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Mass-analyzed threshold ionization (MATI) spectroscopy has already proven to be a powerful method for
the study of the fragmentation energetics and dynamics of molecular clusters in the cationic state. In this
study, its application was extended to the investigation of the vibrationally induced predissociation (VP) of
van der Waals (vdW) clusters in vibronically excited states (S1). To verify the feasibility of MATI spectroscopy
for studies of this type, thep-difluorobenzene‚Ar1 (p-DFB‚Ar1) complex has been chosen as a model system.
The state and mass selectivity of MATI spectroscopy promise to give useful supplementary information about
the VP process, which would be difficult or even impossible to obtain by conventional methods such as
fluorescence spectroscopy and time-resolved resonant two-photon ionization spectroscopy. (Butz, K. W.; et
al. J. Phys. Chem.1986, 90, 3533. Jacobson, B. A.; et al.J. Chem. Phys.1988, 89, 5624.) In accordance
with the pioneering studies of Parmenter et al., who investigated the predissociation of the vibronically excited
p-DFB‚Ar1 complex very extensively by means of UV fluorescence spectroscopy, (Butz et al., 1986), the
MATI spectra give evidence for the strong mode selectivity of the VP process. However, from the MATI
results, evidence is given that additional fragmentation channels appear, which have not been observed in the
fluorescence spectra. On the basis of the fragmentation thresholds observed in the MATI spectra, we also
deduced upper and lower limits for the dissociation energies of the complex in the S0, S1, and ionic ground
state, which differ significantly from those determined by Parmenter et al.

1. Introduction

In recent years, zero kinetic energy photoelectron spectros-
copy (ZEKE-PES), contrived by Mu¨ller-Dethlefs et al.,3,4 and
particularly mass-analyzed threshold ionization (MATI) spec-
troscopy, developed by Zhu and Johnson,5 have grown into very
powerful tools for cluster spectroscopy, allowing the detailed
study of the ionic state of weakly bound van der Waals clusters.
The simplest type of these clusters may be viewed as micro-
solvates, consisting of a chromophore surrounded by a certain
number of solvent atoms or molecules. Aside from the
dependence of the chromophore’s ionization energy from the
number of solvent molecules attached to it, the intermolecular
interactions between an ion and such a well-defined molecular
environment are of great interest, for a basic understanding both
of the reactivity of solvated species and of the intermolecular
energy transfer involved. The solvated chromophore, which
is, in general, vibrationally excited after its photoionization, is
subject to different relaxation processes. Up to now, most
studies have focused on van der Waals fragmentation, inter-
molecular charge transfer, and chemical substitution reactions.6,7

The main issue of studying the reactivity of this type of clusters
on a molecular level is to derive information about the physical
and chemical properties of microsolvated species and their
structure with the prospect of a better understanding of ion
chemistry in the condensed phase. Hitherto, the focal point of
most MATI and recently also of some ZEKE-PES studies has
been put on the fragmentation behavior of van der Waals
complexes in the vibrationally excited cationic state.8-14 How-
ever, ZEKE spectroscopy is not only suitable for the spectro-
scopic characterization of the ionic state of molecules and

molecular complexes but also allows important data to be
derived about the intermolecular relaxation in vdW complexes
and particularly of the predissociation of a vibronically excited
complex. This was first demonstrated by Knee et al.15-18

Nevertheless, it is often very difficult to derive unambiguous
information about the different relaxation channels by the
ZEKE-PES method. This is especially true if the product states
are not well-resolved or spectroscopically distinct from the
parent complex. MATI spectroscopy, however, is based on the
detection of so-calledthreshold ionsin contrast to the photo-
electrons, detected by ZEKE spectroscopy. As has been shown
in several publications, these threshold ions stem from long-
lived Rydberg states, also called ZEKE states, which may
survive inter- as well as intramolecular dissociation of their ionic
core.8-14,19 In addition to the observation of a reaction (e.g.,
fragmentation) in the vibrationally excited ionic state of a
complex, also the predissociation of a neutral vibronically
excited complex can be detected. This was first shown by our
group for the fluorobenzene‚Ar1 cluster, for which we could
establish the vibrationally induced predissociation of the
complex after the excitation of the 6b1 level (Wilson notation,
ref 20; the vibrational modeν6b is equivalent to the vibrational
modeν29 in theMulliken notation, ref 21) in the S1 state.22 One
essential point for the observation of the predissociation of a
complex by MATI or ZEKE spectroscopy is that one of the
fragments remains in a vibronically excited state, from which
it can then be transferred into a long-lived Rydberg state by a
second laser pulse. The decisive advantage of MATI compared
to other spectroscopic methods (e.g., fluorescence spectroscopy)
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is that each of the different decay channels can be observed
mass selectively.

To verify the versatility of MATI spectroscopy with respect
to the investigation of the VP process of vibronically excited
complexes, we have chosen thep-difluorbenzene‚Ar1 cluster
(1,4-C6H4F2‚Ar1, p-DFB‚Ar1) for our first study. As demon-
strated in the pioneering work of Parmenter et al., this simple
vdW system represents an ideal model on which to study
intermolecular energy transfer. Owing to numerous absorption
and fluorescence measurements, most S1 r S0 transitions of
p-difluorobenzene are well-known.23-26 The cationic states have
been investigated with conventional photoelectron spectros-
copy27,28 and recently with ZEKE spectroscopy by Mu¨ller-
Dethlefs et al.29,30 Parmenter and co-workers studied the
predissociation ofp-DFB‚Ar1 in various vibrationally excited
states of the S1 by means of laser-induced UV fluorescence
emission spectroscopy.1,31,32 On the basis of the dispersed
fluorescence spectra, which they recorded after the excitation
of a distinct vibration in the S1 state of the complex, they
determined the relative population of the final states of the
fragmentp-DFB, produced by VP. From their analysis, they
found evidence that this cluster predissociates nonstatistically.
Assuming equal fluorescence quantum yields and equal fluo-
rescence rate constants (kf ) 108 s-1, ref 33) for all excited
states of the complex as well as for the final states of the
fragment, they could determine rate constants for the different
fragmentation channels (for more details, see section 4.2.2 of
this article). On the basis of these measurements, they also made
a rough estimation for the van der Waals binding energy of the
complex. In their first study, they claimed that the fragmentation
threshold lies between 378 and 410 cm-1,1 which they later
corrected to 190 and 240 cm-1, respectively.31,32

Rice et al. studied the predissociation ofp-DFB‚Ar by means
of time-resolved two-color resonant two-photon (2C-R2PI)
pump-probe spectroscopy.2 Analogous to the fluorescence
experiments, they excited various vibrational levels in the S1

state of the complex. Subsequently, the vibronically excited
clusters were ionized by a delayed laser pulse, and the ion
current was finally analyzed by means of a mass spectrometer.
By varying the delay of the ionizing laser relative to the
excitation pulse, Rice and co-workers could observe the decay
of the originally populated vibrational state. However, owing
to the fact that they only detected the ionized complex, they
could only determine the total rate constant for the predisso-
ciation of the complex in a certain, previously excited vibronic
state. Hence no information about the final states of the
monomer emerged from these studies.

2. Experiment

An in depth description of the experimental setup has already
been given elsewhere.22 Briefly, a pulsed supersonic molecular
beam is produced by expanding thep-DFB vapor seeded in 4-5
bar of helium, argon, or a helium/argon mixture through a 300
µm nozzle (General Valve VAC-1250). After passing a 1.9
mm skimmer, the molecular beam enters the ionization chamber
where it is intersected by two counterpropagating laser beams.
The latter are generated by two frequency-doubled dye lasers
(Lambda Physik FL 2002), which are synchronously pumped
by an excimer laser (Lambda Physik LPX 200). The frequency-
doubling crystals are angle-tuned by an autotracking system
(Radiant Dyes SCANTRACK). The ionic molecules or clusters,
produced under field-free conditions by two-color resonant two-
photon ionization, are analyzed by means of a reflectron time-
of-flight mass spectrometer mounted perpendicular to the axis

of the molecular beam as well as both laser beams. The neutral
Rydberg moleculesare spatially separated from the simulta-
neously produced direct ions by applying a weak electric
separation field some 100 ns after the laser pulses. Since the
S1 vibrational states ofp-DFB are located approximately halfway
to the ionization limit, it is possible that the “ionizing” laser
accidentally hits a S1 r S0 transition, which would result in
the production of additional direct ions, mainly owing to a one-
color ionization process, resulting in a dramatic increase of the
ion density. This again could lead to a falsification of the
recorded MATI spectra by the appearance of artificial peaks.
To suppress these unwanted S1 resonances in the MATI spectra,
the separation field (1.5-1.9 V/cm) had to be increased
substantially compared to the values in our former MATI
studies.12,13,22 To optimize the production of 1:1 clusters while
reducing the portion of higher clusters and simultaneously
minimize these unwanted S1 resonances, different He/Ar
mixtures for the expansion gas have been tested. By increasing
the He portion, the production of higherp-DFB‚Arn complexes
could be reduced significantly. However, the suppression of
one-color ions was more difficult, because the amount of free
p-DFB molecules increases correspondingly under these condi-
tions. Thus most cluster spectra have been recorded by
expandingp-DFB with pure Ar. After a separation time of 10-
20 µs a pulsed electric field (extraction field) of 2000 V/cm
induces the field ionization of the remaining high-lying, long-
lived Rydberg states. Since the directly produced ions and the
ions originating from Rydberg states are spatially separated, they
are on different potentials and hence are accelerated to different
kinetic energies. Owing to this difference in energies, the
directly produced ions can be suppressed easily by the use of a
high-pass energy filter. Either this can be a pulsed reflector
field in the usually field-free drift region, or one can use the
ion mirror of the RETOF mass spectrometer as an energy
analyzer.22 The ion current is measured by a detector consisting
of a set of two multichannel plates. The resulting signal is then
further amplified before it is passed into a CAMAC-based
transient recorder (LeCroy TR8828C). The recorded mass
spectra are averaged and analyzed by a personal computer.

The threshold ion spectra are obtained by tuning the excitation
laser to a particular S1 intermediate state (fingerprint state) and
scanning the ionizing laser in the region of the cationic states
of the molecules or clusters investigated. The calibration of
the dye lasers was achieved by means of a wavemeter (ATOS,
Lambdameter LM 007). The quoted ionization potentials are
accurate to within(5 cm-1, while the vibrational frequencies
are accurate to within(2 cm-1.

3. Results

3.1. Two-Color Resonant Two-Photon Ionization (2C-
R2PI) Spectra. Figure 1 shows the 2C-R2PI spectra ofp-DFB
(upper trace) and of thep-DFB‚Ar1 complex (lower trace),
measured by scanning the excitation laser, while keeping the
wavelength of the ionization laser fixed. Since the excitation
energies of the vibrationless S1 states ofp-DFB andp-DFB‚
Ar1 are lower than half the ionization energy, the ions produced
via the S100 bands are only due to two-color ionization. By
exciting higher lying vibrational levels, the ions can also be
produced by the excitation laser alone, i.e., by one-color R2PI.
Thus the relative intensities of the S100 bands, compared to the
remaining vibrational bands in the S1, do not reflect the
correspondingFranck-Condon(FC) factors. The transition S1-
(1B2) r S0(1A1) in p-DFB‚Ar1 is electronic dipole allowed, and
the transition moment is directed along the short in-plane axis
of p-DFB (see inset in Figure 1).34
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The vibrationless transition S1 r S0 00
0 in p-DFB‚Ar1

(36 808.0 cm-1) is red-shifted relative to that of thep-DFB
monomer (36 838.6 cm-1) by about 30 cm-1. The intermo-
lecular stretching mode sz appears 42 cm-1 above the 00

0

transition. It is also observed in combination with the intramo-
lecular vibrationsν5 andν6 of the chromophore (to be consistent
with former publications of other authors, in this paper, the
vibrations are denoted according to the Mulliken notation; ref
21). Provided that the Ar-atom is located on theC2V-symmetry
axis in the S1 as well as in the cationic state, both van der Waals
bending vibrations bx and by, respectively, are not Franck-
Condon active (symmetries: b1 and b2).34 Owing to a strong
coupling of electronic and vibrational degrees of freedom, the
excitation of the bending vibration along the short in-plane axis
of p-DFB (by) is vibronically allowed and is observed with a
vibrational energy of 33.9 cm-1.34 In the case of thep-DFB
monomer, the rotational contours of the bands 51 and 62 overlap,
representing a mildFermi resonanceaccording to Parmenter.
To optimize the signal-to-noise ratio, the excitation for MATI
spectra of the monomer, discussed in the following, was
performed via theR-branch of these bands.

3.2. Threshold Ion Spectra of p-Difluorobenzene.Even
though thep-DFB monomer has already been investigated very
extensively with the ZEKE-PES method by Reiser et al.,30 the
MATI spectra of the monomer play an important role in the
interpretation of the predissociation spectra ofp-DFB‚Ar1

measured with MATI. For this reason, the MATI spectra of
the monomer, recorded after the excitation of different inter-
mediate states, are presented here briefly. Most important are
the spectra recorded via the vibrationless S100 and the vibra-
tionally excited S161 intermediate states. Additional spectra

were recorded after the excitation of the levels 51 and 62. To
simplify the comparison between bands in the spectra of the
monomer and thep-DFB‚Ar cluster, the energy values on the
upper axis in the diagrams for the spectra recorded via the S100

and the S161 intermediate states (Figure 2) represent the one-
photon-energy of the ionizing laser, while the total energy of
the two-photon transition is given on the lower axis.

The threshold ion spectrum ofp-DFB recorded via the
vibrationless S100 intermediate state is shown in Figure 2 (upper
part). Apart from the 00

0 transition into the cationic ground
state, the totally symmetric vibrational modesν6 (439 cm-1)
and ν5 (836 cm-1) dominate the spectrum. Also the first
overtone of modeν6 (879 cm-1) still lies within the investigated
region. Besides these, also some nontotally symmetric modes
such as theν30 (126.5 cm-1), ν17 (303 cm-1), andν8 (359 cm-1)
are observed, but with significantly lower intensities. The width
of the bands amounts to about 10 cm-1 (full width at half-
maximum, fwhm). Compared to the spectrum from the ZEKE-
PES studies of Reiser et al., the relative intensity of the 00

0

transition appears much too low. The reason for this discrep-
ancy is still unclear. One possible explanation can be derived
from the fact that the lifetime of Rydberg states is affected by
the ionic background. Held et al. demonstrated that the
reduction of the ZEKE-/MATI-signal due to static electric fields
can be at least partly compensated by an increased ion density,
which supports the mixing of differentml states and results in
an increased lifetime of the Rydberg states.35 In 2C-R2PI

Figure 1. 2C-R2PI spectra ofp-DFB (upper trace) andp-DFB‚Ar1

(lower trace). The inset in the lower part shows the configuration of
the p-DFB‚Ar1 complex and the used coordinate system. The repre-
sentation is based on data from ab initio calculations39 and rotationally
resolved UV spectroscopy.40

Figure 2. Threshold ion spectra ofp-DFB+, recorded via the
vibrationless intermediate state S100 (upper trace) and the vibrationally
excited S161 state (lower trace). The band marked by an asterisk is due
to a S1 resonance.
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experiments via the S100 state ofp-DFB, no ions are produced
below the adiabatic ionization energy, which could support the
ml mixing. Since the separation time in MATI experiments
exceeds that of ZEKE-PES measurements significantly, more
Rydberg states will therefore decay before they are detected by
pulsed field ionization.

From the position of the 0° band in the MATI spectrum one
obtains a field-corrected adiabatic ionization energy (AIE) for
freep-DFB of 73 871 cm-1 (∆E ) 4.0 (F(V/cm))1/2 cm-1; see
ref 36), which is in good agreement with the value obtained by
Reiser et al. (73 872 cm-1).30 In former studies, theAIE was
determined to be 73 888 cm-1 by means of photoelectron time-
of-flight measurements27 and 73 871 cm-1 from an extrapolation
of the Rydberg series.37

After excitation of the 61 level in the S1 intermediate state,
one observes, in accordance with the propensity rule, a
pronounced progression of the vibrational modeν6 in the
spectrum of the cationic state (lower part of Figure 2) corre-
sponding to vibrations with up to three quanta. Most striking
is the shift of theFranck-Condon maximumin this progression
to the 61

2 transition, which has also been observed in the
corresponding ZEKE30 and time-of-flight photoelectron spec-
tra.27 The extremely sharp band marked by an asterisk is due
to direct ionization via the 51/62 Fermi resonance of the S1 state.
Its appearance indicates that the directly produced ions could
not be totally suppressed. It may be mainly attributed to the
unwanted one-color ionization due to the second, relatively
intense laser (“ionizing laser”). But since the two laser pulses
do overlap in time and the simultaneous absorption of a photon
of each laser beam also induces ionization, part of the intensity
may also be attributed to 2C-R2PI. Fortunately, this type of
bands can be easily distinguished from the “real” MATI bands
owing to its very sharp contour, which is typical for R2PI
resonances in the S1.

The threshold ion spectra recorded via the S151 and S162

intermediate states are shown in Figure 3. In both cases, the
bands of the vibrationν6 as well as some of its overtones
dominate the spectra. Sekreta et al. attributed the strong
excitation of the 61 level in the cation, following the excitation
of the S151 intermediate state, to the Fermi resonance between
the 51 and the 62 levels in the S1 state, which are only separated
by about 3 cm-1 (see Figure 1).

Even though Reiser et al. did not record any ZEKE spectra
via the S151 and the S162 intermediate states, from their work,
most bands in the MATI spectra could be assigned very easily,
with two important exceptions. In the spectrum recorded after
excitation of the S151, one relatively strong band appears
between the ionic vibrational levels 51 and 62 at 855 cm-1. The
only fundamental mode in the cation observed by Reiser et al.
close to this value is the modeν28 (859 cm-1). But since the
primarily excited mode in the S1 and the cationic modeν28 are
of different symmetry (ag and b3u, respectively), this assignment
is very unlikely. However, an assignment to the combination
band 172302 (860 cm-1) or the first overtone of the vibrational
modeν27 (430 cm-1) would be symmetry-allowed.

The spectrum recorded via the S162 intermediate state again
exhibits a progression of the vibrational modeν6. In the case
where the 61 level is excited in the S1, the most intense transition
in the progression in the cation corresponds to∆V ) +1. A
similar propensity is observed for the S162 intermediate state,
since the 63 band in the cation is stronger in intensity than the
bands 61 and 62. One remarkable feature in this spectrum is
the appearance of a weak band (marked byx), 22 cm-1 above
the vibrationless cationic ground state. The origin of this band

could not be assigned. For an intramolecular mode ofp-DFB,
the excitation energy is much too low. In addition, no other
MATI spectrum of the monomer exhibits a band corresponding
to a similar low frequency. Since MATI spectroscopy is a mass-
selective method, the contribution of different isotopomers of
p-DFB exhibiting an isotopic shift of the 00 band can also be
excluded. Further, it also cannot be caused by a not wholly
suppressed S1 resonance, since the photon energy of the ionizing
laser lies still below the S100 state. A similar band is observed
above the 61 level, likewise with a distance of 22 cm-1.
Obviously thex mode also appears in combination with the
vibrational modeν6. This would indicate that it is a vibrational
mode of the ionizedp-DFB monomer. However, the actual
origin of thex bands is still unclear.

3.3. Threshold ion Spectra of thep-Difluorobenzene‚Ar 1

Complex. Analogous to thep-DFB monomer measurements,
the threshold ion spectra of thep-DFB‚Ar1 complex were
recorded after excitation of the vibrationless band origin 00 as
well as the intramolecular vibrationsν5, ν6, and 2ν6 of p-DFB
in the S1 state of the complex. In addition, MATI spectra were
recorded after excitation of the intermolecular stretching vibra-
tion sz in the S1 state. A series of measurements with different
He/Ar mixtures as the carrier gas were carried out, trying both
to optimize the yield ofp-DFB‚Ar1 complexes in the molecular
beam and to minimize the undesired appearance of S1 resonances
in the MATI spectra. Except for stronger S1 resonances in the
case where the expansion gas contains a high portion of He,
the recorded spectra do not differ significantly. The MATI
spectra, presented in the following for the intermediate states
S100, S1sz

1, and S161, were recorded by seedingp-DFB in pure

Figure 3. Threshold ion spectra ofp-DFB+, recorded via the
vibrationally excited states S151 (upper trace) and S162 (lower trace).
The band marked by an asterisk is due to a strong S1 resonance. The
bandx (22 cm-1) could not be assigned.
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Ar. The spectra recorded via the S151 and S162 intermediate
states, however, were recorded with a gas mixture of about 17%
Ar in He.

Figure 4 shows the threshold ion spectra of the cationic
p-DFB‚Ar1 complex (upper trace) as well as of its fragment
p-DFB+ (lower trace). Both spectra have been recorded
simultaneously after excitation of the vibrationless S100 inter-
mediate state of the complex. The width of the bands amounts
to about 9 cm-1 (fwhm). The band of the vibrationless cationic
ground state appears at a field-corrected two-photon energy of
73 634 ( 5 cm-1. Compared to thep-DFB monomer, this
corresponds to a red shift of the adiabatic ionization energy of
about 237 cm-1. A very weak band appears about 9 cm-1 to
the blue side of the 00 band, which may be ascribed to the
intermolecular bending mode by in the ionized complex. Both
intramolecular bending modes are symmetry-forbidden. But
analogous to the S1 state, the bending mode by perpendicular
to the symmetry axis of the chromophore (F-F axis) gains its
intensity by a Herzberg-Teller coupling of electronic and
vibrational degrees of freedom. The 61 band is observed at an
internal energy of 440 cm-1. Another band in the spectrum of
the ionized complex appears at about 836 cm-1. In further
measurements, the intensity of this band turned out to be
extremely dependent on the experimental conditions such as
the irradiance of the ionizing laser or the He/Ar mixing ratio of
the carrier gas. In addition, a splitting of the band could be
resolved. These observations point to a not fully suppressed
S1 resonance. A comparison of the photon energy of the
ionizing laser with the band positions in the R2PI spectra of
p-DFB andp-DFB‚Ar1 shows that only the S1 r S0 transitions

50
1 and 60

2 of the monomer coincide in energy with this band.
The appearance of a S1 resonance of the monomer in the mass
channel of the complex is unusual. It could only be explained
by the capture of a thermalized photoelectron into a Rydberg
state ofp-DFB‚Ar1

+. From this discussion it follows that the
61 level has the highest vibrational energy observed in the mass
channel of the cationicp-DFB‚Ar1 complex. All missing bands
at higher energy, expected from the spectrum of the isolated
p-DFB, appear in the MATI spectrum of the fragmentp-DFB+.
The fragment bands could be assigned to the vibrational levels
82 (717 cm-1), 51 (836 cm-1), 62 (879 cm-1) and 41 (1150
cm-1). Analogous to the 00

0 transition, a small peak is
observed 9 cm-1 above the 51 band, which is assigned to the
combination band 51by

1. Since the energy of modeν5 of the
ionized complex coincides with that of the monomer resonances
S151 and S162, the 51 band must be superposed by these
resonances. This would also explain its relatively high intensity.
The weak ion signal observed in the fragment spectrum in the
region of the transitions 00

0 and 60
1 is due to the fragmentation

of the cationic complex as a result of an undesired three-photon
absorption (see ref 9).

The threshold ion spectra ofp-DFB‚Ar1 recorded after the
excitation of the intermolecular stretching vibration is shown
in Figure 5. As expected from the propensity rule, the most
intense band in the spectrum recorded in the mass channel of
(p-DFB‚Ar1)+, appearing 46.5 cm-1 above the adiabatic ioniza-
tion energy, is due to the excitation of the stretching vibration
sz

1 in the cation. In addition, also the first overtone of this mode
is observed at about 92 cm-1. The stretching vibration is also

Figure 4. Threshold ion spectra of (p-DFB‚Ar1)+, recorded in the mass
channels of the ionized complex (upper trace) and of the fragment
p-DFB+ (lower trace) after excitation of the vibrationless intermediate
state S100 of the complex.

Figure 5. Threshold ion spectra of (p-DFB‚Ar1)+, recorded in the mass
channels of the ionized complex (upper trace) and of the fragment
p-DFB+ after excitation of the intermolecular stretching vibration sz

1

in the S1 state. S1 resonances, which exhibit very sharp bands, are
marked by asterisks.

6072 J. Phys. Chem. A, Vol. 102, No. 30, 1998 Lembach and Brutschy



observed in combination with the intermolecular bending mode
by, however, it can only be resolved for the fundamental
stretching vibration. A very sharp resonance is observed just
below the sz1 vibration. It is assigned to the S1 r S0 00

0

transition of the complex. In this case, the “ionizing” laser
induces the S1 r S0 excitation transition, while the ionization
is actually caused by the “excitation” laser. Analogously, the
band at an excess energy of about 440 cm-1 can be ascribed to
the S1 r S0 60

1 transition. Unfortunately, the cationic modeν6

lies within the same region and thus is covered by this band.
The band at 487 cm-1, however, is clearly due to the 61sz

1 level.
At higher excess energies, no more transitions are observed in
the mass channel of the van der Waals complex. The missing
bands appear in the MATI spectrum of the fragmentation
channel, i.e., that of the fragmentation productp-DFB+ (lower
trace). The spectrum of the latter still reflects the cluster
precursor since the intramolecular vibrational modes appear in
combination with the intermolecular stretching vibration sz. The
cationic state with the lowest vibrational energy in the spectrum
of the fragmentp-DFB+ appears at 764 cm-1 and is assigned
to the combination band 82sz

1. Again, the sharp peaks marked
by asterisks are due to S1 resonances.

Exciting theν6 in the S1 state gives rise to the spectra shown
in Figure 6. Except for the excitation of the vibrationless
cationic ground state and the 61 level, no further transitions are
observed in the mass channel of the complex. The band at 399
cm-1 is due to the S1 resonance 00

0 of p-DFB‚Ar1.

The spectrum of the fragmentp-DFB+ (lower trace) shows
three different band types, characterized by different bandwidths.
The sharpest bands exhibit a width of about 2.5 cm-1 (fwhm)
and are due to S1 resonances. Bands with a width of 7.5 cm-1

correspond to fragmentation processes in the cationic state of
the p-DFB‚Ar1 complex, which dissociate owing to the high
excess energy in the ion. Most striking, however, are bands
with a width of about 17.5 cm-1, which are also much more
intense compared to the remaining bands. By comparing the
fragment spectrum with thep-DFB monomer spectra, we could
find some corresponding transitions. Thus the broad bands
observed in the fragment spectrum ofp-DFB‚Ar, excited via
the S161 intermediate state, correspond to the MATI spectrum
of the monomer ionized via the S100 state (see Figure 2).
Analogous to the broad band observed in the fragment spectrum
of FB‚Ar1,22 these bands could be clearly ascribed to the
vibrational predissociation of the complex in the vibrationally
excited intermediate state S161. After the fragmentation, the
chromophore is in the S100 state from which it is subsequently
ionized. Similarly, based on the threshold ion spectrum of the
p-DFB monomer recorded via the vibrationless S100 intermediate
state, we may assign these “predissociation bands” (VP bands)
of the p-DFB‚Ar complex to the transitions 00

0, 80
1, 60

1, 50
1, and

60
2, starting in the vibrationless S100 state of the fragment. For

a clear distinction between bands arising due to the fragmenta-
tion of the ionized complex and those due to the predissociation
of the vibronically excited complex, the numerals of the
monomer vibrational modes are underlined.

It should be pointed out that here the relative band intensities
correspond to those found in the ZEKE-PES measurements.
Obviously, 600 cm-1 above the ionization limit, ZEKE and
MATI spectra are almost identical, owing to the lifetime
stabilizing effect of the direct ions on the Rydberg states.

Figure 7 shows the threshold ion spectra ofp-DFB‚Ar1

obtained after ionization via the S151 intermediate state. In the
spectrum of the complex, one essentially observes the band of
the vibrationless cationic ground state as well as the 61 band.
In addition, the intermolecular bending mode by is not well-
resolved, with a distance of about 9 cm-1 above both of these
transitions. The extremely weak band at an internal energy of
about 303 cm-1 is assigned to the vibrational modeν17. As
before, the sharp band above the 61 band, marked by an asterisk,
is very sensitive to the experimental conditions (vide supra) and
thus can be ascribed to the S1 r S0 00

0 transition in the
complex with subsequent resonant ionization.

On the basis of the monomer spectrum recorded via the S151

intermediate state, most of the bands appearing in the spectrum
of thep-DFB+ fragment channel (lower trace in Figure 7) could
be easily assigned to the corresponding vibrations of the ionized
chromophore in the complex. The band with the lowest excess
energy above the cationic fragmentation threshold is assigned
to the 61171 state (744 cm-1). The weak ion signal at the
adiabatic ionization energy is due to multiphoton processes. The
extraordinary strong fragment signal in the region of the 61 band
could be rationalized, in addition to multiphoton processes, by
the field-induced fragmentation of the complex as has been
discussed recently for fluorobenzene‚Ar1.38

As in the case of the excitation of the vibrationν6 in the
intermediate state, exciting theν5 also gives rise to very broad
bands in the threshold ion spectrum of the fragmentp-DFB+,
caused by the predissociation of the neutral complex. However,
these VP bands exhibit extraordinary differences in their
bandwidths. These differences indicate a contribution of

Figure 6. Threshold ion spectra of (p-DFB‚Ar1)+, recorded in the mass
channels of the ionized complex (upper trace) and of the fragment
p-DFB+ after excitation of the vibrational modeν6 in the S1 state of
the complex. S1 resonances are marked by asterisks. The broad bands
(∼17 cm-1, fwhm) in the spectrum of the fragmentp-DFB+ are due to
the vibrationally induced predissociation (VP) of the complex in the
S1 state.
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additional fragmentation channels in the vibrationally excited
S1 intermediate state. The lowest VP band at a one-photon
energy of the ionizing laser of 36 615 cm-1 is about 17.3 cm-1

wide (fwhm), which nearly coincides with the width of the VP
bands discussed in the preceding sections. A straight compari-
son with transitions in the freep-DFB monomer proves that
this band is due to the ionization of the neutral fragmentp-DFB
starting from the S161 state. Thus this band is assigned to the
single transition 61

0.
The most intense VP band however appears at a one-photon

energy of 37 045 cm-1 and is nearly twice as wide (35 cm-1)
as the 61

0 VP band. In addition, it shows a rudimentary
splitting. Such an extreme broadening can only be explained
by a superposition of different transitions. Assuming that the
S161 level of the fragmentp-DFB is populated by VP of the
complex, a band with a “normal” width of about 17 cm-1,
corresponding to the 61

1 transition, can be quite easily fitted to
the higher energy part of the observed band. Analogously, the
energetically lower part could be explained by the transition
00

0, starting from the vibrationless S100 state, into the cationic
ground state of the fragmentp-DFB. The energetic difference
of both transitions amounts to about 30 cm-1, which could
explain the broadening of the observed VP band. Nevertheless,
despite its extraordinary intensity as well as the sufficient
separation of the transitions considered (band distance 30 cm-1

versus bandwidth∼17 cm-1), both bands could not be resolved.
Another strongly broadened band is observed at a one-photon

energy of about 37 491 cm-1. An analysis of this band shows

that it is, at least partly, due to the superposition of the transitions
60

1 and 61
2, also separated by about 30 cm-1. Analogously, the

bands at 37 884 and 37 932 cm-1 can be ascribed to the
transitions 50

1/50
1 61

1 and 60
2/61

3, respectively. Remarkable is the
strong band in the region of the 80

1 transition at a one-photon
energy of 37 385 cm-1. This band must also be due to the
superposition of different transitions, since the corresponding
band in the spectrum of the freep-DFB exhibits much less
intensity than the other bands. The band at about 37 452 cm-1

is due to the transition 50
1 61

0.
The threshold ion spectra of thep-DFB‚Ar1 complex,

recorded after excitation of the S162 intermediate state, which
lies just 3.5 cm-1 higher than the S151 state, are shown in Figure
8. Except for the different peak intensities, the (p-DFB‚Ar1)+

spectrum corresponds to that shown in Figure 7. The spectrum
of the fragmentp-DFB+ (lower trace), however, exhibits
significant differences. Analogous to the corresponding mono-
mer spectrum (see Figure 3), a long progression of the
vibrational modeν6 is observed. Again, the FC maximum is
shifted to the third harmonic of theν6. Also the combination
bands 5161 (1276 cm-1) and 4161 (1590 cm-1) could be
identified clearly. The weak band at an internal energy of 1150
cm-1 is assigned to the 41 level. The 21 band at 1640 cm-1 is
partly covered by a strong S1 resonance.

The broad bands in the fragment spectrum are analogous to
the ionization via the intermediate states S161 and S151, due to
the vibrationally induced predissociation of the complex in the
S1 state. Likewise, a similar broadening of the bands, due to
the superposition of different transitions, is observed. Compar-

Figure 7. Threshold ion spectra of (p-DFB‚Ar1)+, recorded in the mass
channels of the ionized complex (upper trace) and of the fragment
p-DFB+ after excitation of the S151 intermediate state of the complex.
S1 resonances are marked by asterisks. The width of the broad bands
in the spectrum of the fragmentp-DFB+ differs extremely from the
width of the VP bands in the spectrum recorded via the S161 state.

Figure 8. Threshold ion spectra of (p-DFB‚Ar1)+, recorded in the mass
channels of the ionized complex (upper trace) and of the fragment
p-DFB+ after excitation of the S162 intermediate state of the complex.
S1 resonances are marked by asterisks. The VP bands exhibit very
different band contours compared to those recorded via the S151 state.
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ing the VP bands in both spectra (Figure 7 and Figure 8),
deviations of the band intensities as well as the band contours
are significant. This is most striking for the 00

0/61
1 VP band.

The only explanation for this asymmetry is that by exciting
different vibrations in the S1 state of the complex, different
predissociation channels are favored, resulting in differently
populated S1 vibrational states of the monomer. This is
particularly apparent for the band in the region of the 80

1

transition, which is now much weaker than before.

4. Discussion

4.1. Thep-DFB Monomer. Except for the grater bandwidth
(10 cm-1) and the relative intensity of the 00

0 transition (see
discussion above), the threshold ion spectra of thep-DFB
monomer recorded via the S100 and S161 states are virtually
identical to the corresponding ZEKE spectra (<6 cm-1)
presented by Reiser et al.30 The broadening of the MATI bands
compared to the ZEKE bands is mainly due to the much stronger
electric field for the extraction of the threshold ions, which
ionizes all long-lived Rydberg states, while in ZEKE experi-
ments only the highest Rydberg states are ionized. Another
factor strongly effecting the bandwidth is, as Reiser et al.
demonstrated in their studies, the excitation position in the
rotational band contour of the S1 intermediate state.30 In contrast
to the ZEKE spectra, which were recorded with the laser
wavelength tuned to the middle of each S1 band corresponding
to states with low rotational excitation, the threshold ion spectra
were recorded by exciting the maximum of theR-branches.

The field corrected AIE of 73 871( 5 cm-1 perfectly agrees
with the value determined by the ZEKE studies (73 872( 3
cm-1).30 Analogous to the ZEKE spectra, the threshold ion
spectra exhibit an extraordinary strong activity of the vibrational
modeν6. Even after excitation of theν5 in the S1 intermediate
state, the 61 band in the threshold ion spectrum is more intense
than the 51 band. Also apparent is the violation of the propensity
rule ∆V ) 0. If the ionization is performed via the S161

intermediate state, the FC maximum is observed for the 61
2

transition. An ionization via the S162 state results in a shift of
the FC maximum to the 63 band.

4.2. The p-DFB‚Ar 1 Complex. 4.2.1. EValuation of the
Fragmentation Thresholds.On the basis of ab initio calculations
at the MP 2 level, Hobza et al. determined a stabilization
enthalpy for thep-DFB‚Ar1 complex in the S0 state of 294 cm-1

and a van der Waals bond length of 3.6 Å.39 R. Sussmann and
H. J. Neusser investigated the vibronic bands of the vdW modes
above the electronic transition S1(B2) r S0(A1) 00

0 of p-DFB‚
Ar1 up to a vdW excitation energy of 125 cm-1 by means of
rotationally and mass-resolved R2PI spectroscopy.34 On the
basis of the obtained data, they derived structures for thep-DFB‚
Ar1 complex in the electronic ground state S0 and in the
electronically excited S1 state. According to these results, in
the S1 state, the Ar atom should lie 3.55(2) Å above the plane
of the ring, on the C2 axis of p-DFB.40 After the electronic
excitation into the S1 state, the bond length is reduced by 0.06
Å. On the basis of an extrapolation of the anharmonicity of
the vdW stretching vibrations sz

1, sz
2, and sz3, Sussmann and

Neusser determined a potential depth of about 300 cm-1 in the
S1.34

The AIE of the p-DFB‚Ar1 complex, determined by the
threshold ion measurements shown here, amounts to 73 634
cm-1 (vide supra). Thus compared to thep-DFB monomer,

the AIE is lowered by about 237 cm-1, corresponding to an
enhanced stabilization of the complex in the cationic state. The
frequencies of the intramolecular vibrational modes of the
complex are almost identical to those of the monomer. An
upper limit for the fragmentation threshold of the vibrationally
excited (p-DFB‚Ar1)+ can be derived from the first appearance
of bands in the spectrum of the fragment channel, corresponding
to cationic states of the complex. The vibrational state with
the lowest excitation energy above the fragmentation threshold
of the cationic complex was observed after the excitation of
the vibrationless S100 intermediate state and has been assigned
to the 82 band (717 cm-1). Owing to the lowering of the AIE
by 237 cm-1, an upper limit for the fragmentation threshold in
the electronic ground stateDg is given by 480 cm-1 (Dg ) D+

- ∆AIE, see ref 13). Analogously, owing to the shift of the
ionization transition IPr S100 (IP: ionization potential) by
∆hν2,IP ) 207 cm-1 (difference of the photon energies), an upper
limit for the fragmentation thresholdDe in the electronically
excited S1 state can be calculated, which amounts to 510 cm-1

(De ) D+ - ∆hν2,IP, see ref 13). It should be pointed out that
the upper limits for the fragmentation thresholds obtained for
the p-DFB‚Ar1 complex are much higher than those of the
fluorobenzene‚Ar1 complex, which could be determined very
precisely.13,22,38 As shown by the ab initio calculations of Hobza
et al.,39 one would expect similar fragmentation thresholds for
p-DFB‚Ar1 and FB‚Ar1. The main reason for the relatively high
value of the upper limit ofD+ obtained forp-DFB‚Ar1 is due
to the low density of vibrational states in the energy region
where fragmentation sets in. Because of the higher symmetry
of p-DFB‚Ar1, the change of the equilibrium configuration
during ionization is less pronounced than for FB‚Ar1, which
means that a development of long vdW progressions is unlikely.
In addition, the intermolecular bending modes are of b1 and b2
symmetry, respectively. Thus an excitation of these vdW modes
in the cationic state is symmetry-forbidden, at least for the
intermediate states excited in the MATI measurements pre-
sented. The observation of one quantum of the bending mode
by is due to a strong coupling of electronic and vibrational
degrees of freedom (Herzberg-Teller coupling), as has already
been discussed.

Since vibrational predissociation of the complex in the S1

state already sets in after the excitation of theν6 vibration (410
cm-1), the upper limits for fragmentation can be further reduced.
Taking into account the red shift of the S1 r S0 00

0 transition
(30 cm-1) and∆AIE ) 237 cm-1, Dg is reduced to 380 cm-1

andD+ to 617 cm-1, respectively.

Lower limits for the fragmentation thresholds can be roughly
estimated by inspecting the highest vibrational states of the
complex where it is still stable. The energetically highest bands
in the MATI spectra of the complex recorded via the intermedi-
ate states S100, S161, and S162 correspond to the vibrational mode
ν6 (440 cm-1). After the excitation of theν5 in the S1 state,
the cationic modeν6 also appears in combination with the
intermolecular bending vibration by. In spectra with an im-
proved signal-to-noise ratio, the combination band 61by

1 could
also be resolved after the ionization via the S100 state. Hence,
lower limits for Dg, De, andD+ are given by 212, 242, and 449
cm-1, respectively.

After the excitation of the intermolecular stretching vibration
in the intermediate state, even the combination band 61sz

1 at
487 cm-1 is observed in the (p-DFB‚Ar1)+ spectrum. The lower
limits are thus further shifted by about 38 cm-1. In summary,
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upper and lower limits for the dissociation energies are

In their first study concerning the mode selectivity of the
vibrational predissociation of vdW complexes, Parmenter et al.
observed the fragmentation ofp-DFB‚Ar1 in the vibronically
excited S161 state. From this, they derived an upper limit for
the fragmentation thresholdDe in the S1 state of 410 cm-1. On
the basis of an incorrect conclusion, they fixed the lower limit
for the fragmentation threshold in the S0 to 348 cm-1.1 After
a revision of this assignment, they corrected this value to 160
cm-1.31,32 This latter limit was based on the observation of a
sz progression of type szn

1 up to the forth quantum in their
dispersed fluorescence spectra. In their extended study, they
observed a strong fluorescence signal of the freep-DFB
monomer after the excitation of the S1302 state (εvib ) 242 cm-1)
of the complex, which they attributed to the vibrational
predissociation of the cluster. From this assignment they
determined a new upper limit for the fragmentation threshold
De in the S1 state. They also observed the fragmentation of the
complex after the excitation of the S182 state (εvib ) 376 cm-1).
Taking into account the red shift of the S1 band origin ofp-DFB‚
Ar1 with respect to the corresponding transition in thep-DFB
monomer of 30 cm-1, Parmenter et al. determined the following
limits:31

These limits deviate considerably from those obtained by the
MATI studies presented in this article and also from the energies
found for similar clusters in other studies.9,12,13,22 In summary,
the lower limits obtained by the MATI studies lie well above
the upper limits given by Parmenter et al. A significantly lower
fragmentation threshold of the cation could be deduced from
the relatively strong band in the region of the 61 level in the
fragment spectrum recorded via the S151 state. But this lowering
of the threshold could also be explained analogously to the
observations made for the cationic fragmentation of the
fluorobenzene‚Ar1 complex by Grebner and Neusser. In their
threshold ion spectra, they observed an overlap of bands in the
spectra of the complex precursor and the fragment. On the basis
of the field-dependence measurements they could rationalize
this observation by a field-induced lowering of the fragmentation
threshold, due to aRydberg-Rydbergcoupling.38

The development of theoretical models describing simple
vdW complexes has greatly advanced in recent years, and
binding energies obtained by the best ab initio calculations agree
very well with experimentally determined values. For example,
the calculated stabilization enthalpy of 295 cm-1 for the FB‚
Ar1 complex in the S0 state differs from the experimentally
determined value (Dg ∼ 344 cm-1, refs 13, 38) only by about
15%.39 For thep-DFB‚Ar1 complex, Hobza et al. determined
a similar stabilization enthalpy of 294 cm-1.39 This value lies
within our estimated limits (250 cm-1 < Dg < 380 cm-1). Since
the sz vibrations in the S1 in both cluster systems are very similar
(FB‚Ar1, 43 cm-1, see ref 22;p-DFB‚Ar1, 42 cm-1), similar
binding energies should follow for both clusters. Since no

significant change in the binding potential is expected going
from FB‚Ar1 to p-DFB‚Ar1, the limits determined by the MATI
measurements are most reasonable.

4.2.2. Vibrational Predissociation of the Vibronically Excited
Complex. Parmenter et al. studied the dynamics of the
vibrationally induced predissociation ofp-DFB‚Ar1 by exciting
seven different vibrational levels in the S1 state of the complex
in the range from 200 to 900 cm-1 above the 00 state.1,31,32From
their fluorescence spectra they deduced that after the predisso-
ciation, six out of the seven vibrational states of the complex
studied end up at best in two final states of the fragmentp-DFB-
(S1). These two states should be the vibrationless S100 and, if
energetically accessible, the vibrationally excited S161. Only
for the S1292 complex state they observed an additional
fragmentation channel into the S1291 monomer state. For each
excited state of the complex they determined the contribution
of the main fluorescence channels (resonant fluorescence of the
complex and the fragment) to the integrated fluorescence.
Assuming equal fluorescence quantum yields and equal fluo-
rescence rate constants (kf ) 108 s-1, ref 33) for p-DFB and
p-DFB‚Ar for all levels studied, they determined state-to-state
VP rate constantskVP for each fragmentation channel. A
detailed analysis showed that the VP lifetimes and therefore
the VP process are extremely dependent on the excited mode
in the S1 state of the complex. The most remarkable aspect
emerging from these studies is that the vibrationally induced
predissociation of the S151 state takes place much faster than
that of the S162 state, although the excess energies differ only
by about 3 cm-1.31

Jacobson, Humphrey, and Rice determined the VP lifetimes
of 12 different S1 states of thep-DFB‚Ar1 complex in a more
direct way by means of time-resolved two-photon ionization
spectroscopy.2 They could demonstrate that even at very high
excess energies (far more than 1000 cm-1) the vibrational
predissociation behaves nonstatistically. The rate constants
exhibit no clear relationship to the excitation energy, which
would be expected for a statistical fragmentation process. Even
in the case of a direct excitation of the intermolecular stretching
vibration, i.e., the reaction coordinate, the rate constants behaved
counterintuitive and scattered extremely. For example, the
vibrationally excited complex in the S151sz

1 state dissociates only
about half as fast as in the S151 state. On the other hand, for a
complex in the S162sz

1 state a much shorter lifetime than in the
S162 state was observed.2

As has been described in the previous sections, some VP
bands in the threshold ion spectra ofp-DFB‚Ar1 seem to be
much too intense and do not exhibit a band contour as would
be expected from the superposition of only two fragmentation
channels. For a more detailed analysis of the VP bands observed
in the threshold ion spectra of the fragment, the spectra were
normalized to the energy of the ionizing laser and slightly
smoothed. Furthermore, the rising baseline in the spectra was
subtracted. The resulting spectra are shown in Figures 9-11.
An additional aspect should be pointed out. It is remarkable
that both the VP bands as well as the bands of the complex,
fragmented in the ionic state, are observed in the same fragment
MATI spectra. This is due to the fact that the fragmentation of
the vibronically excited complex is determined by two separate
processes. First an intramolecular/intracluster vibrational energy
redistribution (IVR) from the excited states of the chromophore
to the van der Waals modes of the complex takes place, before
the actual VP process occurs. As has been established for
several complexes, the rate-determining step is the IVR
process.15-17,41,42 The presented spectra have been recorded with

487 cm-1 < D+ < 617 cm-1

280 cm-1 < De < 410 cm-1

250 cm-1 < Dg < 380 cm-1

190 cm-1 < De < 242 cm-1

160 cm-1 < Dg < 212 cm-1
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a temporal overlap of the two laser pulses of about 3 ns. Since
both band types could be observed at the same time, the lifetime
of the excited complex must lie in the same order.

The lowest vibrational state in the S1, for which VP bands
have been observed in the threshold ion spectra of the fragment
p-DFP+, corresponds to the 61 band (410 cm-1). Figure 9 shows
a clipping of the corresponding fragment spectrum. One striking
characteristic of the VP bands is their bandwidth of about 17
cm-1, which makes it rather easy to distinguish them from
vibrational bands stemming from the fragmentation of the
cationic cluster. Compared to the large bandwidth of a VP band,
observed earlier for FB‚Ar1 in the S1 state (∼28 cm-1), the width
of the p-DFB‚Ar1 VP bands are considerably narrower. The
enormous width of the VP bands must be due to the rotational
excitation of the fragment by the predissociation process.15,17

The reduced bandwidth compared to the VP band observed for
FB‚Ar1 can be rationalized by the higher symmetry of the

p-DFB‚Ar1 complex. Owing to the transition energies (photon
energy of the ionizing laser), all VP bands, without exception,
could be assigned to transitions of thep-DFB monomer starting
from the vibrationless S100 state. The contour of the bands
corresponding to the transitions 00

0 and 60
1 may be fitted very

well by Gaussiancurves. The relative intensity of these bands
correspond to those determined in ZEKE spectra.30

Considerably more difficult was the analysis of the spectra
recorded via the S151 intermediate state (see Figure 10). The
first VP band appears at a much lower transition energy than
before. A comparison with the threshold ion spectra of the
monomer reveals that this band is due to the 61

0 transition into
the vibrationless cationic ground state, starting from the vibra-
tionally excited S1 state of thep-DFB fragment. As before,
this band can also be fitted by aGaussiancontour and its width
is almost the same as that of the VP bands in the spectrum in
Figure 9. Thus it has to be due to a single transition. The
bands at 37 045 and 37 491 cm-1, however, are much broader
(35 and 28 cm-1) and exhibit an asymmetric contour. Both
bands may only be rationalized by the superposition of different
transitions. To corroborate this conclusion, first of all it must
be checked whether bands of the ionized complex could distort
these VP bands. Inspecting the monomer spectra reveals that
no cluster transitions with significant intensity should lie in the
corresponding energy region. As has been discussed before,
the flank on blue side of the broad VP bands is obviously due
to the excitation of a progression of the vibrational modeν6 in
the cationic fragment. For this reason, the blue-sided flanks of
these bands were fitted at first with Gaussian contours of
maximum intensity, corresponding to the transitions 61

1 and
61

2, respectively. In this way, the flanks could be simulated
very well. However, the relative intensities do not coincide
with that of the corresponding transitions observed in the
threshold ion spectra of the monomer. For example, after the
ionization via the S161 state of the monomer, the maximum of
the FC factors should be shifted to the 61

2 transition. For this
reason, the contribution of the 61

1 band has been reduced

Figure 9. Clipping of the fragment spectrum ofp-DFB‚Ar1, which
was recorded after the excitation of the intermediate state S161. In this
representation, the spectrum has been normalized to the intensity of
the ionizing laser and slightly smoothed. The broad VP bands are
emphasized by a light shading. The bands 00

0 as well as 60
1 have been

fitted by Gaussian curves (dark shading).

Figure 10. Clipping of the fragment spectrum ofp-DFB‚Ar1, recorded via the intermediate state S151. The spectrum has been normalized to the
intensity of the ionizing laser and slightly smoothed. In addition, the shallow increase of the baseline has been subtracted. Again, the broad VP
bands are emphasized by a light shading. The inset shows an artificial spectrum in the region of about 37 050 cm-1, for which the Gaussian fits for
the VP bands 00

0 and 61
1 have been subtracted from the recorded spectrum.
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analogously to the relative intensities observed in the corre-
sponding monomer spectrum (see Figure 2).

The energetically lower part of the VP band at 37 045 cm-1

is, at least partly, due to the transition 00
0, starting in the

vibrationless S1 state of the monomer. Obviously, besides a
dissociation resulting in ap-DFB fragment in the S161 state,
also a decay into the S100 state exists. Consequently, the
transition 60

1 must lie underneath the broad band at 37 491
cm-1. One may also deduce from the MATI spectrum of the
monomer excited via the S161 intermediate state, that the
transition 50

1 61
0 should fall into this energy region, resulting in

an additional broadening of the band in the lower part.
It is apparent that the broad VP bands (light shading) cannot

be rationalized completely by the identified transitions (dark
shading). Particularly if the relative intensities of the transitions
in the monomer spectrum are taken into account for the Gaussian
fits, about 50% of the most intense VP band could not be
covered. The inset in Figure 10 shows the difference spectrum
in the region around 37 050 cm-1, for which the Gaussian fits
for the VP bands 00

0 and 61
1 have been subtracted from the

recorded spectrum. The calculated spectrum exhibits a band
of significant intensity and a width of about 20 cm-1 (fwhm),
somewhat broader than a typical single VP band. Even in the
case of a maximum fit, discussed above, the uncovered region
still amounts to nearly 30% of the band. Also 20% of the
second broadened band could not be rationalized by bands from
the exit channels S100 and S161 of the fragment. The only
explanation is that additional fragmentation channels must exist,
resulting in different final states of the monomer. Energetically,
a large series of S1 states of the monomer could be populated
after VP (see Figure 13), from which then an ionization
transition could be induced. From the known monomer
transitions, the 171

1 (∆E ) 29 cm-1, relative to the 00
0 transi-

tion), 271
1 (27 cm-1), 301

1 (7 cm-1), 302
2 (14 cm-1) and 303

3 (21
cm-1) fall into this region of the overlapping 00

0/61
1 bands. So

from the shift of the unknown “difference band” in the insert
of Figure 10 the 30n

n (n ) 1, ..., 3) are good candidates.

Exciting the intermediate state S162 of the p-DFB‚Ar1

complex, the observed VP bands are essentially due to transi-
tions starting in the monomer states S100 and S161, respectively.
In contrast to the VP spectra recorded via the S151 state of the
complex, the superposed VP bands are now much more
asymmetric and exhibit a distinctively different intensity
distribution (see Figure 11). The lowest band at 36 613 cm-1

is again due to the 61
0 transition. The blue side of the wide VP

bands can be approximated very well by Gaussian fits, corre-
sponding to the transitions 61

1 and 61
2, respectively. In addition,

Figure 11. Clipping of the fragment spectrum ofp-DFB‚Ar1, recorded via the intermediate state S162. The spectrum has been normalized to the
intensity of the ionizing laser and slightly smoothed. In addition, the slow increase of the baseline has been subtracted. The VP bands are fitted by
Gaussian curves (dark shading) with maximum intensity. The inset shows the calculated difference spectrum in the region of the 00

0/61
1 VP band.

The resulting band exhibits about the typical VP bandwidth.

Figure 12. Decay processes of the vibrationally excited S1 state of
thep-DFB‚Ar1 complex. Apart from the predissociation of the complex
with the rate constantkVP, the originally excited states are depopulated
by radiative and nonradiative decay processes with rate constantskr

andknr, respectively. In addition, intramolecular vibrational redistribu-
tion of the excess energy can occur with a rate constantkIVR. The
intramolecular relaxation processes (rate constants:k′r, k′nr, k′IVR) are
also relevant for the depopulation of the fragment states, populated by
the predissociation of the complex. Thus by means of ionization (rate
constantskI andk′I), only the remaining states of the complex and the
fragment will be detected.
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the monomer transitions 00
0, 60

1 as well as 50
1 61

0 have been fitted
with maximum intensity (see Figure 11). In contrast to the
former spectrum, after the summation of these transitions, the
VP bands are covered much better. The difference for the
00

0/61
1 band only amounts to about 20% and for the 50

1 61
0/60

1/61
2

band even less than 4%. Again, the inset in Figure 11 shows
the calculated difference spectrum in the region of the 00

0/61
1

VP band. The resulting band is now much smaller than before,
and it exhibits the typical VP bandwidth. This clearly indicates
that additional fragmentation channels apart from VP into the
final states S100 and S161 of the monomer play a minor role in
the predissociation of the S162 state of the complex. The relative
intensities of the 61

0 and 61
1 bands correspond to those, observed

in the spectrum of the freep-DFB monomer in Figure 2. Only
the 61

2 band is definitely too weak, which could not be
rationalized by the existing data up to now.

For an interpretation of the observed relative VP band
intensities, it is important to have a look at the processes that
are responsible for the depletion of an initially populated state.
There are several different, simultaneous processes, which result
in a reduction of the population of an initially excited vibrational
state in the S1 of the p-DFB‚Ar1 complex (see Figure 12).
Essentially, these are

(i) radiative decay with the rate constantkr,

(ii) nonradiative decay with the rate constantknr,

(iii) transitions between vibrational states of the complex
(“intramolecular vibrational redistribution”, IVR) with the rate
constantkIVR,

(iv) ionization of the complex with the rate constantkI, and
(v) vibrationally induced predissociation of the complex with

the rate constantkVP.
Except for the vibrational predissociation, these relaxation

processes are also relevant for the states of the fragment
populated after the predissociation of the complex (rate con-
stants: k′r, k′nr, k′IVR, k′I).

The intensity of the VP bands depends on the concentration
of the vibronically excitedp-DFB monomer, produced after
predissociation of thep-DFB‚Ar1 complex. Analogous to the
depletion of the states of the complex, the initially populated
S1 states of the fragment are depleted by radiative and
nonradiative decay before the ionization takes place. But owing
to the lower density of states in the monomer, IVR should be
reduced drastically compared to IVR in the complex. Particu-
larly crucial to the observed intensities are the Franck-Condon
factors of the transitions. In addition, if one intends to compare
band intensities of transitions observed in different measure-
ments, the spectral energy distributionF(νj) of the ionizing laser
has to be taken into account. Thus, assuming that the rate
constants for the different decay processes are time independent,
the intensity of a transition, starting in the VP-populated S1 state
of the monomer with the vibrationV′ and resulting in the cationic
state with the modeV excited, is given by

Herec0 denotes the initial total concentration ofp-DFB in the
electronically excited S1 state, produced by VP of thep-DFB‚
Ar1 complex. The predissociation from a vibrational stateV of
the complex into the final stateV′ of the fragment, i.e., the
relative population of different final vibrational states, is taken
into account by the branching ratiofVfV′.

In the preceding analysis of the fragment ion spectra it has
been shown that the width and the contour of the VP bands is
extremely sensitive to which S1 state the complex is initially
excited. We have also given evidence that this is caused by
the superposition of different transitions into the cationic states,
starting from different VP product states. For a direct com-
parison of our results with those of Parmenter et al., it would
be interesting to determine the branching ratiosfVfV′ for the
predissociation from a modeV of the complex to a modeV′ of
the fragment. But since the FC factors of the transitions into
the cationic states as well as the initial concentrationc0 of
vibronically excitedp-DFB are unknown, the determination of
the absolute branching ratios is impossible. For this reason,
we alternatively compared the relative band intensities
IVP(61

1)/IVP(00
0) for the intermediate states S151 and S162 of the

complex, to make a rough estimate for the different populations.
The intensity relation of the VP bands 61

1 and 00
0 after

excitation of the S151 state is given by

and analogously for the excitation of the S162 state by

If we now consider the quotient of the two relative band
intensities taken from the spectra recorded via the S151 and the
S162 state, also the FC factors as well as the exponential factors,
which contain the rate constantsk′r andk′nr, will be eliminated
and we obtain

Figure 13. Schematic diagram of the S1 states ofp-DFB‚Ar1. The
main fragmentation channels into the final monomer states are indicated
by heavy arrows. Additional fragmentation channels, which could not
be determined quantitatively, are indicated by pointed arrows. The
binding energy in the S1 state was, analogously to the FB‚Ar1 complex,
estimated by about 370 cm-1.

IVP(V′fV, t) ∼ c0‚fVfV′‚exp[-(k′r + k′nr)‚t]‚F(νj)‚|〈ψV′|ψ+
V〉|2
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)
f51f61

f51f00

‚
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‚
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0)
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f62f61

f62f00

‚
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For an evaluation of this expression in the present structure,
the areas beneath the Gaussian curves corresponding to the
transitions 00

0 and 61
1 have been determined. From the spec-

trum, recorded via the S151 complex state, the intensity relation
of the bands 61

1 and 00
0 amounts to about 1.3 for the corrected

band intensities. After excitation of the S162 complex state,
the 61

1 transition is about 2.7 times more intense than the 00
0

transition and thus:

Provided that the intensity of the 61
1 Gaussian curve has

been adapted correctly, this means that there is a much stronger
propensity for the population of the S161 final state of the
fragment by exciting the S162 state than by exciting the S151

state of the complex. This strong mode selectivity is surprising
insofar as the difference of the vibrational excess energies only
amounts to about 3 cm-1.

From the rate constants or branching ratios, determined by
Parmenter et al., the above ratio is even larger, giving a value
of about 5. In their studies based on UV fluorescence
spectroscopy, these authors could show that the lifetimes for
the vibrationally induced predissociation process as well as the
redistribution of the vibrational energy depends drastically on
the initial vibration, excited in the S1 state of the complex.1,31,32

In their first paper, they compared their results with the
predictions of thehalf-collisionmodel and theenergy/momentum
gap model. Although the half-collision model does not take
into account the consecutive character of the IVR/VP process,
some predictions of this model are interesting in regard to the
results of our MATI measurements. Therefore, it is discussed
here briefly.

In the half-collision model, the predissociation of a complex
is considered to be the second half of the vibrational energy
transfer in afull-collision.1 Encouraged by the success of the
full-collision model, describing the mode-to-mode vibrational
energy flow in S1 benzene43 andp-DFB44 in a bulb experiment
at 300 K, Parmenter et al. attempted to reproduce the experi-
mentally observed VP energy flow probabilities ofp-DFB‚Ar
by using this model and its propensity rules. The relative
probabilityPab for a vibrational energy transfer, in which only
modes a and b undergo quantum changes, is given by1,43

The factorsV2 impose the restrictions due to quantum number
changes and depend on the magnitude|∆ν| of the quantum
change of each mode (for more detail see ref 43). For collisions
of Ar with p-DFB, these factors are very similar for all modes
except for the out-of-plane modeν30:44

The factorI in the above formula mainly depends on the energy
gap ∆E between the initial and the final state. Only a small
variation of the factorI(∆E) is found both for different systems
and different modes.43 For the energy∆E being transferred
between vibrational and translational/rotational degrees of
freedom in VP, the factorI(∆E) is roughly given by1,43

From the half-collision model Parmenter’s group could derive
a strong selectivity with respect to the final states of the
fragment, but it was not possible to reproduce the experimentally
observed branching ratios. For example, the values predicted
by the half-collision model for the predissociation into the S100

monomer final state was extraordinarily small (0.2% and 2.9%,
respectively) compared to the experimentally observed contribu-
tion of about 18% (after S162 excitation) and 52% (after S151

excitation), respectively.1 On the other hand, it should be
pointed out that the half-collision model predicts relatively
strong propensities for some fragmentation channels, which have
also been discussed in connection with the threshold ion spectra
recorded via the S151 state of the complex. For example,
according to this model, fragmentation from the S151 into the
monomer final states S1301 (5.9%), S1302 (11.9%), S1303

(24.4%), and S1271 (11.7%) should have a total probability of
over 50%. As has already been noted, particularly ionization
transitions from overtones of modeν30 with ∆V ) 0 would fit
the difference band in Figure 10. Theν30 vibration is an out-
of-plane mode, which from intuition should couple very
effectively with the intermolecular vdW modes. For the decay
of the S162 state however, this model predicts that only the S161

state is populated with significant probability (93%). Thus,
although the half-collision model is a very crude model, not
taking into account the sequential character of the IVR/VP
process, it predicts the population of fragment states with
overtones of modeν30 excited after pumping the S151 state of
the complex. This is remarkable, since we believe that mode
ν30 (and its overtones) is responsible for the unexpected contour
of certain VP bands (see Figures 7 and 10).

There is one final point left, which needs to be discussed
briefly. Why could Parmenter et al. not perceive all fragmenta-
tion channels, observed by MATI spectroscopy after the
excitation of the S151 state of the complex? The most likely
explanation is that transitions from the VP-populated states 301,
302, 303, and 271 in the S1 into vibrational states of the S0 are
covered by stronger bands due to transitions from the final states
S100 and S161 of the fragment. Parmenter et al. quoted a
resolution of about 12 cm-1 for their dispersed fluorescence
spectra. The transitions 301

1 and 271
1 are shifted by-38 and

-43 cm-1 relative to the 00
0 transition (a summary of the

vibrational modes ofp-DFB in the S0, S1, and the cationic state
is given in ref 30). Thus, these transitions would be covered
by the 61

1 band (-40 cm-1). In addition, also unfavorable
Franck-Condon factors could possibly result in poorly pro-
nounced fluorescence bands.

5. Conclusion

In this work, we could give evidence that the predissociation
of vdW complexes in vibronically excited intermediate states
can be studied by means of the MATI spectroscopy. We could
show that the vibrationally induced predissociation of a vi-
bronically excited complex strongly depends on the initially
excited vibration of the complex. Thus the MATI results
basically corroborated the findings of Parmenter et al., which
were obtained by means of UV fluorescence spectroscopy. Of
particular interest was the observation of the fragmentation of
the two quasi degenerated vibrational states S151 and S162 into
the final states S100 and S161 of the monomer. Thus two final
states, one with minimum and one with maximum translational
energy imparted to the Ar atom, are the dominant exit channels.
In contrast to the earlier findings of Parmenter et al., the
threshold ion spectra recorded via the S151 complex state gave
evidence for additional fragmentation channels, which have not

f62f61

f62f00
/f51f61

f51f00

) 2.1

Pab ) Va
2 Vb

2I(∆E)

Va
2 ) Vb

2 ) ... ) (0.1)|∆ν| and V30
2 ) (0.6)|∆ν|

I(∆E) ) 0.6 for ∆E < 50 cm-1

I(∆E) ) exp[-10-2(∆E)] for ∆E > 50 cm-1
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been observed or assigned in the fluorescence spectra. The
dominant one is the out of plane vibrational modeν30 as well
as its overtones, which should couple with the dissociation
continuum very well. We also deduced larger dissociation
energies for the complex in the S0, S1, and the ionic ground
state, respectively. Thus we could demonstrate that the MATI
spectroscopy is an complementary method to the fluorescence
spectroscopy. Particularly by applying a pump-probe method
with ultrashort laser pulses, the predissociation dynamics of
weakly bound complexes could be studied in real time and state
selectively.
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