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The two-photon spectrum of the acetaldehyde-Ar complex has been measured in the vicinity of the (n,3s)
Rydberg transition of the acetaldehyde monomer. The cluster spectrum is blue shifted by 14 cm-1 from the
monomer origin. The vibrational analysis yields harmonic frequencies of 32, 27, and 21 cm-1 for the
intermolecular modes. The two high-frequency modes are Franck-Condon active, indicating a substantial
displacement of the minimum configuration with respect to the ground-state equilibrium structure. The abrupt
disappearance of the vibrational structure at energies of about 190 cm-1 above the origin is interpreted as the
dissociation limit of the complex.

1. Introduction

Over the past two decades, van der Waals complexes have
been the focus of intense research, both experimentally and
theoretically.1 Especially, small hydrogen bonded complexes
have been studied intensely in the microwave, far-infrared, and
infrared regions of the electromagnetic spectrum.2 Electronic
spectroscopy of molecular complexes has been limited almost
exclusively to complexes containing atoms, molecules, or
radicals with low-lying electronic states. On the other hand, the
first excited states of a number of small molecules lie in the
vacuum ultraviolet (VUV) spectral region and are therefore not
easily accessible using conventional laser sources. For some of
these molecules, nonresonant two-photon absorption has been
shown to be a suitable alternative to access transitions in the
VUV. Beside the spectroscopic interest, two-photon transitions
of several molecular species are sufficiently strong to be
employed for the state-specific product detection in molecular
dynamics studies.3-9 Another interesting candidate is acetalde-
hyde and its two-photon transition to the (n,3s) Rydberg
state.10-13 This two-photon transition is exceptionally strong due
to a near resonance of the first excited-state S1 with the virtual
intermediate state. Recently, we were able to analyze the
rotational structure of several observed bands including the
torsional sequence.14,15

As a stable intermediate in the oxidation of hydrocarbons,
acetaldehyde represents an important air pollutant.16 Subsequent
reactions with both the hydroxyl radical and the nitrate radical
result in the formation of peroxyacetyl nitrate, an important
reservoir species for reactive nitrogen. UV photodissociation
of acetaldehyde has been identified as the other major loss
mechanism. Therefore, there is a great interest in understanding
the spectroscopy, photophysics, and photochemistry of acetal-
dehyde and its complexes. Although the acetaldehyde molecule
is a relatively small molecule with the same mass as the CO2

molecule, it has several particular features which will influence
its dynamics. Not only is it an asymmetric top molecule of low
symmetry it also has two distinct functional groups: a carbonyl
group and a methyl internal rotor. Thus, acetaldehyde can serve
as a prototype to study the influence of these functional groups
on molecular interactions and reactivities.

Of special interest will be the effect of the internal rotor on
the inter- and/or intramolecular vibrational relaxation (IVR)
dynamics. Similar to an open-shell molecule, acetaldehyde has
an internal angular momentum, although it originates from a
very different source. Similarities and differences in the collision
and predissociation dynamics in comparison with the dynamics
of an open-shell complex need to be explored. In large aromatic
molecules, the presence of an internal rotor enhances the IVR
rate substantially.17-19 These findings are usually explained in
terms of the strongly increased density of states and the coupling
of vibrational and torsional modes mediated through repulsive
van der Waals interactions.20-22 In the case of a high barrier to
internal rotation, Tan et al. suggest the coupling of internal and
overall rotation as a possible additional source for level
interactions.23 These authors noticed a strong correlation of the
strength of these interactions with the direction of the rotor axis.
Unfortunately, there are no detailed studies of how the methyl
group affects rovibrational energy transfer in bimolecular
collisions. The possibility of state-specific detection of acetal-
dehyde via two-photon absorption offers new possibilities to
study these effects in unprecedented detail. In a counterpropa-
gating molecular beam scattering experiment, we investigated
the energy transfer of acetaldehyde in collisions with different
rare gas partners. In these experiments, we observe efficient
excitation of the torsional levels below the barrier to internal
rotation. The preliminary analysis suggests as the dominant
excitation mechanism the strong coupling of the torsional motion
with the overall rotation.24

As another means of studying the molecular interactions
responsible for rovibrational energy transfer, the corresponding
van der Waals complex can be investigated spectroscopically.
A great variety of complexes have been studied using either
optothermal or direct absorption techniques.25,26 In a small
number of experiments, double resonance schemes have been
applied.27,28 While it is possible to cover a wide range of
frequencies with the employed pulsed lasers, the spectral
resolution is usually limited to a few tenths of a wavenumber.
Exploiting one-photon resonances, both UV-detected stimulated
Raman as well as infrared absorption of clusters have been
reported.29-33 In refs 34 and 35, two-photon resonances have
been used for the fragment detection step. Direct detection of
an unfragmented complex through nonresonant two-photon* Corresponding author. E-mail: hmeyer@hal.physast.uga.edu.

6327J. Phys. Chem. A1999,103,6327-6334

10.1021/jp9906233 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/28/1999



absorption could allow one to access higher lying excited
electronic states and therefore to investigate complexes involving
smaller molecules. So far, only complexes involving atoms or
diatomic molecules have been detected through nonresonant
two-photon absorption. In particular, van der Waals complexes
involving either NO, HI, or Xe as the two-photon chromophore
have been reported.36-39 To analyze these spectra, we extended
the spherical tensor treatment of the two-photon absorption
operator to the case of a rigid rotor type van der Waals complex
in which the excitation is confined to the two-photon chro-
mophore.40,41In this way, we were able to analyze the partially
resolved rotational structure in the two-photon spectra observed
for several NO-containing complexes.41-43

Recently, the microwave spectrum of the acetaldehyde-Ar
complex has been reported by Ioannou et al.44 From this study,
a structure was derived which places the Ar atom on top of the
triangle formed by the heavy atoms of the acetaldehyde
molecule. Assuming a Lennard-Jones potential, the authors were
able to derive from the centrifugal distortion constants a binding
energy of about 204 cm-1. Furthermore, the splitting of the
rotational lines into quartets has been interpreted in terms of
two tunneling paths involving internal rotation of the methyl
group as well as the internal rotation of the acetaldehyde unit
within the complex.45 Unfortunately, the observed splittings did
not allow the determination of a barrier height for either
tunneling pathway. It is interesting to note that electronic spectra
(B-X transition) have been reported also for the related
complexes HCO-Ar and CH2CHO-Ar.46,47 In both cases, the
Ar atom is found to interact dominantly with the CO group
causing an increase of the binding energy for the excited state.
In the case of the Ar-vinoxy complex, an out-of-plane structure
could be deduced from the rotational contour analysis. The
observed red shift is explained in terms of a lowering of the
in-plane barrier to internal rotation.

In this contribution, we report the first two-photon spectrum
of a van der Waals complex involving the polyatomic molecule
acetaldehyde. The purpose of this study is two-fold. First, we
want to explore the structure of the excited-state potential energy
surface. Second, the ability of detecting unfragmented molecular
complexes through (2+ 1) REMPI opens new possibilities for
studying bound states of the electronic ground-state surface
through infrared-ultraviolet double resonance experiments.

2. Experimental Section

The experiment was performed using a pulsed molecular
beam scattering apparatus which has been described in detail
previously.4,5 Briefly, a gas mixture of 4% acetaldehyde in Ar
was expanded into vacuum at a stagnation pressure of 1.5 bar
using a home-built piezoelectric valve. Molecular beam pulses
of about 75µs duration were generated at a repetition rate of
10 Hz. The pulses passed through a skimmer into the detection
chamber where they were intersected with a laser beam. Ions
resulting from the (2+ 1) REMPI process were mass and
velocity selected in a time-of-flight (TOF) mass spectrometer.
The laser system employed was a Nd:YAG pumped near-
grazing incidence dye laser operating on the laser dye Pyridine
2. The dye laser output was frequency doubled in a KDP crystal
and focused onto the molecular beam using a lens of 300 mm
focal length. Pulse energies of about 1 mJ were employed for
the detection of the cluster spectrum.

Typical TOF spectra are shown in Figure 1. The spectrum in
the upper part shows the mass spectrum obtained by exciting
the acetaldehyde monomer in the 101

0 band of the (n,3s)
Rydberg transition using pulse energies of about 250µJ. Under

these conditions, no fragmentation of the acetaldehyde molecule
is observed. The bottom spectrum is recorded with the laser
frequency tuned to 27 567 cm-1, corresponding to a two-photon
wavenumber of 55 134 cm-1. At this frequency, a peak is
detected at a flight time of about 21µs, which corresponds to
an ion mass of 84 amu. Like the peak due to the acetaldehyde
monomer in the upper spectrum, the width of this peak is limited
by the instrumental resolution. In contrast, we observe signifi-
cantly broader peaks at flight times corresponding to ion masses
of 29 amu (HCO+) and 43 amu (CH3CO+). These ions result
from the excitation, ionization, and fragmentation of acetalde-
hyde molecules and possible larger clusters in the beam. The
width of the peaks reflects the energy release as a consequence
of the fragmentation process. The peak centered at 17.5µs is
due to electron impact ionization of Ar from the molecular beam.
The responsible electrons are most likely created as photoelec-
trons due to the interaction of stray laser light with the various
metal electrodes, etc. Therefore, the location for ionization is
not well defined, resulting in a broad distribution of flight times
which are longer than what would be expected for a direct laser
ionization process. Since the 84 amu peak is characterized by
a width typical for unfragmented species, we identify this peak
as resulting from the resonant excitation of the neutral acetal-
dehyde-Ar complex. The possibility of the signal resulting from
the acetaldehyde dimer (88 amu) is ruled out by the fact that
the cluster bands are absent if acetaldehyde is used with neon
as the carrier gas. REMPI spectra were measured by recording
the intensity of this mass peak as a function of the laser
frequency.

For the case that the employed UV photons are not sufficient
to ionize the complex under investigation, we used a two-color
REMPI detection scheme. The doubled outputs of two dye
lasers, L1 and L2, were focused with 300 mm lenses onto the
molecular beam, resulting in spots of about 30µm in diameter.
Both laser beams were counterpropagating and intersected the
molecular beam at right angles. The frequency of the ionization
laser L2 was tuned to 29 656 cm-1. In this frequency range,
acetaldehyde can be detected through a (1+ 2) REMPI process
with the first excited-state S1 acting as the intermediate state.11

For the two-color experiment, the wavelength of the ionization
laser was carefully chosen in a way not to produce a one-color

Figure 1. Time-of-flight mass spectra recorded at the specified two-
photon wavenumbers. Both spectra were recorded under identical ion
imaging conditions. The peak in the upper spectrum represents
acetaldehyde ions (44 amu). At this frequency the 101

0 mode of the
(n,3s) Rydberg transition is excited. The bottom spectrum was recorded
with the laser tuned to a frequency at which a cluster band is excited.
Both unfragmented acetaldehyde-Ar ions and ionized fragments were
detected.
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ionization signal. To verify the alignment of the two focused
laser beams, we searched for double resonance signals in the
acetaldehyde monomer spectrum. As a convenient band in the
available wavelength range, we detected the band 31

0.48 The
one-color resonance was found with the laser frequency tuned
to 28 741.5 cm-1 corresponding to a two-photon wavenumber
of 57 483 cm-1. In the two-color experiment, resonant excitation
requires the simultaneous absorption of a photon from both
lasers: 57 483 cm-1) 27 827 cm-1 (L1) + 29 656 cm-1 (L2).
This band provides a straightforward verification of the spatial
and temporal overlap of the laser beams.

A typical two-color (1 + 1′ + 1) REMPI spectrum is
displayed in Figure 2. The top part shows the spectrum recorded
with both laser beams present, while the bottom part was
recorded without laser L2. In this range, several weak monomer
bands were also observed as one-color (2+ 1) REMPI signals.
In particular, the bands 102

0 and several rotational lines of the
band 1540 were found. The inset in Figure 2 displays the one-
color spectrum of the 310 band using the same frequency and
intensity scale. In comparison with the other monomer bands,
we find the width of the 310 band to be increased significantly.
This is especially true for the two-color spectrum. This increase
in line width as well as the asymmetric line shape for the two-
color result is most likely caused by the near resonance of the
frequency of the ionization laser L2 with the origin of the S1-
S0 transition at 29 771 cm-1.49 Most important for this study is
the fact that the two-color spectrum is comparable in intensity
to the corresponding one-color REMPI spectrum. Thus, the two-
color experiment provides us with a sensitivity comparable to
the one achieved in the single-color experiment.

3. Results and Interpretation

An overview (2+ 1) REMPI spectrum of the region of the
00

0 and 1010 bands of the (n,3s) Rydberg transition in acetal-
dehyde is shown in Figure 3. The bottom spectrum was
measured recording the mass peak corresponding to the acetal-
dehyde ion mass (44 amu). The origin band was found at a
two-photon energy of 55 024.5 cm-1. The peak at 55 358.2 cm-1

is assigned to the excitation of the 101
0 mode which involves

mainly the C-C-O bending vibration. The weak band at 55 426
cm-1 is assigned to the excitation of the torsional band 152

0

characterized by a very small Franck-Condon factor. Each
torsionless band is accompanied to the blue by a series of weak
satellite bands, which have been identified as rotational struc-
ture.14 The analysis of these features indicates a rotational
temperature of about 4 K. From the thermal rest population of
different torsional levels, a torsional temperature of about 25
K can be estimated. Since complexes are preferentially formed
from cold parent molecules, an even lower temperature is
expected for the acetaldehyde-Ar complex.

The spectra in the top part of Figure 3 were recorded at mass
84 amu and assigned to the acetaldehyde-Ar complex. The
spectrum is made up of two contributions. One is located
between the monomer origin band and the monomer 101

0 mode,
and the other is located to the blue of the 101

0 mode. The
intensity of the latter spectrum is reduced by more than order
of magnitude. Using either one-color or two-color REMPI
detection, no cluster signal could be detected to the red of the
origin band. Since all frequencies were determined as one-color
REMPI signals, we report in the following the two-photon
wavenumbers only.

Figure 4 shows an expanded view of the acetaldehyde-Ar
spectrum located to the blue of the monomer origin band. At
the low-frequency end of the spectrum, a series of well-resolved

Figure 2. Nonresonant two-color (1+ 1′ + 1) REMPI spectrum of
the acetaldehyde monomer. The frequency of laser L2 was fixed to
29 656 cm-1, while the frequency of laser L1 was tuned. The top
spectrum shows the two-color resonance due to the excitation of the
31

0 mode in acetaldehyde. The bottom spectrum was recorded without
laser L2. The inset displays the one-color (2+ 1) REMPI spectrum of
the 31

0 band. See text for details.

Figure 3. Overview (2 + 1) REMPI spectra recorded at the
acetaldehyde monomer mass (44 amu) and the mass of its complex
with Ar (84 amu). The cluster spectra were recorded with a laser pulse
energy of about 1 mJ and the ion detector at full sensitivity.

Figure 4. Expanded (2+ 1) REMPI spectrum of the acetaldehyde-
Ar complex. The arrow indicates the possible position of the origin
for this band system. Vibrational bands are marked with the number
of vibrational quanta involved. See text for details.
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bands is observed. A summary of the band positions, their
relative spacings, and assignments is given in Table 1. With
increasing energy, the number of lines increases steadily until
an almost continuous signal is observed for frequencies larger
than 55 210 cm-1. The pronounced intensity drop at 55 240
cm-1 is reminiscent of a threshold, although the intensity does
not completely drop to zero. At a frequency of 55 300 cm-1,
we are still able to detect a small but noticeable signal. At these
frequencies, the time-of-flight spectra are consistent with the
detection of long-lived, unfragmented complexes.

The weak band system observed to the blue of the monomer
band 1010 is assigned to the corresponding band of the
acetaldehyde-Ar complex. An expanded view is shown in
Figure 5. The bands in this system show a spacing and intensity
distribution very similar to the ones in the strong system to the
blue of the origin band. Frequencies and relative intensities for
the identified lines are listed in Table 2.

Rotational Structure. Before we can perform a vibrational
analysis of the spectrum, we must consider the possibility that
some of the observed structures actually represent partially
resolved rotational structures. Recently, we have extended the
rigid rotor model for the description of a van der Waals complex
(developed for example in refs 50 and 51) to the case of two-
photon absorption.41 Two-photon absorption processes are
characterized by either a zeroth rank tensor or the components
of a second rank tensor or both. For the calculation of the two-
photon transition probabilities, it is assumed that the excitation
is confined to the acetaldehyde molecule within the complex.
The relevant components of the two-photon absorption operator
for the complex are calculated by transforming the correspond-

ing tensor components for the two-photon chromophore to the
principal axis system of the complex. In the case of a
nonvanishing second rank tensor component, all five compo-
nents will in general contribute to the spectrum of the complex.
For acetaldehyde, we have shown that the two-photon transition
is dominated by a zeroth rank tensor component which
transforms like a scalar.14 The rotational structure is therefore
dominated by Q-branches. Since the rotational constants for the
excited Rydberg state are similar to the ones in the electronic
ground state, the rotational structure of the Q-branches cannot
be resolved with the present resolution. This also implies that
the two-photon spectra of the complex will be dominated by
unresolved Q branches. Furthermore, at the achieved temper-
atures in our molecular beam expansion, we do not expect hot
bands of intermolecular modes to contribute to the spectrum.
Along the same line of reasoning, we exclude the possibility of
population of excited levels involving the methyl torsion.
Therefore, the spectra reported here represent exclusively the
vibrational structure of the complex in its excited electronic state.

Vibrational Structure. As an atom-molecule system, we
expect three intermolecular vibrations for the acetaldehyde-
Ar complex, one stretching and two bending modes. As a first

TABLE 1: Two-Photon Wavenumbers ν and Relative
Franck-Condon Factorsxfc of the Observed Vibronic Bands
of the Acetaldehyde-Ar Complex in an Electronic State
Correlating with the Origin of the (n,3s) Rydberg State

mode νc,νs,νt νa (cm-1) ∆νa (cm-1) xfc

triangle 0,0,0 55038.6 22.5 <0.5
0,0,1 55061.0 20.7 1.0
0,0,2 55081.7 3.0

square 0,0,0 55038.6 28.8 <0.5
0,1,0 55067.4 27.3 1.5
0,2,0 55094.7 26.9 4.0
0,3,0 55121.6 26.3 15.0
0,4,0 55147.9 22.8 34.0
0,5,0 55170.7 40.0

circle 0,0,0 55038.6 32.1 <0.5
1,0,0 55070.7 31.1 25.0
2,0,0 55101.8 32.0 82.5
3,0,0 55133.8 31.3 124.5
4,0,0 55165.1 31.0 95.0
5,0,0 55196.1 37.0

0,0,2 55081.7 30.2 3.0
1,0,2 55111.9 31.6 4.5
2,0,2 55143.5 31.0 8.0
3,0,2 55174.5 31.4 22.0
4,0,2 55205.9 43.0

1,0,0 55070.7 25.0
1,1,0 54.9
1,2,0 55125.6 27.5 3.5
1,3,0 55153.1 24.9 14.0
1,4,0 55178.0 21.9 35.0
1,5,0 55199.9 61.0

2,0,0 55101.8 26.3 82.5
2,1,0 55128.1 28.2 7.5
2,2,0 55156.3 28.0 14.0
2,3,0 55184.3 42.0

a Frequency intervals∆ν between different members of the assigned
progressions.

Figure 5. Expanded (2+ 1) REMPI spectrum of the acetaldehyde-
Ar complex correlating with the monomer band 101

0. The arrow
indicates the possible position of the origin for this band system.
Vibrational bands are marked with the number of vibrational quanta
involved. The features marked with an asterisk are artifacts due to a
baseline shift caused by strong monomer signals at these frequencies.
See text for details.

TABLE 2: Two-Photon Wavenumbers ν and Relative
Franck-Condon Factorsxfc of the Observed Vibronic Bands
of the Acetaldehyde-Ar Complex in an Electronic State
Correlating With the 101

0 Level of the (n,3s) Rydberg State

mode νc,νs,νt ν (cm-1) ∆ν (cm-1)a xfc

square 0,3,0 55456.6 25.5 7.5
0,4,0 55482.1 22.8 7.5
0,5,0 55504.9 20.0

circle 0,0,0 55376.2 31.5 <0.5
1,0,0 55407.7 31.0 22.0
2,0,0 55438.7 32.2 48.0
3,0,0 55470.9 29.6 63.0
4,0,0 55500.5 32.5

3,0,2 55508.6 10.0

1,4,0 55513.1 22.7 14.5
1,5,0 55535.8 13.0

2,2,0 55491.4 27.5 13.5
2,3,0 55518.9 15.5

a Frequency intervals∆ν between different members of the assigned
progressions.
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approximation, at least the low-frequency part of the spectrum
should be analyzable in terms of three harmonic frequencies.
The vibrational structure of the spectrum is clearly dominated
by a progression (labeled with solid circles in Figure 4) with at
least four members. All members are separated by about 32
cm-1, which we denote as the modeνc. It is interesting to note
that no anharmonicity is observed for this progression. As a
van der Waals complex with possible large-amplitude motion,
we do not expect the modes to be independent and harmonic.
On the other hand, given the complicated vibrational structure
observed experimentally, we try to exploit the fact that the
observed lines for at least one mode are consistent with the
harmonic approximation. Therefore, we try to identify line
separations corresponding to one or more quanta inνc by
assuming that possible combination bands will show only small
anharmonicities in the latter vibration. With this assumption
made, all lines except the ones marked in Figure 4 with solid
squares or triangles can be understood involving at least one
quantum of theνc vibration. Within the set of unaccounted lines,
we identify easily a second progression labeled with solid
squares in Figure 4. The spacings indicate a slightly smaller
harmonic frequency of aboutνs ) 27 cm-1. We also identify
progressions inνs which involve one and two quanta ofνc

marked with open symbols. The assignments in terms of the
three modesνc, νs, and νt are included in Table 1. Most
noticeable is the absence of any anharmonicity for the progres-
sions involving the modeνc. In contrast, all progressions in the
modeνs show small anharmonicities although the trend is not
as clear as in the case of a one-dimensional oscillator.

At the low-frequency end of the spectrum, another weak band
marked with two solid triangles is found. This band is shifted
by 10 cm-1 to the blue of the first observed member of the
progression in the modeνc and its harmonic frequency is
denotedνt. Built on this band, we find another progression with
the characteristic spacing of 32 cm-1, i.e., combination bands
involving an increasing number of quantaνc.

The progressions in the modesνs and νc show intensity
distributions compatible only with significant changes in the
equilibrium structure for the excited state potential energy
surface of the complex. Therefore, the exact location of the
origin for this band system is not necessarily given by the
position of the first observed member. To explore different
possibilities for the location of the origin, we recognize that
the strong progression in the modeνc does not show any
anharmonicity. Using the constant interval of about 32 cm-1,
we identify as another possible location of the origin a frequency
of 55 038.6 cm-1. This position of the origin, marked with an
arrow in Figures 3 and 4, falls into a region where baseline
shifts due to strong monomer signals cannot be avoided. As
can be seen in Figure 3, the peak to the left of the arrow
coincides clearly with the weak rotational structure observed
for the monomer at this frequency. With the present signal-to-
noise ratio, it was not possible to detect an unambiguous signal
due to the complex in this frequency range.

On the other hand, a very weak band is observed at 55 061
cm-1, i.e., to the red of the first observed member of the
progression inνc. At the low temperatures in the molecular
beam, the population of excited intermolecular vibrational levels
is very unlikely. Furthermore, the other members of this
progression do not show a satellite red shifted by the same
amount. Consequently, we must assign this band to an inter-
molecular vibration of the excited state. This assignment is
supported by the fact that the weak band marked with two
triangles in Figure 4 is located at the position roughly expected

for the first overtone. A shift in the origin of the band system
results in an increase of the quantum numbersνc andνt by 1.
For the progression inνs, we expect the first member to be
located on the red side of the first member of the progression
in νc. A careful inspection indeed reveals a very weak band
located in the red tail of this band. The close values for the
harmonic frequency of the modesνs and νc result in pairs of
combination bands which differ in one quantum of each
vibration. For example, two closely spaced lines are found at
55 130, 55 156, and 55 192 cm-1. As a result of this analysis,
we find the three harmonic frequenciesνc ) 32 cm-1, νs ) 27
cm-1, andνt ) 21 cm-1 for the three intermolecular modes.
Only the high-frequency modes are Franck-Condon active.

As can be seen in Figure 5, the band system to the blue of
the monomer band 101

0 is also dominated by a progression in
the modeνc. The bands show a spacing and intensity distribution
very similar to the system correlating with the origin band of
the monomer. Following the same line of reasoning as before,
we assume that the first observed band represents actually the
second member of this progression. This yields a frequency of
55 376.2 cm-1 for the origin of this band system corresponding
to a blue shift of 18.0 cm-1. Although the signal-to-noise ratio
is very poor, we can identify additional combination bands
involving the modeνc and several members of the progression
in the vibrationνs. The assignments are included in Table 2.

While the assignments given so far are consistent with the
line positions as well as the intensity distributions in the various
progressions, the assignments, especially for levels with higher
energy, must be considered tentative. Strong anharmonicities
close to the dissociation limit cannot allow an unambiguous
assignment. Furthermore, the coupling of different vibrational
modes, in particular for levels with very similar energies, must
result in further ambiguities.

4. Discussion

Several features about the recorded spectra are quite surprising
and warrant further discussion. (1) The detected band systems
exhibit small blue shifts with respect to the corresponding
vibronic monomer bands, thus indicating a very similar, but
lower binding energy in the excited state. (2) The main band
system displays a threshold-like behavior, although, above this
threshold, the signal does not disappear completely. (3) Two
modes are Franck-Condon active giving rise to long progres-
sions. The progressions show only very small anharmonicities.

Considering the Rydberg nature of the excited state, we would
expect a red-shifted rather than a blue-shifted spectrum for the
complex. Usually, ion-induced dipole interaction results in a
strong ionic character for the bonding in the excited Rydberg
state. The increased well depth of the excited state potential
should give rise to a red shift of the spectrum. Therefore, we
considered initially the alternative interpretation that the ob-
served strong cluster spectrum is built upon the 101

0 mode, thus
indicating a considerable red shift of the spectrum. Since the
monomer 000 band is much stronger than the band 101

0, we
searched without success for an intense cluster feature to the
red of the monomer origin. Although this negative result seems
to confirm the blue shift of the complex band with respect to
the origin band, one must consider the restricted applicability
of the (2 + 1) REMPI detection scheme employed in these
experiments. With an ionization potential of 82 526.5 cm-1, (2
+ 1) REMPI spectroscopy of the acetaldehyde monomer is
limited to states which lie at least 55 018 cm-1 above the ground
state.52 Thus, the origin of the Rydberg state for the monomer
lies only 6 cm-1 above this threshold. For lower lying
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intermediate states, two photons are required for the ionization
step, reducing the efficiency of the REMPI process dramatically.
Therefore, cluster bands which exhibit only a small red shift
might not be accessible through an efficient (2+ 1) REMPI
detection scheme. To avoid these difficulties, we searched for
such red-shifted bands employing a two-color (2+ 1′) REMPI
scheme. Nevertheless, even this scheme did not result in the
detection of a cluster signal to the red of the origin band.
Subsequent careful searches to the blue of the 101

0 mode
revealed the extremely weak cluster band with a vibrational
structure almost identical to the one found for the stronger cluster
band.

The argument for the expected red shift of the cluster band
is based on the assumption of a stronger bond in the excited
state due to the ion-induced dipole interaction. The cationic
character of the complex would be especially pronounced if
the radius of the excited electron orbital is on the average larger
than the van der Waals radius of the argon atom. Therefore,
the argon atom can be regarded as a sensitive probe of the
electron density in the excited state. On the other hand, the
situation would be more complicated if the radius is smaller or
similar to the van der Waals radius of the complexed atom. To
determine an estimate for the radius of the electron in the excited
3s orbital, we determine the effective principal quantum number
n* from the relative position of the excited energy level with
respect to the ionization limit IP, using the notation53

From this expression, we find an effective principal quantum
numbern* ) 2.0 for the (n,3s) Rydberg state. Accordingly,
the radiusr of the electron orbital is estimated to ber ) aon*2

) 2 Å which is considerably smaller than the van der Waals
radius of the argon atom. Since the electron in the excited
Rydberg state is mostly confined to an orbital located between
the argon atom and the cationic core of the acetaldehyde
molecule, it is reasonable that the positive charge of the core is
well shielded, resulting in a weakening of the van der Waals
bond in the excited state.

The vibrational analysis of the observed bands yields 55 038.6
cm-1 as the location of the electronic origin. Thus, the origin
of the band system is blue shifted by about 14.1 cm-1 from the
corresponding origin of the monomer. Similarly, the band built
upon the 1010 mode is shifted to the blue by 18.0 cm-1,
indicating an additional weakening of the van der Waals bond.

These observed trends can be rationalized in terms of
structural changes occurring upon excitation to the Rydberg
state. For the ground state, Ioannou et al. determined a nonplanar
structure with the Ar atom sitting on top of the CCO triangle.44

Therefore, it is not too surprising that excitation of the CCO
bending vibration influences the spectrum of the complex. In
their calculation of the acetaldehyde monomer, Wiberg et al.
find for the excited state a considerable enhancement of the
polarization of the carbonyl group and an increased negative
charge on the methyl carbon atom.54 The changes in the electron
density are responsible for a decreased C-O bond distance and
an increased C-C-O bond angle. These trends are consistent
with the experimentally determined change in the A rotational
constant found for this Rydberg state.14 For the complex, the
shift in electron density could produce an increased short-range
repulsion, causing an increase in the height of the in-plane
barrier to internal rotation. As a consequence, the argon atom
is forced further out of the plane, causing the destabilization of

the complex and the observed blue shift of the spectrum.
Excitation of the C-C-O bending vibration further increases
the C-C-O angle causing the small additional blue shift of
the band system correlating with the monomer band 101

0.
The intensity drop at a frequency of about 55 240 cm-1 can

be understood in terms of at least three different scenarios. (1)
At an energy of about 200 cm-1 above the origin, the barrier to
internal rotation of the acetaldehyde unit within the complex is
surpassed making different rovibrational levels above the barrier
accessible. (2) Alternatively, this energy almost coincides with
the energy of the first excited level of the methyl torsion in the
Rydberg state. (3) Finally, the intensity drop can be indicative
of the dissociation limit of the complex itself.

As pointed out by Ioannou et al. in ref 44, one of the two
possible tunneling pathways can be visualized as a motion of
the Ar atom from one side of the acetaldehyde molecule to the
other. In this case, the actual tunneling motion is most likely
restricted to the internal rotation of the acetaldehyde unit within
the complex. The axis of internal rotation is thus close to the
a-inertial axis of acetaldehyde. To explore the possibility of
internal rotation of the acetaldehyde unit, we calculated energy
levels for a one-dimensional model system assuming a sym-
metric double well potential. Within this model, we tried to find
a correlation between the rotational constantF of the internal
rotor (assuming a rigid acetaldehyde unit) and the energy level
spacing for a given barrier of about 200 cm-1. The observed
energy level spacing of about 30 cm-1 can be reproduced with
an F constant of 1.3 cm-1, which is comparable in magnitude
to the A rotational constant of the acetaldehyde monomer
(A′ ) 1.99 cm-1). The calculated levels show a noticeable
splitting into two parity levels, especially near the barrier.
Approaching the barrier, the position of the energy levels is
characterized by a much stronger anharmonicity than observed
experimentally.

Another possible explanation for the feature observed in the
experiment is activation of the methyl torsion upon complex-
ation. In the monomer, transitions with∆V15 * 0 are extremely
weak because of poor Franck-Condon factors. These transitions
are reduced in intensity by at least several orders of magnitude
in comparison with the intensity of the torsional sequence bands
(∆V15 ) 0). If the transition involves an odd number of quanta
in the torsional mode, only transitions between levels of the
symmetry species E are allowed. For the monomer, these
“forbidden” transitions show a clear propensity for∆V15 ) even,
which we expect to hold true also for the complex. On the other
hand, structural changes occurring upon complexation might
result in a substantial increase of the overlap integrals. For this
reason, we would expect a transition with∆V15 ) 2 to be
significantly stronger than the excitation of the first excited
torsional level. As can be seen in Figure 3, this torsional band
corresponding to the excitation of the first overtone is expected
near 55 400 cm-1. In this wavelength range, we find only the
weak cluster band system with a vibrational structure very
similar to the one found for the system near the origin band.
The frequency shift of this system is comparable to the one
built upon the origin band. Therefore, we assign this system to
the 1010 mode in the acetaldehyde-Ar complex rather than the
excitation of the methyl torsion.

Finally, the observed threshold behavior can be interpreted
as the dissociation limit of the complex in its excited state.
Assuming a Lennard-Jones potential, Ioannou et al. derived an
estimate of 204 cm-1 for the binding energy of the ground
state.44 Combining these results with the observed blue shift of
14 cm-1, we find an excited-state dissociation energy of 190

n* ) x R∞

IP - hν00
, R∞ ) Rydberg contant
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cm-1. The dissociation limit for the complex is thus reached at
a laser frequency of about 55 230 cm-1. This value coincides
extremely well with the frequency at which the vibrational
structure disappears and the intensity suddenly drops. The last
clearly resolved vibrational band is found at a frequency of
55 206 cm-1.

Nevertheless, even at frequencies higher than the threshold,
weak unstructured signals due to unfragmented complexes are
detected. This behavior is consistent with the assumption that
at least one of the Franck-Condon active modes,νc or νs, is
only weakly coupled to the dissociation coordinate. A weak
coupling to the stretching coordinate would allow for long
lifetimes of excited vibrational levels involving a bending mode
even if the total energy exceeds the dissociation limit. As long
as the ionic state reached in the ionization process is sufficiently
stable, efficient REMPI detection of the complex is feasible even
if the lifetime of the Rydberg state is only a fraction of the
laser pulse duration (about 5 ns in our experiment).

Both active intermolecular modes exhibit almost no anhar-
monicity even at energies as high as 60% of the dissociation
energy. In light of the small change in the dissociation energy,
it is thus very likely that these active modes represent mainly
motion along the two intermolecular bending coordinates. The
lack of anharmonicity implies further that the barriers to internal
rotation must be considerably higher than the dissociation energy
of the complex. Since we observe long progressions in these
modes, the new equilibrium position of the acetaldehyde unit
must be rotated away from its ground-state position. On the
other hand, the absence of a strong progression in the third mode
νt, most likely involving motion along the dissociation coordi-
nate, implies that only small changes in the radial distance occur
upon excitation to the Rydberg state. Following this line of
reasoning, we conclude that the new minimum configuration
of the complex corresponds to a rotation rather than a combina-
tion of translation and rotation. The observed small frequency
shift indicates further that the rotated equilibrium position is
characterized by a value for the dissociation energy very similar
to the one found for the electronic ground state.

5. Conclusions

In this contribution, we have shown that it is possible to detect
efficiently van der Waals complexes involving polyatomic
molecules through a (2+ 1) REMPI process. The observed
band systems of the acetaldehyde-Ar complex correlate with
the monomer bands 00

0 and 1010 for excitation to the (n,3s)
Rydberg state. Both bands are blue shifted from the correspond-
ing monomer bands, indicating a small effective size of the
Rydberg orbital and an increased in-plane barrier to internal
rotation of the acetaldehyde unit. The resulting shift in the
position of the Ar atom explains the dominant progressions in
the intermolecular bending vibrations and the absence of a
noticeable anharmonicity. At least one of the bending modes is
only weakly coupled to the stretch vibration, allowing the
excitation of bending levels near the dissociation limit. An
estimate of 190 cm-1 for the latter is derived from the observed
disappearance of the vibrational structure. In combination with
the blue shift of the spectra, the dissociation limit is in excellent
agreement with the data derived for the ground state by Ioannou
et al.44
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