdW complexes. Section IV contains the con-
clusions.

Il. EXPERIMENT
A. Principle of the SEP-R2PI method

A scheme of the meth8??is displayed in Fig. 1. Su-
personically cooled MR complexes are pumped at the
Sy—S; 0% band, shown as stefi) in Fig. 1. A very small
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fraction—typically <0.1%—of the generate8;-state com-

FIG. 1. Schematic level diagram of the stimulated-emission-pumping reso-
nant two-photon ionizatiofSEP-R2P) experiment, as applied to a R

plexgs absorbs_ a _second phc_)ton at the pump laser frequen%fw complex. The vertical axis indicates vibrational and/or electronic en-
and is directly ionized, see Fig. 1. In the dump step, inducedrgy in the MR complex, the horizontal axis indicates time. In the pump

by a second tunable laséR) or (2'), a large fraction—
typically 30%—-40%—of the excited-state population
transferred back to a specific intra- or intermoleci#gvi-
brational level, at an excitation energy relative to the vi-
brationless ground state. The combination of puipand
dump(2)/(2') steps, which are synchronized to withir2 ns,

step (1), the M-R complex is excited frong, to S;, usually via the elec-

iStroni(: origin. In the dump steg2), vibronic transitions from thés, zero-

point level are stimulated down to intra- or intermolecular vibrational levels
in the S, state, which lie below the MR vdW binding energyD,). The
system evolves g, during a variable timeé =50 ns to 15us. During this
time, IVR leads to population of hot vdW levels. Alternatively, in st&p,

the dump photon populates levels abdyg, leading to vibrational predis-
sociation(VP) during A. The population increas@r decreasein hot vdW

define the SEP process. The population transfer efficiencpvels is then probed byl resonant two-photon ionizatiofR2P) via
achieved in the SEP process depends on several factors, W¥#W sequence bands, using phot¢8p+(3).
cluding laser powers for the pump and dump steps, oscillator

strength § ), Franck—Condon factord=C’s), IC as well as
ISC rates in theS; state and dynamics in thg, 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 timesA ranging from 50 ns to 1S, see Sec. Il B.
Initially, rapid relaxation occurs out of the preparggset of

mixed eigenstates; in the limit of high vdW mode densities,

rapid dissipative IVR occurs. E>Dy(Sy), this is followed
by vibrational predissociatioivVP)—typically on a longer
time scale than IVR°*Due to substantial anharmonicities
of the intermolecular potential energy surfd®ES and the

high vibrational level density, which are both very typical for

vdW complexes and clustet$° vibrational relaxation pro-

cesses occur already at modest excitation energies of a fe&)

100 cmi't,

The relaxation products are probed in thmbe step
[step(3) in Fig. 1] using single-color R2PI. We distinguish
two cases:

(1) If the complex has not dissociated during, i.e.,

E<Dy(Sy), the product MR 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 spectrumAlternatively, if the dump and
pump laser are held fixed, and the frequency of the probe
laser is varied,S;—S,; vibronic spectra of selectively
heated complexes are obtained, denqiembe 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, typicallyT,,~2 K in the beam.

If the M-R species has dissociaté@tat isE> D) within

the time A, the hot ground-state population originating
from the SEP process has vanished, he®geibrations

are no longer recorded gmsitive signals in the probe
step. Under certain conditions discussed in more detail in
Sec. llI C it is possible to observe ground-state vibra-
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(Vprope=30 790 cm 1), as the fraction of hot complexes de-
tected at this frequency is relatively large, and the back-
ground of cold clusters present without dump lafEig.
* 2(a)] is minimal. The probe-laser frequencies used for the
other complexes are given in Sec. Ill.
The band intensities of the dump spectra dependipn
the Franck—Condon factors for tig— S, transition;(ii) the
Sy IVR rates from the optically accessed or “bright” state to
the background statesiii) 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 bandgjv) the frequency of the probe laser. This
Q) effect is most pronounced at low dump frequendiescess
energiey, 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 tovs(a,) at 215 cm'®. Since
I A AT AT I S AR IS in the dump spectra the probe laser is fixed at a certain fre-
30600 30700 30800 guency, modes for a sequence or hot band that happens to lie
Wavenumber / cm’ at the probe laser frequency are enhanced by the probe step.
At higher frequencies, the probe laser spectra are broad and
FIG. 2. Probe spectra of the carbazdle complex following the SEP pro- unstructured, but the shape of the probe spectrum can change
cess, using 41 resonant two-photon ionization. In trag® the pump laser ~ Systematically with excitation energy. For example in
[(1) in Fig. 1] is on, the dump lasef?) is blocked. In(b), both pump and  Car-Xe, where the probe spectrum is broad and unstructured

dump lasers are on, dumping occurs to thet v; intramolecular combina- above 420 cm! excitation ener the maximum of the
tion band at 845.2 cit, below the vdwW bond enerdy,(S,); note the large 9

increase in broad background in the spectrum. In tfatethe part of the b_road_ spectrum shifts to hlgher energy when exciting h'gher
spectrum due to remaining cold carbazdle population in the beam is  Vibrational levels.

subtracted (c)=(b)—0.7(a)]. Hence,(c) is the spectrum of “hot"S, state

complexes generated by the pump/dump steps. Note that the residual sh . .

bands are blue-shifted with respect to spect(am aéD Experimental details

1. Cluster synthesis

C) Probe

lon Signal

Dump off

Car-R (R=Ne, Ar, Kr, and Xe clusters were synthesized
tions lying aboveDy(S,) as negative peaks. Thus, and cooled in pulsed, seeded supersonic expansions. A mag-
Do(Sy) is bracketed by the last positively observed andnetically actuated pulsed valve was employed, with a circular
the first negatively or nonobserv&y vibrational level.  nozzle of diameteD=0.4 mm and wall thickness 0.2 mm.
Gas pulsewidths were 200-25@s. Carbazole(Fluka AG
Switzerland,>99% purity) was heated to 120 °C, giving a
vapor pressure of1 mbar, and seeded into either pure neon
or mixtures of 2% argon, krypton or xenon in 98% neon
second laser dumps Gife complex population to ars, carrier gas at a backing pressm@z;.z bar._The sk|mm_ed
) L Z molecular beam was probed at a distarti® =400. Details
intramolecular combination band at 845.2 cinthe probe : . : g

of the molecular beam machine and the linear time-of-flight

laser covers the same spectrum as in t@ceA manifold of . . .
hot bands and sequence bands appears as a relatively [mass sp_ectrometeg system are essentially identical to that of
_ ; .7 our previous work!

structured background spectrum; superimposed on this is the

spectrum of the remaining “cold” CaKe complexes which

did not undergo the SEP process. In Fi¢)2subtraction of ~ 2- Laser system

the “cold” spectrum (a) from (b) reveals the spectrum of Three independently tunable nanosecond UV lasers are

microcanonically hot carbazol¥e at an internal energy of employed in the experiment. The pump and dump laser

845 cm L. Note that the vibronic bands still present@ are  pulses[step(1) and(2) or (2') in Fig. 1] were provided by

wider and less intense than in tra@, and areblue-shifted two frequency doubled dye lasefBL2002, FL3002, DCM

by nearly 3 cm. On the other hand the broad background indye), pumped by the same 532 nm output of a Nd:YAG laser

the 30 600—30 800 cnit range without sharp structure re- (Quanta Ray GCR3Typical pulse energies were 200 and

flects the statistical energy redistribution by IVR at a rela-1 mJ for pump and dump laser pulses, respectively. Both

tively high density of states. beams were mutually overlapped in space and time, and
For the dump spectra, the sensitivity depends on therossed the molecular beam perpendicularly within the ion

choice of the probe laser frequency. The arrow in Fig) 2 source. The frequency doubled UV output of a third pulse

marks an optimum position for the probe laserdye laser (FL3002, DCM dye, pumped by a sec-

Figure 2a) shows a probe laser spectrum of the
carbazoleXe vdW complex in the vicinity of the electronic
origin (Sy—S;); for this spectrum the pump laser was on,
but the dump laser was off, amt=750 ns. In traceb), the
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ond Nd:YAG laser{Quanta Ray GCR 17jGvas used for the
probe. TheQ-switches of the two Nd:YAG lasers were syn-
chronized with a digital delay generattanford Research R2PI detected
DG 535. The crossing point of the probe laser with the Car-Xe dump spectra
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- M
trometer. With Ne carrier gas, this corresponds to a time

delayA up to 15us. The minimum delay time that could be
usefully employed was 50 ns, roughly twice the fluorescence
lifetime of the CarAr complex?® Typical probe laser pulse
energy was 30Q.J. All three laser beams were unfocused,
and the beam profiles at the molecular beam were approxi-
mately 2<2 mm.

Car-Kr

lon Signal
£

3. Fluorescence lifetimes Car-Ar

Carbazole or CaR complexes RR=Ne, Ar, Kr, and L
Xe) were excited at their respective electronic origins, at
x/ID=15. The resulting fluorescence was collected with a
quartz lens and detected by a RCA 7265 photomultiplier. The Car-Ne
fluorescence decay curves were recorded with a Tektronix T
DSA-602 2 GHz digitizer and averaged over 1009 laser 1000 800 600 400 200
shots. The data were corrected for the laser pulsewidth and »
instrument response function via deconvolution. All five de- Wavenumber / cm

cay curves were exponential to within experimental accu-
racy. FIG. 3. SEP-R2PI ground-state spectra of carbako®=Ne, Ar, Kr, and
Xe) obtained by tuning the dump laser frequeristep(2), (2') in Fig. 1].

The scale is given in wave numbers relative to the respective ori§irsee
I1l. RESULTS AND DISCUSSION text.

A. Carbazole -Kr

1. S, ground-state vibrations Many combination bands of intra- with intermolecular
We first discuss the intra- and intermolecular vibrationalVibrations are also observed in the dump spectra. The derived

levels of CarKr in the frequency range 200—700 cfn For intermolecular vibrational frequencl|es are also listed in Tab_le

all dump spectra the probe frequency wag,p=30 873 I. From these, average values of |_nte_rmolecular frequgnmes

cm 1, 64 cm ! to the blue of theS,— S, origin transition. (averaged gver.all observed combination barade listed in

An overview spectrum is shown in Fig. 3, and two spectrally 1able II. Vibrational fundamentals of the, and », vd_Vl\/

expanded regions in Fig. 4. The intramolecular modes ar@'0des appear in the spectrum, at 23.4'tmnd 38.8 cm’,

classified in theC,, point group symmetry of bare carbazole, FeSPectively. Assignments e based on earlier work on
although the complex has lower symmetry. TheCar-Ar (Ref. 44 and CarKr;* », is the in-plane or bending

Sy(A,)—S,(A,) transition is in-plane and short-axig/- vibration along the_ sho_rt ax?s of carbazole ands the out-
axis polarized. The assignment &, intramolecular bands of-plgne or.stretchlng V|brat|o.n. Both modes are totally sym-
in the CarKr SEP-R2PI dump spectrum is based on previougMeric (') in the complex point grouts. Earlier determi-
work in molecular beams and low-temperature cryétdfs —nation of these frequencies by dlspielrsed fluorescence
as well asab initio calculations’>**Due to Herzberg—Teller €MISSIon spectroscob@gave:- w=22.7 cm " and »,=39.0
coupling to theS,(b,) electronic statep, vibrations also €M _» in good agreement with the present results.

occur with moderate intensitié$.Note thata,+b; combi- The », mode usually yields the strongest intermolecular

nation bands are also df, symmetry. Besidea, and b, combination bands, but the first overtones2as well as the
vibrations. such combination bands are observed in th& fundamental are also often observed in combination with

Car-Kr spectrum at 393.0 citt [v,(ay)+ v4(by)], 619.4 strong and moderately strong intramolecular bands. In com-
em 1 [vs(ay) + vs(by)] and 683.9 ’ cm!  bination with 15(ay), which is especially intense, even the

[v5(ay) + vs(a;) + ve(b;)]. Between 200 cml and 700 second overtone By and the intermolecular combination

cm ! the spectruniFig. 3 consists of three clumps of bands V2t ¥y are observed. Here,.the inter- plus mtramoleqular
centered at 240 cit, 440 cnit, and 650 cr?, respectively. combination band;(a,) + vy is even str.ong'er than the in-
Within the first group, shown in Fig. (@), are the strong (ramolecular fundamentak(a,) as seen in Figs. 3 and&.
intramolecular vibrations -24(b;) and v3(a;). The most o

prominent bands in the second group are assigned(tq) 2 Binding energy

and 2wy(a,), whereas in the third group, presented in Fig. The ground-state vdW binding enerBy(S,) of Car-Kr

4(b), v14(b,) andvy5(a;) have largest intensity. Table | com- was accurately determined by a bracketing measurement.
piles the observe®, vibrational frequencies and intensities. The highest vibrational level which gives @ositive dump
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TABLE I. Intra- and intermolecular vibrational frequencies and band inten-

sities for ground-state carbazel&, in the 200-700 cm! range. Intermo-
Carbazole - Kr lecular frequencies are derived from combination bands with intramolecular
modes.
Assignment Wave number/cth  Interm./Jcm?  Intensity/96
21 210.3 61.7
V3 215.0 69.3
2:-v+y 233.8 235 42.4
vaty, 238.5 235 100.0
_ 2. v+, 249.2 38.9 15.3
o vst v, 253.9 38.9 29.3
5_))) A S TR DT 2.y1+2£)y§ 257.6 47.3 12.8
g : ; vzt+2-v 262.0 47.0 16.0
5 80 - - 20 200 V3+Vy+yy*; 274.0 59.0 135
= b) vat+3- 1) 285.4 70.4 10.2
. 393.0 29.5
‘ : vy 427.3 91.8
7 2-v 430.7 63.8
3 ; vyt vyt vy, 443.1 16.2
: vty 450.5 23.2 34.4
2-v3ty 453.9 23.2 38.7
v+, 466.1 38.8 10.9
2.5+, 469.5 38.8 8.5
S I I IR v+ 200 4738 46.5 6.8
750 700 650 600 2:v3+2 vy 4775 46.8 8.1
B - 552.9 13.3
Wavenumber / cm vt 578.0 25.1 9.2
v+ Vg 619.4 17.6
FIG. 4. Expanded regions of the “dump” spectrum of carbazéte(see V14 632.3 818
Fig. 3), showing intermolecular vdW modés, and,) in combination with 33 643.2 22.5
the intramolecular levels; [trace (a)] and v;5 [trace (b)], respectively. In V15 653.1 75.5
order to bring out the missing transitions in trabg the two intramolecular Y14ty 655.4 231 67.9
transitionsv; and v;5 are horizontally aligned. The scale is relative to the 3-v3+ 666.3 231 9.1
origin of carbazoleKr at 30 740.5 cr'. Vst v, 671.0 38.7 12.8
s+, 676.0 22.9 33.6
v1g+2:00 678.7 46.4 17.6
spectrum signal lies at 683.9 ¢th) shown in Fig. 4b). This ~ »2" st % 683.9 252

pand corresponds to the(a,) + v3(ag) +ve(by) Com_bina' 3Percentage intensity, relative to strongest band.
tion level, observed at 682 crin bare carbazole. This level ‘Tentative assignment.

determines the lower limit of the vdW binding energy. The
following vibrational levels expected, buiot observedare
indicated in Fig. 4; the dotted lines indicate the observe
positions of the vdW combination bands ef(a;) in Fig.
4(a), and point to the expected positions of the analogou
combination bands of,5(a,) in the lower half of Fig. 4b).
One such band is the intra- plus intermolecular combination

nstv,, expected at 653:438.8 cm '=691.9 cm’. We  1age . Experimental intermolecular vibrational frequenciés cm™?)
note that thev;s+ 1, band is strong, but the higher intermo- for carbazoleR (R=Ar, Kr, and X@ in the S, and S, state?

lecular combination vibrations, i.e., the, the 2y, , and the

CIs<tate IVR/VP processes might be quite slow, for yet un-
nown reasons. Also, the VP rate decreases as the dissocia-
éion limit Dy is approached from above. For either of these
reasons, one might argue that during the delay #x»e100

vy+ v, are clearly missing. Another missir(gr very weak Vibration Al Kr xe
combination band corresponds to the level+ v, +v,, ex- g state v, 22.9 23.4 24.4
pected at 691.3 cit. Neither of these, nor any other levels 6-v2 24.4
are observed to higher frequency, implying all level§91.9 2} 42.3 46.9 49.1
cm™ ! lie above the dissociation limit of the vdW bond. Com- +”Zb 50.0 5398'(? 6307'47
bination of these two limits bracket the ground-state binding V?f. V'SZ 704 733
energy of CarKr as D(S,) =687.6+3.7 cm .. 20418 ' 83.4
S, state v 23.6 245 26.9
3. Delay time dependence and dissociation rates 6 Vg 25.9 228
2-v) 43.6 49.4 54.0

Weber and Rice have performed time-resolved experi- v, 50.8 40.2 38.5
ments on vdW complexes-tetrazineR (R=Ar, Kr, Xe) in vty 61.7 64.6
the electronic ground state, which gdeever limits to vibra- 3 772
tional redistribution lifetimes of 4-15 ns, depending on theayaes refer to band maxima; experimental ert®.2 cn ™.

rare gas and the excess enétdhis indicates that ground- ‘Tentative assignment.
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TABLE lIl. Dissociation energie®, (in cm™?) for the S, and S; state of
carbazoleR (R=Ne, Ar, Kr, and X8.

Carbazole : Kr

R Do(Sp) P Dy(Sy1) Increase
o))} Ne <214.5+0.5 -8.5+0.5 <222.9+1.0
Ar 530.4£1.5 —45.9+0.04 576.3-1.6 8.8%
5 90 ns Kr 687.6:3.7  —68.5:05 756.142  10.0%
8) Xe 890.8+1.6 —105.0+1.0 995.8:2.5 11.8%
&b b , -
<2 ) aSpectral shiftss» are relative to the carbazol§ band at 30 809 ci-
bvalue from Ref. 51.
2 400 ns
©)

whereE is the total(intra- and intermolecularvibrational
12000 ns energy,E ™" is the amount of excess vibrational energy above
the dissociation thresholD, (see definition aboyethe nu-
ol e Ly merator is the sum of vibrational states exceeding the disso-
700 675 650 ciation energy(but exclusive of the dissociation coordingte
and p(E) is the vibrational density of states at eneigyIf
we employ the lower limit to the VP rate derived above and
FIG. 5. SEP-R2PI spectra of carbazdle obtained by scanning the dump assume tthNv(E+) =1 ie., EJ_r 1S "f‘t thefirst St,ate above
laser in the vicinity of the ground-state dissociation liRi§(S,). The delay ~ the dissociation energy, a vibrational density of states
timesA between SEP process and R2PI detection stefiaate=90 ns,(b)  p~1200/cm ! is obtained at a total energy corresponding to
A=400 ns, andc) A=12 000 ns. Within experimental accuracy, all traces the ydW dissociation energy. Previous estimates of the vibra-
show identical band positions and relative intensities. . . 415 .
tional density of statés** are one to two orders of magni-
tude lower than this, indicating that the VP rate predicted by
the RRKM model is 18-10° s ! just above the threshold.
ns employed for the dump spectra in Fig. 4 the vdW complexThis is in agreement with the present observations.
did not dissociate to an appreciable extentSjfstate VP The S; excited-statebinding energy can be determined
dynamics would indeed extend into this time range, the inby adding the spectral red shift 69=68.5+0.5 cm * to the
tensities of bands corresponding to levels lying abyge  ground-state binding energy, givin®(S;)=756.1+4.2
should be delay time dependent. Also, since the VP rate inem *. The measured values for ti8 ground-state binding
creases with increasing excess enefjy (E"=E—D,), energy, the spectral shiftv and theS, excited state binding
bands corresponding to different levels ab@gshould dis- energy as well as the relative increase of the binding energy
appear at different rates with increasing delay time. upon going fromS; to S, are collected in Table 11l for CaR
In order to investigate this, dump spectra were measuretR=Ne, Ar, Kr, and Xe.
over a spectral range 6£100 cm ! in the vicinity of the
dissociation limit, with the probe laser delayed d%90 ns, B. Carbazole -Xe
400 ns, and 1Zs, covering more than two orders of delay
time. As Fig. 5 shows, the spectra show delay time de-
pendence whatsoever betweks 90 ns to 12us, even small The dump spectrum of CaXe in the frequency range
details of the relative band intensities being conserved. Frofi30—890 cm* is shown in Fig. 3, and expanded in Fig. 6.
this we conclude thati) even at the lowest excess energy The probe laser was fixed 71 cito the blue of the §band.
E*, corresponding to the,s(a;) + v, level, the VP lifetime ~ Table IV lists the frequencies, intensities, and assignments of
must be<40 ns, given the delay time of 90 ns, the expectedhe observed transitions. The relative intensities of the in-
signal intensity, and the noise level, corresponding to a lowetramolecular vibrations in the spectra of Cae and CarKr
limit of the VP ratekyp=2.510" s°%. (i) Since no higher- are similar between 630 cmand 690 cm™. Intense bands
lying levels are observed, their VP lifetimes must also beat 632 cmi* and 653 cm* are assigned to the,, and v;5
<40 ns, indicating no detectable variations in VP rates in thignodes, respectively, whereas considerably weaker bands as-
energy range(iii) If the 683.9 cm® level were above the signed to 3vs(a,) andv,(ay) +v3(a,) + ve(b,) arise at 643
dissociation energy, as postulated above, its VP lifetimem * and 684 cmi’, respectively. The frequencies of these
would have to be>30 us, given theA=12 us and the simi- intramolecular modes agree to within 0.5 thior the Kr
larity of spectrum in Fig. &) to that in Fig. %a). A differ- ~ and Xe complexes. At energies beyoDg(S,) of Car-Kr,
ence of almost three orders of magnitude in VP rate over &rther intramolecular modes have been assigned forGar
small energy range is highly improbable, and we conclude’he most prominent bands above 840 ¢rare combinations
that the lower experimental limit oDy(S,) for Car-Kr is ~ Of v3 with v, and »s at 845.2 cm* and 868.0 cm'.
indeed 683.9 cimt. Slightly less intense bands arise fromw,(b,),
The VP rate predicted by the RRKM model is given by vs(a,) + v15(b1) and v,a;) modes at 849.1 cht, 864.5
cm ! and 881.6 cri?, respectively.
_ ENL(ET) As for CarKr, the two intermolecular fundamentaig
~ hp(E) and v, are active and are observed as combinations with

Wavenumber / cmy’

1. S, ground-state vibrations

VP
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TABLE IV. Intra- and intermolecular vibrational frequencies and relative

intensities for ground-state carbazole, in the frequency range 600—900
Carbazole * Xe cm L. Intermolecular frequencies are derived from combination bands with
intramolecular modes.
Q) . .
> > s Assignment Wave number/cth Interm./cm® Intensity %
3
4 Vi 632.1 96.9
V3t vy 638.6 12.4
31, 643.1 31.8
Vis 652.4 100.0
— vty 656.1 24.0 40.7
0 3-ugty, 667.7 24.7 111
Lo IR T I I AT 669.1 16.5
R : Va1, 669.9 37.8 17.0
5 700 L 650 600 sty 677.0 24.6 55.5
= : v1g+2:-10 681.2 49.1 33.2
Vot vat g 683.4 11.5
— 689.9 375 20.9
vigF vyt od 692.5 60.4 14.2
vis+2- 00 701.5 49.1 22.0
v1g+3- 1) 705.4 73.3 13.4
vyt vt rgt 707.7 24.3 13.4
vist v+l 712.7 60.3 11.8
viat2 vyt od 715.5 83.4 5.0
N R AR V16 745.0 15.0
950 900 850 800 763.5 10.9
» vt vy 767.2 18.9
Wavenumber / cm e~ 769.4 24.4 8.9
) vyt 791.3 24.1 7.5
FIG. 6. Expanded regions of the ground-state spectrum of carbXaglef. 830.1 55
Fig. 3. The spectral regions corresponding to the intramolecular leyels 8335 8.8
[trace(a)] and v+ v,5 [trace(b)], respectively, are shown. In order to point 836.2 7.0
out the bands which are missing in tra@®, the two intramolecular transi- Vst vig 845.2 56.1
tiqn; 115 and v+ vy5 are horizontally 1aligned. The scale is relative to the vy 849.1 315
origin of carbazoleXe at 30 704.0 cm-. Vet vy, 8645 38.6
V3t v 868.0 49.4
intramolecular modes in the dump spectra. Table Il compileg®”,*" " o o 204
intermolecular frequencies as derived from combination,,z ’ 881.6 43.1
bands with intramolecular modes. The aver&gestate fun- g+, 885.0 11.9
damental frequencies are 24.4 ciand 37.7 cm* for »,  ¥strty 889.2 24.7 115
and v, respectively. As for CaKr, v, is observed in com- *percentage intensity, relative to strongest band,

bination with all moderately strong bands in the spectrumprentative assignment.

the intensity being one third to one half of the corresponding

intramolecular band intensity. Beside the very intenge

band,»,, 2-», and v, + v, are clearly observed in combina- since both levels correspond to combination bands of an in-
tion with v;5, as shown in Fig. @. Weaker bands are as- tramolecular vibration withw, and the two intramolecular

signed to 2v,+ v, and 3 v, respectively. bands are of similar intensity.
Addition of the spectral shift of 105:61.0 cm ! yields a
2. Binding energies dissociation energy in theS; first excited state of

An accurate ground-state van der Waals binding energfPo(S1) =995.8:2.5 cm * (see also Table I
Dy(Sy) was also obtained for CaXe. In Fig. 6b) the rel-
evant part of the spectrum is expanded; the last observed. Carbazole -Ar
level, at 889.2 cm, corresponds to the intra- plus intermo- o
lecular combination levebs+vy,+u,. The next expected - So ground-state vibrations
level v3+vi5+ 1, at 868.0-24.4 cm 1=892.4 cm? is not A brief discussion of intramolecular and vdW vibrations
observed. Therefore, the bracketing measurement is very aof Car-Ar, as shown in Fig. 3, was given in Ref. 21. The
curate, giving a ground-state binding energy ofsame intramolecular modes as for G&rare observed for
Do(Sy) =890.8+1.6 cm L. In Fig. 6a), the ;5(a,) vibration ~ Car-Ar with similar relative intensities. The two strong
at 652.4 cm? serves as an example for the typical pattern ofbands at 214.8 cit and 210.7 cri* correspond to intramo-
intra- plus intermolecular vibrations. In Fig(l§ the dotted lecular vibrationsy; and 2 v;. Further bands in the spectrum
lines indicate the corresponding line positions for combinabelow the dissociation limit are observed at 392.1 ¢m
tions with thevs+ v, mode, which are clearly missing. If the 427.1 cmi, and 430.5 cm’ corresponding to intramolecular
dissociation limit were>892.4 cm, the v+ v+ 1, band  vibrationsv,+v,, v;, and 2 v;. Combination bands with in-

y
should have comparable intensity as the last observed bantrmolecular vibrations are considerably less intense for
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Car-Ar than for CarKr and CarXe, reflecting smaller FC  TABLE V. Fluorescence lifetimes of carbazole and carbazole/rare gas com-
factors in the former case. The strongest vdW band is thelexes measured at the respectigeb@nds.
214.8+y, transition, corresponding to a frequency of 22.9

_ . Specie Lifetimgn
cm ! for the short-axisy, mode. A weaker level occurs pecies fetimens
closely above this transition, and is tentatively interpreted asarbazole 3827 38+2°
a Fermi resonance of the, fundamental with the fifth over- Cafgazo:e’\‘e 2365t§ ppash
. . + —+
tone of the long-axis in-plane mode, e.g., 21483y, . The gg:bzglgﬁ: oo -
214.8+ v, combination is also strong, yielding a frequency of ., pa-0lexe 6

50.0 cm ! for the out-of-planey, fundamental. A weak band
at 257.1 cmis tentatively assigned as the 2143 v, tran-  [This work.
sition. The experimentally observed intermolecular frequen-Reference 40.
cies in theS; and S, electronic states are collected in Table

2. Binding energies for the lighter adatoms, implying that other processes must
The original bracketing measurements for this complexcompete with fluorescence emission. It seems reasonable that

were previously presented in Ref. 21 and the correspondindie ISC rate strongly increases when going from the Ne to
dump spectrum is shown in Fig. 3. In contrast to ®arand  the Xe complex, since spin—orbit coupling increases &ith
Car-Xe, vibrations above the dissociation limit are observed ~ Figure 3 shows thaDy(S,) falls into a spectral region
asnegativesignals in all dump spectra of this complex. This which is relatively devoid of vibronic transitions, therefore
observation is rationalized as follows: The fluorescencdhe accuracy of the bracketing measurement is much lower
guantum vyield of CaAr is ®;~0.61 (see below. If the than for the two heavier rare gases. From the spectrum in
dump laser is not present or not resonant with any vibronid=ig. 3 the binding energy of Cakr was determined as
transition, theS, state population fluoresces to a large col-Dy(S,)=517+37 cm ! in Ref. 21. In subsequent work, we
lection of levels according to the FC factors. That part of thewere able to detect vibrationally hot carbazole released as a
population which fluoresces to ground-state levels belovproduct from the VP proce$8 Analysis of that data yielded
Do(Sp) creates a “hot” complex population, resulting in a additional limits for the binding energy, and combination
constant background signal in the dump spectra. If the dumpjith the data of Ref. 21 allowed a much more accurate
laser is resonant, a much larger fraction of the excited-statgetermination. The values determiféd are
population will be dumped to one speciff state vibra- p (5))=530.4-1.5 cni'! for the S, state. Together with the

tional level, since the stimulated emission rate is muchyneasured spectral shfft,yields Do(S;)=576.3+1.6 cm *
higher than spontaneous emission, given the laser intensitiqgr the excited statésee Table 1),

used in our experiments. Hence, in the dump spectrum the 4 the related vdwW complex indoler, Outhouseet al.
background signal from hot complexes produced by fluoresg, .o qetermined an upper limits for ti8 and S, binding
cence is decreased. This is overcompensated by an increaéﬁergies aDy(S,) <502 cmt and Do(S,) <528 cri L5
of signal from the population transferred$g, if this level is This is in qualitative agreement with the present results,

below Do. The _o_verall eff_ect IS an increase of signal andsince the carbazole molecule is larger by one benzene ring,
therefore a positive band is observed in the spectrum. If the_ " e L
L ; : offering an additional stabilization interaction in both states.

dumped vibrational level ibove 0, where the excited

population dissociates, the decrease of hot population genep. Carbazole -Ne

ated by spontaneous emission processes is not compensated

resulting in an overall decrease of signal antkgativeband

in the spectrum. Negative bands in the dump spectra will_ " . : D
o Co rPosmve signals could be observed, whilenegativesignal

only arise if the fluorescence quantum yield is high enoug

to generate a substantial background signal. As can be seer. sgbiﬁrved ?)Irefady at the 214.?‘&3?;%1{?“5 'ShShOV;n |fn
from Fig. 3, negative signals were observed for complexe 'g. 5. The probe frequency was Tixe o the red o

with Ne and Ar, while for Kr and Xe no negative bands couldt_he origin transition. We conclude thaE;[he (de di_ssocia-
be observed. tion energy isDy(Sy)<214.5-0.5 cm ~. By adding the

This explanation is in agreement with the measured fluoSPectral shiftDo(S;) <222.9-1.0 in the excited stat8, (see
rescence lifetimes of CaR (R=Ne, Ar, Kr, Xe) complexes ~ 1able ll).
given in Table V. The measures} lifetimes decrease in the This clearly demonstrates one of the constraints of the
series from Ne to Xe. Based on fluorescence lifetimes angXperiment. The dissociation limit can only be bracketed if
quantum yield measurements of carbazole in hexane solutidh€ complex has active modes above and bdgwAlso, the
by Bolman®® we estimate a fluorescence quantum yielddetermination is more accurate for systems with a high den-
®;=0.9 for gas phase carbazole. From the meas8ydife-  Sity of active modes around, as for CarKr and CarXe.
times we calculate fluorescence quantum vyields of 0.83, The upper limit toDy(S,) given for CarNe in this work
0.61, 0.19, anck0.14 for the CaiR (R=Ne, Ar, Kr, and X¢ is in qualitative agreement with the excited-state dissociation
complexes, respectively. Thus, the quantum yibldof the  energy of Ne bound to 2,3-dimethylnaphthaléae aromatic
Kr and Xe complexes is more than three times smaller thamolecule of comparable size to carbazplehich was deter-

' For this complex, the SEP-R2PI method furnished only
n upper limit to the binding energy; in the dump spectra, no
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mined from a three-dimensional quantum mechanical fit to
the vdW vibrational level structure a®y(S;)=179.2 G) [ I I KA
cm 146

1000 | /o -
E. Correlation of results r /7 -

1. Binding energies 800 |- ry |

Table Il compiles the experimentally determined / /#: Kr
ground- and excited-state vdW binding energies for-Rar /7 =
(R=Ne, Ar, Kr, and X¢. With the exception of CaNe, for - 600 [ £/ .
which only upper limits were obtained, the binding energy g
measurements are very accurate. The relative errors for g //,
R=Ar and Xe are of the order af0.3%, and for R=Kr, of o
the order of+0.7%. ‘

The main contribution to the attractive intermolecular L ,j/ S:/ S, state J
interaction of an aromatic molecule with a rare-gas atom are Ne/,” binding energles
the dispersive interactions. The largest term is the induced 200 - T,/ Carbazole-R -
dipole-induced dipole, which falls off witR®, followed by
the induced dipole-induced quadrupole contribution, which
falls of asR 2. Due to the large dipole moment of carbazole ! | | | |
(1.9 D, Ref. 36, the dipole-induced dipolenteraction, pro- 0 1 2 3 4
portional toR™®, is also non-negligible. All of these interac- aR/A°
tions scale with the rare-gas atomic polarizability, albeit
with different dependencies on the distance of the atom from
the carbazole center-of-masy,,,. The distance dependen- b) L
cies arenot simpleR™" functions, due to several factorg)
the large size of the aromatic molecule, relativeRtg,, (the 10001 5 state Xe
dipole—dipole dispersion term between two interacting atoms . binding energies
falls off with R™®, while for an atom interacting with an
infinite surface monolayer, the saratomicinteraction term 800 |- K -
leads to an integrated interaction which is proportional to r
R™%); the dispersive interaction of carbazole with a rare gas - ]
is an intermediate caséij) the distribution of polarizability
and charge over the molecular frame, which is not homoge-
neous; (iii) the summation of attractive terms mentioned
above.

Figure 7a) shows the values oDy(S;) and Dy(S;) 400 —
plotted vsag (the polarizabilities are from Ref. 47As ex-
pected D, increases with the polarizability &, going from - Ne ]
Ar to Xe, but the increase is not linear. The deviation from
linear behavior is significant for large values af, e.g.,
R=Xe. This is an indication that the distance of the rare gas L 4
atom Ar, Kr or Xe, respectively, to carbazole, is different and
increasing in the above order. oY L e L

For CarNe the SEP-R2PI technique yields only upper
limits to the vdW dissociation energy of the complex in the O <R>* / 10*-A°
ground and first excited statef. Table Il and Sec. Il D. As
expressed by the dashed straight lines in Fi{g) #he upper FIG. 7. (a) Experimental dissociation energis, of carbazoleR (R=Ne,
line is for S;, the lower forS, state, respectively approxi- Ar, Kr, and Xe vs polarizability (ag) of the rare gaRR in the ground(Sy)

mate lower limits can be derived for the Ne case. assumin nd first excited stats,), respectively(b) Dissociation energieB ,(S,) (in
' m 1) vs ag/RE,. R.m gives the distance dR to the carbazole center-of-

linear dependenc_:e betwe%_ andag for R=Ar. The values  ass. The error bars give the experimental uncertainties; the numerical val-
for Car-Ne obtained by this procedure af2,(Sy)>127  ues ofD, are shown in Table Ill. For details, see text.

cm ™t andDy(S;)>139 cm%, respectively.

Figure 7b) plots the sam®, values vsar/RS,,. For the
R.m, we have chosen to use the values of benZRrideter-  complex. As outlined above, the choice of exponent is arbi-
mined by Neusseret al. by high resolution electronic trary, since there will be attractive contributions with expo-
spectroscopff and by Brupbacheret al. by microwave nents ranging froon=4 upwards. Despite these uncertain-
spectroscop$’**since this is the most complete set of struc-ties, the plot ofD(S,) vs ar/RS, for carbazoleR (R=Ne,
tural data currently available for an atom-large moleculeAr, Kr, and Xé& results in an almost perfectly linearity cor-
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relation, cf. Fig. 7b). Upon electronic excitation to th8;,  TABLE VI. Zero-point vibrational energie€ PVE) and well depth® for
excited state, alD, values increaséTable Ill). The absolute carbazoleR (R=Ar, Kr, and X in the S, and$, state.
increase in dissociation energy is experimentally determineB'

. roperty
by the spectral shifté». Such measurements have been per-
formed for many vdw systems, and it has been known foZPVE(S,) 38.5+2 33.6:2 33.6:2

Ar Kr Xe

over a decade that the shifts increase with polarizabflity.  P<(So) 568.93.5 720.5:6.0 923.4:3.8
< intoresting that also thelative | S tor the ZPVES) 30.4+2 34.9+2 35.2:2
is interesting that also theelative increase is larger for the ‘< 615 703 6 90365 1030.0.4.6

heavier atoms, increasing from 8.8% for Ar to 11.8% for Xe.
For carbazole-Ar &R.(Sy)=3.48 A has recently been
determined by Sussmaret al;® the corresponding value
for the complex with benzene is 3.58*AThe shorter vdw workers applied MP2-R12(counterpoise correctgdto
bond distance reflects the increased interaction strength withenzeneNe and benzendér and obtained ground-state value
carbazole. This difference has not been accounted for in thér De; Do(Sp) =154 cm * (R=Ne) andD ¢(Sp) =553 cmi *
plot of Fig. Ab), since only the value for RAr is known. ~ (R=Ar). There is thus quite a large uncertainty in thie
Up to now, accurate experimental data available on disinitio results for the strongly studied benzene rare gas com-
sociation energies of aromatic molecule-rare gas vdw complexes; therefore, accurate experimental values are of high
plexes are not plentiful, and in many cases the accuracy dnterest.
the data is not precisely known. Some early references are
collected in Ref. 52. For the system Clér, Bosiger and 2. well depths
Leutwyler’® previously determined (S;) and Dy(S); in
the R2PI spectrum the signal strongly decreased betwee
two bands at 736 cit and 792 cm?, and moreover the
band at 792 cm® was severely broadened. It was conclude
that Dy(S;) is bracketed by these two values, resulting in
binding energies of Dy(S;)=764+28 cm?! and
Do(Sy) =696+28 cm L. This is in good agreement with the
value in this wor D o(S,) =687.6-3.7 cm %, see Table II).
As for the geometry determinations, many investigation

of dissociation energies, some conflicting, have been undeh’ave therefore assumeg/2=2.5 cmi * for the CarKr and
taken for M=benzene. Brupbachet al”® have deduced the ~,.xq complexes while for Cadr, /2 was calculated

binding energy of benzen@r and benzendNe by Fourier ¢y the observedand tentatively assigned, cf. Table) Il
transform m|crow1ave spectroscopy and predict \ialues Oé-vx frequency, assuming harmonic behavior. Frequency
Do(Sp) =408 cm = (R=Ar) anstO(SP):Bl cm = (R ghifts of intramolecular vibrations upon complexation are ne-
=Ne), respectively. Neussest al.™ predicted a much lower yocteq since most frequencies of intramolecular modes are
dissociation energy on the basis of an extrapolation of th%xpected to shift very little when forming vdW complexes.
out-of-plane vibrational mode. On the other hand, usingrne obtained zero-point vibrational energi€&PVE) and
pulsed field threshold ionization spectroscopy, the samg depthsD, are compiled in Table VI for the Car,

group’’ has determined uppﬁelr bounds for the ground statgar.ky and Carxe complexes for both thg, andS, states.
Do: Do(benzeneAr)<457 cm = andD, (benzenekr)<402  |nerestingly, the ZPVE is largest for the GAr complex

cm % Since Do(benzeneAr) must be smaller than anq decreases by10% for CarKr and CarXe. On going to
Do(benzeneKr) they corrected the upper limit for the bind- he s electronic state, the ZPVE increases only slightly-2
ing energy of benzendr to Dy(benzeneAr)<402 cm™. ¢ 1) The relative difference betweenD, and
This value is in qualitative agreement with the work of Brup-p (D~ D)/D ] is 6.8% (6.4%), 4.6% (4.4%), and 3.6%
bacher and co-workefS. Given the fact that carbazole is (3.4% for CarAr, Car-Kr, and CarXe in the Sy(S,) elec-
larger than benzene, both values obtained for benZerae  gnic state.
consistent with the present value for @ar
[Do(Sp) =530.4+1.5 cmi L, see Table Il). The upper bound
for benzeneKr, which is Dy(S,)<402 cm! (Ref. 37 is
much less than our value for G#r of Dy(Sy)=687.6 The experimental results given in the above work show
cm™ L. Assuming that both values are correct, Kr is boundthat the SEP-R2PI method is a flexible and accurate tech-
more than 1.7 times stronger to carbazole than to benzenenique for the determination of the ground-state vdW disso-
On the theoretical sideb initio calculations were per- ciation energiedDy(S,) of M-R complexes. Very accurate
formed on most benzen® complexes. In a series of papers, determinations of théy(S,) values are presented for the
Hobza and co-workers have presented ground-state weldlystems carbazolR (R=Ar, Kr, and X&), with relative un-
depths for benzendle D, (S,)=99 cmil, benzeneAr certainties of=0.4%. For the complex with Ne an upper
De(Sp)=429 cnmil [Dy(S,)=380 cml], benzenekr limit of Dy(Sy)<214.5+0.5 cm ! is determined. By taking
Do(Sy) =485 cmit [Dy(S,)~450 cml] and benzen&e into account theS,/S; electronic spectral shift$» of the
D(Sy) =601 cmi 116~ These results were obtained using complexes relative to bare carbazole, excited-state dissocia-
counterpoise corrected MP2 calculations. Kloppand co-  tion energiesDy(S,;) were derived with similar precision.

In order to determine the well deptbs,, accurate zero-
oint vibrational energie$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 calculafidmn
the harmonic approximation, the observgdand v, funda-
mentals yield the zero-point energy contributions. The zero-
éaoint energy for they, vibration is very small, preliminary
calculations give frequencies in the range 3-5 &t We

IV. CONCLUSIONS

J. Chem. Phys., Vo!. 103, No. 10, 8 September 1995



Droz, Burgi, and Leutwyler: Binding energies of carbazole-R 4045
The absolute accuracy of the dissociation energy determina?s. H. Kable, J. W. Thoman, and A. E. W. Knight, J. Chem. PBgs4748
tion depends on the density of optically active vibronic bandsm(1988- _
in the spectrum at the dissociation threshold. Furthermore, D ©- DeHaan and T. S. Zwier, J. Chem. Phg8, 1460(1989.

. . . M. R. Nimlos, M. A. Young, E. R. Bernstein, and D. F. Kelley, J. Chem.
the dump spectra acquired Wlth_the SEP-R2PI technique ppys 91, 5268(1989.
yield mass-specific ground-state vibronic spectra of th&M 123, C. Alfano, S. J. Martinez Ill, and D. H. Levy, J. Chem. PHgs, 702
complexes. (1989; 94, 1673(1990.

135 A, Wittmeyer, A. J. Kaziska, A. M. Motyka, and M. R. Topp, Chem.
No dependence of the dump spectra on the delay time Phys. Lett.154 1 (1989,

between SERpump/dump prepara_‘uon proce§s anq R2PI 14D, H. Semmes, J. S. Baskin, and A. H. Zewail, J. Am. Chem. 3608,
probe step was observed on the time scale investigated, 53104 (1987; D. H. Semmes, J. S. Baskin, and A. H. Zewail, J. Chem.
ns<A<15 us. This is true for even the lowest excess ener—lSPhys.QZ, 3359(1990.

gies studied, which for carbazeXe must be<3.2 el E. A. Outhouse, G. A. Bickel, D. R. Demmer, and S. C. Wallace, J. Chem.
We conclude that the vibrational predissociation lifetime is Phys.95, 6261(1991.

’ p 16p, Hobza, H. L. Selzle, and E. W. Schlag, J. Chem. P8§s391 (1991).
considerably less than 50 ns, even at these very low exces®, Hobza, O. Bludsky, H. L. Selzle, and E. W. Schlag, J. Chem. FHys.
energies. Although this limit is not very stringent compared18335(1992.
to the ps time scale studies in electronic excited states, it is?io‘i'fgg;y' V. Spirko, V. Hrouda, and P. Hobza, Chem. Phys. 1116
not far above_théower VP I!fetlmes of 15 ns established by 19W. Klopper, H. P. Lthi, Th. Brupbacher, and A. Bauder, J. Chem. Phys.
Weber and Rice fos-tetrazine/rare gas complex@s. 101, 9747(1994.

The measured dissociation energl®g(S;) for CarR  2°Th. Brupbacher, J. Makarewicz, and A. Bauder, J. Chem. Pt§%.9736

(R=Ar, Kr, Xe) were found to depend linearly am/RS,,, 21(T19§,‘9-_ - 4 S. Leutwyler, Chem. Phys. L&i25 352 (1994
. . . . e . Burgi, T. Droz, and S. Leutwyler, Chem. Phys. .
where aR 1S the pOIanzablllty ofR, and Rem gives the dis 22T, Droz, T. Birgi, and S. Leutwyler, Ber. Bunsenges. Phys. Ch@in429

tance ofR from the center of mass of carbazole. This is in (1995,
agreement with the assumption that the attractive vdW inter?*T. Birgi, T. Droz, and S. Leutwylefin preparatioh
action between a rare gas atom and the carbazole molecule’§- E(- Hafgilton, J. L. Kinsey, and R. W. Field, Annu. Rev. Phys. Ch&h.

: : : : : 493(1986.
dominated by.the dipole—dipole dispersion term. 5T, Ebata, M. Furukawa, and M. Ito, J. Opt. Soc. Am7B1890(1990.

. As pqtentlal advar_‘tages of the SEP'RZPI SChem? Wes). Takayanagi and I. Hanazaki, J. Opt. Soc. Am7,B1898(1990.
point out(i) SEP-R2PI is a mass-specific ground-state vibra2’r. J. Northrup and T. J. Sears, Annu. Rev. Phys. Cht8n125 (1992.
tional spectroscopic method at laser resoluti¢int The  *°D.Frye, P. Arias, and H.-L. Dai, J. Chem. Phg8, 7240(1988; D. Frye,
method is optically triply resonant, and frequency specificity,, - L@Ppierre, and H.-L. Dai, J. Opt. Soc. Am. B 1905(1990.
can be ex |F(;ited }i/n eilzh of the three ste(;i;) Dey eEdin yng. Berry, R. A. Loomis, L. C. Giancarlo, and M. I. Lester, Chem. Phys.
p. p g . Lett. 178 301(1991); M. Berry, M. R. Brustein, M. I. Lester, C. Chakra-
on the choice of the probe laser frequency, the method isvarty, and D. C. Clary, J. Chem. Phyg6, 7890(1992.
essentially background-free and is therefore highly sensitive?(@ L. L. Connell, S. M. Ohline, P. W. Joireman, T. C. Corcoran, and P. M.
Moreover, at the present signal levels the technique also al-Felker. J. Chem. PhyS6, 2585(1992; (b) P. M. Felker, J. Phys. Chem.
. . . 96, 7844(1992; (c) S. M. Ohline, J. Romascan, and P. M. Felker, Chem.

lows to detect and analyze the aromatic molecule vibrational Phys. Lett.207, 563 (1993
predissociation products, produced in the electronic groundsy, A. venturo, P. M. Maxton, and P. M. Felker, J. Phys. Ch@®,. 5234
state, see Ref. 23. (1992; Chem. Phys. Lett198 628(1992.

Further applications of the SEP-R2PI technique to th az\l\; AE \,f'e-mum a”é' FF: "é- Felker, J. th’S-FC}:‘el?Z ‘38?;(199% 650
measurement of dissociation energi@g of molecular van . F Hineman, E. R. Bernstein, and D. F. Kelley, J. Chem. Phgs.
der Waals complexes and also of hydrogen-bonded com¥p G. smith and M. R. Topp, Chem. Phys. L&@29, 21 (1994).

plexes MS (with S=H,0, CH,OH, and NH) are in M. Takayanagi and I. Hanazaki, Chem. Phys. L&80, 115 (1992; J.

progress? Chem. Phys98, 6958 (1993.

36). Bsiger and S. Leutwyler, Chem. Phys. LeitR6, 238 (1986.

S7H. Krause and H. J. Neusser, J. Chem. Pi&y%.5923(1992; 99, 6278
ACKNOWLEDGMENT 19%5.5923(1992

(1993.

38M. Mandziuk and Z. Bacic, J. Chem. Phya8, 7165(1993.

39M. Mandziuk, Z. Bacic, T. Droz, and S. Leutwyler, J. Chem. PHy¥) 52
(1994).

“OR. Knochenmuss and S. Leutwyler, J. Chem. PBys4689(1990.

4IA. Bree and R. Zwarich, J. Chem. Phygi, 903 (1969.

“2E. Honegger, R. Bombach, and S. Leutwyler, J. Chem. P8§s1234
(1986.

43T, Birgi and S. Leutwyleunpublishest

44). Besiger and S. Leutwyler, Z. Phys. Chem. NB4, 31 (1987.

451, B. Bolman, J. Phys. Chen74, 3085(1970.

46T, Droz, S. Leutwyler, M. Mandziuk, and Z. Bacic, J. Chem. Phys.
press.

47G. M. Barrow, inPhysical ChemistryMcGraw—Hill, Koyakusha, 1973

48H. J. Neusser, R. Sussmann, A. M. Smith, E. Riedle, and Th. Weber, Ber.
Bunsenges. Phys. Che®6, 1252(1992.

Support by the Schweiz. Nationalfon@Rroject No. 20-
33879-92 is gratefully acknowledged.

IM. Y. Hahn and R. L. Whetten, Phys. Rev. Letl, 1190(1988.

2S. Leutwyler and J. Bsiger, Chem. Rew0, 489 (1990.

3M. Schmidt, M. Mons, and J. LeCalyeChem. Phys. Lett177, 371
(1991

4J. E. Kenny, D. V. Brumbaugh, and D. H. Levy, J. Chem. Pfils.4757
(1979; J. A. Blazy and D. H. Levyjbid. 76, 4328(1982; D. V. Brum-
baugh, J. E. Kenny, and D. H. Lewjid. 78, 3415(1983.

5E. R. Bernstein, K. Law, and M. Schauer, J. Chem. PB@s107 (1984);
M. Schauer, K. Law, and E. R. Bernsteibjd. 81, 49 (1984, 82, 726
(1985.

5D. F. Kelley and E. R. Bernstein, J. Phys. Ched, 5164(1986.

7K. W. Butz, D. L. Catlett, Jr., D. E. Ewing, D. Krajnovich, and C. S.
Parmenter, J. Phys. CheB0, 3533(1986; H.K. O, C. S. Parmenter and
M. C. Su, Ber. Bunsenges. Phys. Chedg, 253 (1988.

8P. M. Weber and S. A. Rice, J. Chem. Phg8, 6107, 6121(1988; 88,
6120(1988.

J. Chem. Phys., Vo!. 103, No. 10, 8 Septem

49T, Brupbacher and A. Bauder, Chem. Phys. L&®t3 435(1990.
S0A. T. Amos, Chem. Phys. Letfl26, 107 (1986.

5IR. Sussmann and H. J. Neusser, Chem. Phys. 221.46 (1994.
523, Leutwyler and J. Jortner, J. Phys. Ché@h, 5558(1987.

53T, Birgi, T. Droz, and S. Leutwylefin preparatioh

her 1995



