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By using the technique of mass-analyzed threshold ionization spectroscopy, we were able to measure ionization
energies of indole-Ar (62505 cm-1), indole-H2O (59433 cm-1), and the indole-benzene (59833 cm-1)
complexes, as well as their dissociation energies in the cationic ground state. The dissociation energies in
the neutral ground state are calculated from the experimental data. The ionicE0 ) 537 ( 10 cm-1 and
neutral dissociation energyD0 ) 451( 15 cm-1 of the indole-Ar complex are much smaller than those of
the indole-H2O complex;E0 ) 4790( 10 cm-1, D0 ) 1632( 15 cm-1 and of the indole-C6H6 complex:
E0 ) 4581( 10 cm-1, D0 ) 1823( 15 cm-1. This demonstrates the van der Waals character of the indole-
Ar complex and the hydrogen bonding type in indole-water. Furthermore, we conclude that the indole-
benzene complex is hydrogen-bonded with the benzeneπ-cloud serving as electron donator and indole serving
as hydrogen donator.

1. Introduction

Hydrogen bonding plays an important role in a great variety
of physical, chemical, and biological phenomena. One of the
most prominent effects caused by hydrogen bonding are the
special properties of water which are fundamental for life as
we know it. Consequently, a large number of experimental and
theoretical studies have been carried out in order to gain
information on hydrogen bonds (see e.g., ref 1 and references
therein). On the contrary, little experimental information on
the dissociation energy of water bound to single polyatomic
molecules (i.e., isolated hydrogen-bonded complexes in the gas
phase) is available. Recently, optical spectroscopy, combined
with mass spectrometry, has been employed by several groups.
Leutwyler and co-workers measured the neutral ground-state
binding energy of 1-naphthol-H2O (D0 ) 2035( 69 cm-1)
using a resonant two-photon two-color pump/dump scheme
followed by a two-photon one-color resonantly enhanced
ionization.2 This method probes dissociation of the complex
in the neutral ground state but does not provide information on
the ionic state. Cheng et al. obtained ionic and neutral ground-
state binding energies of benzene-H2O (E0 ) 4.0( 0.4 kcal
mol-1, 1399( 140 cm-1; D0 ) 2.25( 0.28 kcal mol-1, 787
( 98 cm-1) by comparing one-photon ionization efficiency
curves recorded with different gas mixtures, which leads to a
variation in the ratio of the benzene monomer to the benzene-
H2O complex.3 In contrast to the complexes mentioned above,
binding of water to benzene has van der Waals character rather
than hydrogen-bonding character, because benzene is of hy-
drophobic nature.4 In recent work we have demonstrated that
the dissociation of van der Waals complex ions can be monitored
with the technique of mass analyzed threshold ionization
(MATI) as a function of its selected internal energy by a
simultaneous observation of threshold ions at the cluster ion
mass channel and the fragment ion mass channel.5,6 MATI

spectroscopy is based on the excitation of high (n≈ 150) long-
lived Rydberg states and their subsequent ionization in a delayed
pulsed electric field leading to threshold ions in well-defined
energy states.7 Rydberg states appear in series converging to
the various states of the cation. By suppression of nonenergy-
selected (prompt) ions, this technique allows us to precisely
determine the internal energy of the molecular and complex
ions under investigation. For exciting laser light of≈0.3 cm-1

bandwidth and a separation field of 0.6 V/cm used in the present
experiments, the threshold ion peaks in the MATI spectra
indicate the energetic position of vibrational states of the cation
within (5 cm-1 precision. Further on, with the MATI technique
it is possible to detect any mass change of the ionic core after
the excitation process due to its mass selectivity. Using this
technique, we were able to find accurate values for the
dissociation energy of several van der Waals complexes of
polyatomic molecules with noble gases.8 For the case of
fluorobenzene-Ar we have demonstrated that the measured
value of the dissociation threshold depends on the applied
ionization field.9 The reason for this is a coupling of the
originally excited high Rydberg states to lower Rydberg states
which belong to a series converging to a vibrational state above
the dissociation threshold and whose detection needs a higher
electric ionization field. By extrapolation of the measured
threshold to field zero, we were able to determine the field-
free dissociation threshold assuming a square root dependence
of the ionization width from the ionizing field. As a conse-
quence, the energetic position of the breakdown of signal in
the spectrum measured at the cluster ion mass channel corre-
sponds to the field-free dissociation threshold if there are ionic
states close below and above the field-free dissociation thresh-
old.9 This is the case for the complexes examined in this work.
Previous resonantly enhanced multiphoton ionization (REMPI)
measurements of ionization efficiency curves of indole com-
plexes involving polar and nonpolar complex partners yielded
information on ionization energies and transition energies of
neutral excited levels.10 More recently, vibrational spectra of
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indole up to≈1500 cm-1 ion internal energy obtained by zero
kinetic energy electron pulsed field ionization (ZEKE-PFI)
spectroscopy11 have been reported.12 These authors asigned
several totally and nontotally symmetric modes in the cationic
ground state, and a vibrational spectrum around the cationic
origin of the indole-Ar van der Waals complex is presented.
In the present work we report on the first determination of the
dissociation threshold of a hydrogen-bonded ionic complex
using a highly sensitive MATI detection scheme. We determine
the adiabatic ionization energy and the dissociation energies of
the neutral and the ionic indole-H2O complex with high
accuracy. We also performed measurements on the van der
Waals bound indole-Ar complex, and we compare the results
with findings of our previous work on complexes of Ar with
other aromatic systems. Furthermore, we were able to measure
ionic spectra and the dissociation threshold of indole-benzene
clusters with benzene as a prototype of a large organic molecule
involved in the clustering process.

2. Experimental Section

The experimental setup used was described in detail else-
where.13 Briefly, it consists of two dye lasers yielding≈10 ns
light pulses with a bandwidth of≈0.3 cm-1 (FL 3002, and LPD
3000; Lambda Physik). The dye lasers are pumped synchro-
nously by an XeCl excimer laser (EMG 1003i, Lambda Physik).
The two counter propagating laser beams intersect a skimmed
supersonic molecular beam perpendicularly 15 cm downstream
from the nozzle orifice. The light pulses overlap in time and
space in the ion optics of a linear reflecting time-of-flight mass
spectrometer.14 The supersonic jet is obtained by expanding
indole vapor which is produced inside a heated (110°C) pulsed
(25 Hz) valve and seeded into either pure Ar carrier gas (≈3
bar), a mixture of Ne (≈3 bar) and≈25 mbar H2O vapor, or a
mixture of Ne (≈3 bar) and≈20 mbar benzene vapor into the
vacuum. The excitation of indole or its clusters to high Rydberg
levels is achieved by a resonantly enhanced two-photon two-
color process. Promptly produced cations originating from a
one-color, or two-color, two-photon ionization process or a
prompt ionization of molecules excited to Rydberg levels are
separated from molecules in long-lived high Rydberg states.
This is performed by a delayed pulsed electric field (separation
field, ≈0.6 V/cm), which is applied to the first zone (30 mm
wide) of the ion optics, in a way that the prompt ions are
decelerated. The separation field is switched on about 100 ns
after the occurrence of the two laser pulses.15,16 Within several
microseconds the neutral high Rydberg molecules drift into the
second zone (20 mm wide) where no electric field is present at
that time. An ionization field of 500 V/cm is switched on 28
µs after the occurrence of the two exciting/ionizing laser pulses
and ionizes the high Rydberg molecules. The resulting threshold
ions are accelerated toward the ion reflector by this electric field
and are reflected toward the multichannel plates. Threshold
and REMPI spectra are recorded mass selectively with a gated
integrator/microcomputer system.

3. Results and Discussion

Indole-Ar Complex. Using the MATI technique described
above, a threshold ion spectrum of bare indole (117 u) was
recorded and is shown in the bottom trace of Figure 1. It was
measured with the frequency of the first laser fixed to the S1

(1Lb) r S0, 000 transition at 35231 cm-1. The assignments are
adopted from refs 17-19. A threshold ion spectrum of the
indole-Ar van der Waals (vdW) complex (157 u, parent
spectrum) is shown in the middle trace of Figure 1. (Threshold

ion spectra of the cluster recorded at the parent mass channel
are denoted “parent spectra” and spectra recorded at the mass
channel of the charged dissociation product of the cluster are
denoted “daughter spectra”). It was recorded with the frequency
of the first laser fixed to the red-shifted S1 (1Lb) r S0, 000
transition at 35205 cm-1. The origin of the vdW cluster
threshold ion spectrum is located at 62505( 5 cm-1 and shifted
by 86 cm-1 to the red of the bare molecule origin (62591( 5
cm-1). The origin band of the complex cation shows additional
low-frequency vibrational structure with four members of a
progression with≈14 cm-1 spacing. This arises from the
excitation of a bending vdW mode and was also observed by
Kimura and co-workers using ZEKE-PFI spectroscopy.12 Simi-
lar signatures are known from complexes of Ar with other
aromatic molecules.20-24 The spectrum on top of Figure 1
represents the daughter ion spectrum (117 u) of indole-Ar
which was recorded simultaneously with the parent threshold
ion spectrum (middle trace, 157 u) for the same excitation
conditions. Breakdown of signal in the parent spectrum is
observed for ion internal energies exceeding 537 cm-1 (dotted
line) in an ion internal energy region with dense vibrational
structure. On the other hand, signal appears in the daughter
spectrum for ion internal energies exceeding 487 cm-1. An
important result is the observed overlap of≈50 cm-1 of the
parent and the daughter spectrum between 487 and 537 cm-1

excess energy. In this internal energy range, part of the clusters
dissociate, whereas the other part remains stable. As discussed
in previous work9 this behavior is caused by a coupling ofhigh
Rydberg levels converging to ionic statesbelow the field-free
dissociation threshold tolower Rydberg levels converging to
ionic statesaboVe the field-free dissociation threshold. As a
consequence energy is transferred from the electronically excited
high Rydberg electron to the vibrational degrees of freedom of
the cluster ion core. If the coupled states are within the ranges
of Rydberg states which can be ionized by the ionization field

Figure 1. Threshold ion spectrum of indole-Ar at mass channel 117
u (top) and 157 u (middle) measured by a two-color two-photon
excitation precess with the first photon energy fixed to the vibrationless
S1 origin. Bottom: Threshold ion spectrum of the bare indole molecule.
The broken line indicates the position of the field-free ionic dissociation
threshold atE0 ) 537( 10 cm-1.
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(500 V/cm, ionization down to≈ 87 cm-1, n ≈ 36) signal
appears in the daughter spectrum although the energy deposited
in the cluster ion core by the optical excitation is below the
field-free dissociation threshold. In recent work, we determined
the field-free dissociation threshold by extrapolation of the
dissociation threshold to zero field and found that it agrees with
the breakdown threshold of the parent ion signal. As a result
we concluded that the breakdown of signal in the parent trace
is more important for the assignment of the field-free dissocia-
tion threshold than the onset of signal in the daughter trace.
According to these findings, we obtain a dissociation energy
of E0 ) 537( 10 cm-1 for the ionic indole-Ar complex. The
dissociation threshold in the neutral ground state is calculated
to D0 ) E0 - (AIEindole - AIEindole-Ar) ) 451 cm-1. (AIE )
adiabatic ionization energy.) (See Table 1.) This value is
slightly smaller than the theoretical valueD0 ) 480 cm-1

obtained by Hager et al. and is in line with their experimental
upper limit of 528 cm-1.25 The neutral ground-state dissociation
thresholdD0 of indole-Ar lies between the measured binding
energies of Ar to one-ring substrates such as oxazole withD0

) 304 cm-1 (ab initio),26 benzene withD0 e 340 cm-1

(experimental)6 andD0 ) 337 cm-1 (ab initio),26 fluorobenzene
with D0 ) 346 ( 10 cm-1 (experimental),9,27 and three-ring
substrates such as carbazole withD0 530.4 ( 1.5 cm-1

(experimental),28 dibenzo-p-dioxin with D0 ) 527( 18 cm-1

(experimental),8 and dibenzofuran withD0 ) e 521( 12 cm-1

(experimental).8 These findings show that the binding energy
of a single Ar atom to neutral aromatic molecules in the ground
state is governed by the number of aromatic rings in the substrate
for the same arrangement of the aromatic rings, whereas the
influence of heteroatoms in the substrate appears to be small.
With increasing ring number, the binding energy converges to
the adsorption energy of Ar bound to the (001) surface of
graphite, which is≈800 cm-1.29

Indole-H2O Complex. Intermediate State Spectra. The S1
r S0 intermediate state spectra of indole and indole-H2O
recorded by resonantly enhanced two-photon two-color ioniza-
tion (REMPI) are shown in Figure 2. A high-resolution S1 r
S0 intermediate state spectrum with rotational fine structure is
reported in the accompanying paper from our group.31 Informa-
tion on the structure of indole-H2O with indole serving as
hydrogen donor was achieved by simulation in an asymmetric
top fit of the measured spectrum. This simulation yields that
the oxygen atom of the water moiety is located in the plane of
the indole molecule 2.9 Å away from the H-atom of the indole
>N-H group. The spectroscopical assignments for indole are
adopted from refs 17-19. In case of indole-H2O, assignments
are given by assuming small shifts of the intramolecular
vibrational bands to the red. In addition to bare indole, two
low-frequency transitions appear at 25 cm-1 (â) and 128 cm-1
(σ) blue shifted from the origin of the complex, which are most
likely of intermolecular nature. Hager et al. found two different
origins in the S1 r S0 spectrum of the 1:1 complex of water
and indole and assigned them to two different conformers.10

Later, Tubergen and Levy proposed that solvents accepting a
hydrogen bond are attached via the hydrogen of the N-H group
of indole and do not change the order of the lowest electronically
excited states (1Lb and1La) of indole30 (i.e., the1Lb state remains
the first electronically excited state in this case). On the other
hand, solvents that are able to donate a hydrogen bond to the
indole π-cloud lower the1La state according to their dipole
moment and due to specific bonding properties so that the order
of the lowest electronically excited states is reversed. For water
as solvent the hydrogen bonded complex with indole serving
as hydrogen donor has its1Lb origin at 35099 cm-1 (35104
cm-130) which is red shifted 132 cm-1 away from the bare
molecule1Lb origin. The progressions to the red of the1Lb
origin (shown in the magnified upper scale on the left of Figure
2) of the hydrogen bonded complex with indole serving as
hydrogen donor were attributed to low-frequency modes of the
second conformer whose1La origin is at 34780 cm-1 (34782
cm-130), red shifted by 451 cm-1 away from the lowest (1Lb)
origin of the bare indole molecule. Under the jet conditions of
our experiment, the complex with indole serving as hydrogen
donor is predominantly produced and denoted as indole-H2O
in the following text.
Mass Analyzed Threshold Ionization Spectra.The thresh-

old ion spectrum of bare indole (117 u) was recorded by
resonance-enhanced two-photon excitation with the first laser
frequency fixed to the S1 (1Lb), 0° intermediate state. It is shown
in Figure 3 (top). For comparison, this spectrum and the lower
three threshold ion spectra of the indole-H2O complex are
displayed on a common ion internal energy scale, though the
absolute excitation energy is different for the monomer and the
cluster spectra. The prominent peak at the lowest two-photon
energy of 62591( 5 cm-1 corresponds to the AIE of indole
(AIE, 0°) (62592 ( 4 cm-1,12 62598 ( 5 cm-1 10). The
assignments of the vibrational states of the indole cation are
taken from ref 12. Threshold ion spectra of indole-H2O
obtained via three different intermediate states are shown in
the lower three traces of Figure 3. As we can clearly identify
intramolecular modes in the complex spectrum after a com-
parison with indole trace, the adiabatic ionization energy of the
complex is unambiguously given by the first peak in the
threshold ion spectrum at 59433( 5 cm-1. It is red shifted by
3158( 5 cm-1 away from the bare indole origin. This differs

TABLE 1: Experimental Values for Neutral Ground-State
D0 and Ionic E0 Dissociation Thresholds of the Three
Complexes Examined in This Work Together with
Their Adiabatic Ionization Energies (AIE) and S1 r S0, 00

0

Transition Energies

S1 r S0,
00
0

AIE
(cm-1)

E0
(cm-1)

D0

(cm-1)
D0

(kJ/mol)

indole 35 231 62 591
indole-Ar 35 205 62 505 537 451( 15 5.39( 0.18
indole-H2O 35 099 59 433 4790 1632( 15 19.52( 0.18
indole-C6H6 35 067 59 833 4581 1823( 15 21.8( 0.18

Figure 2. S1 r S0 spectra of indole-H2O (top) and indole (bottom)
measured by resonantly enhanced two-color two-photon ionization.1Lb
000 is the origin of the S1 r S0 spectrum of the indole-H2O conformer
with indole serving as an hydrogen donator. The weaker1La 000
transition is seen on the spectrum with the magnified intensity scale
on the red side of the1Lb transition.
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by 131 cm-1 from the value given in ref 10 obtained with
photoionization efficiency (PIE) spectroscopy. The uppermost
spectrum of the three complex spectra in Figure 3 was measured
via the vibrationless intermediate state origin S1, 0°. It is
dominated by progressions of two vibrational modes. A strong
progression with 189 cm-1 spacing (σ1) is observed originating
at the vibrationless origin 0° of the complex as well as at the
271 mode. In addition, a weak progression with 38 cm-1

spacing (â1) originating at several vibrational bands is observed.
The strong progression is tentatively assigned to the stretching
mode which is supposed to form long progressions in the ionic
spectra because strengthening of the binding between water and
indole upon ionization leads to a reduction of the hydrogen
bonding length and larger Franck-Condon factors for∆ν > 1
transitions. The existence of long progressions is similar to the
finding in the ZEKE-PFI spectra of the phenol-water com-
plex.32 Additionally, an anharmonicity in the ionicσ-progres-
sion can be observed. The energy differences of the first,
second, and third quantum are 189, 183, and 180 cm-1,
respectively. The lower two traces in Figure 3 represent
threshold ion spectra of indole-H2O obtained by pumping via
the two low-frequency intermediate state transitions denoted
with σ andâ in Figure 2. The spectrum obtained via S1,â shows
an enhancement of the first quantum of the ionicâ progressions.
This confirms the assignment of this progression to theâ mode
which has been identified in the S1 state. Because of low signal
intensity, the spectrum obtained by excitation via the S1,σ state
is noisy (bottom trace of Figure 3), with theσ3 band as the
most intensive feature. The frequency of the ionicσ and â
progressions is larger by 50% than the respective frequencies
in the intermediate state. This is due to the increased strength
of the hydrogen bonding in the ionic state caused by the
additional charge-dipole interaction.
Dissociation Energy.Next we recorded parent and daughter

threshold ion spectra of indole-H2O in a higher ion internal
energy range. On the left side of Figure 4 the parent ion

spectrum (bottom) and the daughter ion spectrum (top) of
indole-H2O are shown, recorded simultaneously in the range
from zero up to 1300 cm-1 ion internal energy after pumping
via the vibrationless S1, 0° origin. The parent ion spectrum
shows long progressions of theσ mode which has been
discussed above (see Figure 3). No signal is observed on the
daughter trace and hence no dissociation takes place in this
spectral range. On the right side of Figure 4 two parent (lower
set) and two daughter spectra (upper set) in an ion internal
energy range from 4400 to 5250 cm-1 are displayed, obtained
by pumping via the vibrationless S1, 0° origin and the 261

intermediate state transition, respectively. Both parent spectra
show a breakdown and both daughter spectra an appearance of
signal at the same ion internal energy although this energy level
has been reached via different intermediate states. This means
that no mode selectivity of the dissociation energy is observed
and we expect a statistical distribution of energy to all vibrational
degrees of freedom before dissociation. The ion signal rises or
decreases within 35 cm-1 to the final level, and again, an overlap
of the parent and daughter traces, such as in indole-Ar, is
observed. The range of overlap is somewhat smaller than
expected for energy transfer to the low Rydberg states (n )
50) that can be ionized by the delayed ionization field of 500
V/cm if we assume that around 5000 cm-1 above the ionic origin
the density of accessible states can be considered as quasi
continuous. This might be a consequence of a shorter lifetime
of low Rydberg states due to the dipole moment of the ion core
which is larger than, for example, in the case of indole-Ar.
From the breakdown of signal in the parent trace we find a
field-free dissociation thresholdE0 ) 4790( 10 cm-1 and the
dissociation threshold in the neutral ground state is calculated
to D0 ) E0 - (AIEindole - AIEindole-H2O) ) 1632( 15 cm-1.
Recently, the binding energy of water to neutral 1-naphthol was
measured by Bu¨rgi et al. yieldingD0 ) 2035( 69 cm-1 2. This
is higher by 400 cm-1 than the value found in this work for the

Figure 3. Threshold ion spectrum of indole (top) and three threshold
ion spectra of indole-H2O measured via different intermediate state
transitions. All spectra are scaled to ion internal energies. The uppermost
indole-H2O spectrum is obtained via pumping the vibrationless
intermediate state origin S1, 0°. The lower two spectra are obtained by
pumping the low-frequency bands denotedâ andσ in the intermediate
state spectrum of indole-H2O (see Figure 2).

Figure 4. Left: Two threshold ion spectra of indole-H2O measured
at low (<1300 cm-1) ion internal energy at the daughter mass, 117 u
(top), and the parent mass, 135 u (bottom). The intermediate state is
the vibrationless intermediate state origin1Lb. Right: Two sets of
threshold ion spectra of indole-H2O measured at high ion internal
energies at the daughter mass, 117 u (upper two spectra), and the parent
mass, 135 u (lower two spectra), respectively. The upper spectra in
both sets are obtained by pumping via the 261 intermediate state
transition, and the lower two spectra are obtained via pumping the
vibrationless intermediate state origin. The broken line indicates the
field-free dissociation threshold which occurs at the same ion internal
E0 ) 4790( 10 cm-1 energy in both sets (For explanation, see text).
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binding energy of water to indole and is in line with the general
rule that a>N-H‚‚‚O< type hydrogen bond is weaker than a
>O-H‚‚‚O< type hydrogen bond present, for example, in the
naphthol-water complex.
Indole-Benzene Complex. It has been shown that mol-

ecules containing an acidic hydrogen can form aπ-hydrogen
bond with an aromatic molecule.20,36,40,41 Consequently, it was
argued by Hager at al. that the 1:1 complex of indole and
benzene is most likely bound by the formation of a hydrogen
bond10 such as that in indole-H2O discussed in the previous
section. Their conclusion was based on the experimental red
shift of the S1, 000 origin. Complexation with a single benzene
shifts the intermediate state origin of indole by- 166 cm-1,
whereas the complexation with a second benzene molecule give
rise to only- 17 cm-1 additional red shift. This is a clear hint
that the binding site of the second benzene is significantly
different from the binding site of the first benzene molecule.
Since indole has one acidic hydrogen, only a single benzene
molecule can be bound by aπ-hydrogen bond. Thus, the second
benzene in the indole-(benzene)2 complex is bound by pure
van der Waals interaction leading to the observed smaller shift
of the electronic transition. In this work we investigate the
binding strength of the indole-benzene complex which is
expected to yield direct information on the type of the binding.
Intermediate State Spectrum. The intermediate state spectrum

of indole-benzene is shown in the upper part of Figure 5 (top)
and compared with the indole monomer spectrum (lower trace).
It displays a structure similar to the bare indole spectrum with
the S1, 000 origin and the 2610 band as the strongest peaks. The
S1, 000 origin of the complex is located at 35067 cm-1 and red
shifted 165 cm-1 away from the bare molecule origin. An
additional band, which is not present in the monomer spectrum,
appears at 34.5 cm-1 to the blue of the S1, 0° cluster origin and
is marked with an asterisk. We did not see any features of
indole-(benzene)2 at mass 273 u at this frequency. Therefore,
we assign this band to the first quantum of an intermolecular
vibration of the 1:1 complex. Most likely this is an intermo-
lecular vibration with stretching character. The typical width
(fwhm) of the peaks in the cluster spectrum is≈6.5 cm-1, which
is broader by a factor of 2 compared to the corresponding peaks
in the monomer spectrum. Most likely this is due to the
excitation of low-frequency vibrations of the complex with are
not resolved.
Mass Analyzed Threshold Ionization Spectra. On the left side

of Figure 6 the parent threshold ion spectrum (lower trace) and
the daughter threshold ion spectrum (upper trace) of indole-
C6H6 at low internal energy (<1000 cm-1) are shown. The
AIE is found to be 59833( 5 cm-1 and thus red shifted by
-2785 ( 5 cm-1 away from the bare indole AIE. The
assignment of the AIE is corroborated by arguments similar to
the case of the indole-H2O complex (see above). The threshold
ion spectrum of indole-C6H6 is dominated by a long progres-
sion with 95 cm-1 spacing. This spacing is approximately half
the spacing of the long progression in (indole-H2O)+. This is
what we expect for an intermolecular vibration with stretching
character when taking into account the higher mass of the
benzene moiety. As demonstrated below, the binding strength
is similar in both systems.
Dissociation Energy. On the left sige of Figure 6 the parent

and daughter threshold ion spectra of indole-C6H6 at large ion
internal energies is displayed. The parent signal (lower trace)
breaks down at 4581( 10 cm-1 ion internal energy. At roughly
the same energy an onset of the daughter signal is observed.
Therefore, the dissociation threshold of the (indole-C6H6)+

complex is located atE0 ) 4581( 10 cm-1 and the dissociation
threshold in the neutral ground state is calculated toD0 ) 1823
( 15 cm-1. The observed decrease of signal in the daughter
trace with increasing ion internal energy is caused by the
decreasing laser pulse energy in this spectral range. The neutral
binding energy of indole-C6H6 is much larger than the binding
energies of mixed and homogeneous dimeric complexes of
aromatic molecules, such as benzene,p-difluorobenzene, and
toluene. For these dimers experimental14,33-37 and in part
theoretical values34,38,40obtained by various methods have been
found. The complex studied most intensive is the benzene dimer
for which recent ab initio calculations demonstrated that the
parallel-displaced (PD) and the T-shaped (T) structure have
nearly the same stabilization energy of about 2.3 kcal/mol (800
cm-1).38 (Note that the zero point energy has to be subtracted
to obtain the dissociation energy.) Breakdown measurements
yielded 566( 80 cm-1 for the benzene homo dimer and 645
( 120 cm-1 for thep-difluorobenzene-benzene as well as the
toluene-benzene hetero dimers.39 Even if one takes into
account that indole is larger than any of the dimers mentioned
above, the factor of 2 larger binding energy of the indole-
C6H6 complex cannot be explained by the resulting larger van

Figure 5. S1 r S0 intermediate state spectra of indole-benzene (top)
and indole (bottom) measured by resonantly enhanced two-color two-
photon ionization. The peak marked by an asterisk is explained in the
text.

Figure 6. Threshold ion spectra of indole-benzene measured from 0
up to 1200 cm-1 ion internal energy (left) and from 4200 cm-1 up to
4900 cm-1 ion internal energy (right) at the daughter mass, 117 u (top),
and the parent mass, 195 u (bottom). The spectra are obtained by
pumpinging the vibrationless intermediate state origin. The broken line
indicates the field-free dissociation threshold at an ion internal energy
of E0 ) 4581( 10 cm-1.
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der Waals interaction only. From this we conclude that the
interaction is dominated by hydrogen bonding involving the
>N-H group of indole and the benzeneπ-cloud serving as an
electron donator.

4. Summary and Conclusion

In this work we presented the first threshold ion (MATI)
spectrum of a hydrogen-bonded complex. We found accurate
values for microscopic binding energies for the hydrogen bond
in the indole-H2O complex in the neutral and the cationic
ground state. The neutral binding energy of indole-H2O is 4
times larger than the pure van der Waals binding energy in the
indole-Ar complex. For indole-C6H6, hydrogen-bonding
character of the binding is concluded from the large dissociation
energies in the neutral and ionic ground states. Additionally,
information on the intermolecular vibrational dynamics of
hydrogen bonds in the ionic complexes was obtained. Weak
interactions between molecules (van der Waals and hydrogen
bond) play an important role in the formation of the tertiary
(3-D) structure of proteins and peptides. The energetics of
hydrogen bonding is therefore basic information for the
explanation of structure and functionality of biomolecules, such
as enzymes, etc. The hydrogen bond of the type>N-H‚‚‚O<
present in the indole-H2O complex is of particular interest
because indole is a basic component of the amino acid
tryptophane, which is one of the 20 natural amino acids found
in living beings. The indole molecule also provides the basic
structure of serotonine, one of the nine known neurotransmitters
which are responsible for the chemical information exchange
between neurons. The energetics and intermolecular dynamics
of hydrogen bonds between indole and water and organic
molecules, such as benzene, respectively, has prototype character
for the understanding of the more complex biological systems.
Furthermore, the latter complex is particularly interesting
because its excitation appears to be feasible by employing either
the indole or the other moiety as a chromophore. This may
provide valuable information on intracluster electron-transfer
reactions soon.
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