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Abstract

Mass analyzed threshold ionization is based on the laser excitation of high long-lived Rydberg states 5~h6lom a
selected ionization threshold. Separating the Rydberg molecules from promptly produced ions in a delayed pulsed fiel
ionization scheme leads to state and energy selected ions that are mass analyzed in a time-of-flight mass spectrometer.
present vibrational ion spectra of various clusters of indole, phenol and 1-naphthol. Because of the mass selectivity dissociatic
thresholds of the clusters can be measured when the ion internal energy is increased and a breakdown of the parent ion sig
caused by dissociation is observed. We compare results for van der Waals with hydrogen bond energies and find a stroi
increase for the latter in the ionized cluster. Experimental results are explained by changes of the electron density distributic
in the molecules after clustering and ionization. The influence of the size of the aromatic part of a molecule on the strengtl
of the hydrogen bonding to an attached water molecule is investigated for the neutral as well as for the ionized molecules. |
ionic clusters, we observe a decrease of hydrogen bond strength with an increasing number of aromatic rings in th
chromophor, whereas the neutral binding energy increases in this case. (Int J Mass Spectrom 203 (2000) 1-18) © 2000 Elsev
Science B.V.

Keywords:Mass analyzed threshold ionization (MATI); Binding energies; Hydrogen bonding; van der Waals cluster; Intermolecular forces

1. Introduction folding. Consequently, a large number of experimen-
tal and theoretical studies has been carried out in order
“Weak” intermolecular forces like the van der to increase our knowledge about the nature of the
Waals or the hydrogen bond play a significant role in intermolecular forces (see, e.g. Ref. [1], and refer-
a great variety of physical, chemical, and biological ences cited therein). In recent years experimental
phenomena. The effects of these forces manifest investigations have been shifting from the bulk to
themselves, e.g. in the behaviour of real gases, in theisolated clusters with specific intermolecular bonding.
special properties of water, or in the process of protein Yet, up to now only limited experimental information
on structures and binding energies, especially of
weakly bound complexes of biologically relevant,
* Corresponding author. E-mail: neusser@ch.tum.de medium-sized organic molecules, has been available.
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In order to obtain such information it is advanta- ground ions from threshold ions. One suitable tech-
geous to analyze isolated complexes in the gas phasenique is the photoion photoelectron coincidence
thus excluding perturbing influences of embedding (PIPECO) technique, which has been successfully
carrier substances such as solvents or crystal lattices.applied to investigate the decay of molecular ions
Isolated complexes can be produced in a supersonic[3,4]: lons are monitored only when they are detected
jet expansion into the vacuum [2]. In an adiabatic together with electrons of nearly zero kinetic energy.
expansion the molecules are normally cooled down to The sensitivity of this method is restricted since less
very low temperatures and clusters of different sizes than one ion—electron pair should be produced and
are produced. After the expansion process, the clus- detected per laser pulse. This is particularly a problem
ters drift collision-free and can be selectively excited when the repetition rate of the laser system or the
and ionized by laser radiation, and finally separated in pulsed valve is limited. Further, the spectral resolution
a mass spectrometer. Investigating ions rather thanis limited by the resolution of the photoelectron
neutral particles has several advantages. Their trajec-spectrometer.
tories can be easily manipulated by electromagnetic A novel method suitable for internal energy se-
fields and detection of ions is much more feasible than lected cluster ion production is the technique of mass
of neutral particles. In addition using thermochemical analyzed threshold ionization (MATI), which is based
cycles it is possible to find the binding energy of the on the existence of long-lived Rydberg states in the
neutral species by investigating ionic clusters. vicinity of different ionization energies [5,6], as

In many cases it is desirable to examine a pure described in the following in more detail. With this
ensemble of ions excited to the same vibrational state technique, exclusively threshold ions are detected,
with a defined energy because some effects arewhich can be investigated in an ion trap [7] or in a
obscured and not observable at all in a mixed ensem- time-of-flight (TOF) mass spectrometer [8]. This
ble of ions with a broad distribution of internal makes it possible to observe the time evolution of the
energies. The latter normally happens even if photons excited ions, e.g. mass changes due to fragmentation
of a well-defined energy are used for ionization, as the processes as a function of their internal energy. In
emitted electrons carry away a variable amount of recent work we have demonstrated that the dissocia-
energy spanning the complete range from zero to the tion of excited van der Waals- or hydrogen-bonded
maximum energy above the adiabatic ionization en- cluster ions can be monitored with the MATI tech-
ergy. Just at the lowest ionization threshold a situation nique by a simultaneous observation of threshold ions
exists with no excess energy left for kinetic energy of in the cluster ion mass channel and the fragment ion
the emitted electrons and exclusively “threshold ions” mass channel [6]. This allowed us to determine
with no internal energy are produced. For higher accurate values for the ionic and neutral binding
photon energies exceeding the lowest ionization en- energies of a series of van der Waals-bound or
ergy mainly ions with lower energy contents and only hydrogen-bonded clusters (see, e.g. [6,9-13]. Re-
few threshold ions are produced. In the ideal case, this cently the MATI technique has been also applied by
gives rise to a steplike behaviour of the total ion other groups for the determination of adiabatic ion-
current when the frequency of the ionizing laser is ization energies and cationic vibrational states: Knee
tuned to higher energies, each step indicating a newand co-workers investigated fluoreneAr, [14],
cationic vibrational energy level (for an example, see Brutschy and co-worker fluoro- and chlorobenzene
the upper trace of Fig. 11 in Sec. 4.2.2). However, Ar, [15,16], Gerhards et al. dihydroxybenzenes [17],
often these steps are smeared out, particularly for and Muler-Dethlefs and co-workers the phendCO
larger molecules with many internal degrees of free- cluster [18]. In this work we would like to review the
dom. outcome of recent research and present additional new

A pure ensemble of energy-selected ions can be results on hydrogen-bonded clusters like indele
obtained by discriminating nonenergy selected back- water, indole- benzene, phenclwater, and 1-naph-
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thol - water. Further, we will compare the experimen-
tal results with ab initio calculations, and discuss the
similarities and differences of several types of hydro-
gen bonds like the N-H--O or the O-H --O
bonds.

2. Experimental methods

2.1. Breakdown measurements

A feasible technique to study the energetics of
molecular compounds is the method of “breakdown
graphs.” Here the total ion current at distinct masses is
measured as a function of the energy of the ionizing
photon, and all kinds of ions are detected. With this
method a great variety of data on the dissociation Fig. 1. Potential curves of a cluster AB. q is the generalized
energy of neutral and ionic dimers and larger clusters intermolecular distanc®, andEo.arz'a the binding energies for the
has been obtained [8,19—22]. The accuracy of this negtral _gr(_)un@ sFate and tr_]e cationic ground state, IE(A), IE(B) the

adiabatic ionization energies, and A.E. the appearance energy for
technique is limited mainly by the width of the ionic cluster fragments. The arrows indicate the resonance-en-
internal energy distribution of the ions. In our group it hanced two-photon ionization process in the cluster and the
was used for cluster ions of homogeneous constituents™°'ecule A
with a strong charge resonance interaction leading to
binding energies between 0.5 and 1 eV [20].

The energetics of a dissociation reaction of a
heterodimer consisting of two molecules A and B can
be described by simple relations (see Fig. 1 for
illustration):

—

q

less cationic ground state are often very weak. (2)
Sometimes it is difficult to distinguish between mono-
mer ions that have been produced by direct ionization
of a neutral monomer and monomer ions originating
from the dissociation of the cluster ion. (3) The
dissociation threshold is not well determined since a
defined photon energy does not lead to a defined
internal energy and no sharp dissociation threshold
can be found.

D, = AE — IE(A) (1)

(2)

with D, the binding energy (BE) of the neutral dimer
A - B andE, the BE of the charged cluster A B.
IE(A) and IE(A- B) are the ionization energies of the

E,= AE — IE(A - B)

2.2. Threshold ionization spectroscopy

monomer A and the (hetero)dimer-A, respectively,

Threshold ionization methods are based on the

and AE is the appearance energy for the dissociation existence of extraordinarily long-lived Rydberg states

of the dimer cation A - B into A" and B. As shown
in Fig. 1, by measuring AE, IE(A) and IE(AB), the
binding energie®,, (neutral) ande,, (cationic) can be

with high principal quantum numbens and large
angular momentum quantum numbérs: n. These
hydrogen atomlike electronic states are populated

determined. Though the breakdown method is broadly after excitation to an energy closely below an ioniza-
applicable, it suffers from several disadvantages. (1) tion threshold of the investigated system and can be
Especially for clusters, the ionization energy often excited in atoms [23-25], polyatomic molecules

cannot be determined unambiguously since the [26,27], and even in clusters [28]. As an explanation
Franck-Condon factors for transitions to the vibration- for the long lifetimes, coupling processes like ifn,)
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mixing induced by weak electric stray fields or by the to a variety of molecules and van der Waals com-
dipole interaction of the ionic core during the excita- plexes ([39—41], and references therein).
tion have been discussed [29-34]. Recent high reso- Later, Zhu and Johnson developed a method to
lution optical double resonance experiments of our combine pulsed field ionization with ion instead of
group resolving high Rydberg states (40n < 110) electron detection leading to mass analyzed threshold
[27] confirm that the lifetime in the microsecond ionization (MATI) spectroscopy [5]. They separated
range is indeed longer than that extrapolated from the threshold ions from promptly produced ions that
lifetimes of low Rydberg states using tiné scaling are responsible for the broad background in photoion-
law [35,36]. ization efficiency spectra by a special configuration of
There exist several Rydberg series, each serjese€lectric fields. The spectral resolution and sensitivity
converging to a respective rovibrational eigenstate of Of MATI is somewhat lower than that of ZEKE
the molecular or cluster cation. Deviations from the Pecause (1) arelatively strong electric field of about 1
1/r coulomb potential and higher order (multipole) Vicm for the separation of the threshold ions from
couplings of the positively charged core to the Ryd- background ions is required, destroying the highest

berg electron are practically negligible for long-lived RYdPerg states that contribute to most of the signal in
ZEKE experiments, (2) separation times of about 10

s MS and more have to be used in which many Rydberg
states decay, and (3) a strong electric field of about
1000 V/cm is used for the field ionization and
subsequent acceleration of threshold ions affecting
relatively low lying Rydberg states and causing a
broadening of the peaks. On the other hand, the clear
advantage of the MATI technique is its mass selec-
tivity, which is essential for cluster dissociation ex-
periments presented in this work. (For the purpose of
this work a high spectral resolution is not necessary.)
. Recently, we demonstrated that the limited resolution
released .electrons or the threshold |or.13 f';\r.e detectedOf ZEKE and MATI spectroscopies can be improved
and monitored as a function of the ionizing laser by a Rydberg series extrapolation technique after

wavelength. First, the technique of pulsed-field ion- e tive detection of high Rydberg series using high
ization (PFI) has been used to detect the “zero kinetic oqq|ution lasers [42].

energy” electrons in high Rydberg states (ZEKE-PFI 1he principle excitation scheme of pulsed field
spectroscopy [37]). An electric ionization field is  threshold ionization combined with resonance-en-
applied about Jus after laser excitation, in away that  panced two-photon excitation is illustrated in Fig. 2.
promptly produced electrons from fast ionization The wavelength of the first laser with photon energy
processes have already been drawn out of the detechvl is tuned to a vibrational band in th®, — S,

tion region by ubiquitous weak electric stray fields. transition of the investigated system. The second laser
The stronger the ionization fle'd, the broader are the frequencyyz is scanned across the adiabatic ioniza-
resulting peaks, because lowerRydberg states are  tion energy (AIE) and ionic vibrational states above
ionized that are farer away from the ionization energy, the AIE. Recording the total ion current leads to a
according tAAE (cm™*) = «'VE (V/cm) with a value photoionization efficiency curve with steps at the
for o varying from 3.2 to 6.1 [23,38]. The ZEKE-PFI individual lowest thresholds (see left-hand side of Fig.
technique has displayed a considerably increased?2 and Fig. 12 in Sec. 4.2.2). In addition to the prompt
resolution in photoelectron spectroscopy of the elec- ionization, molecules in long-lived higm( 1) Ryd-
tronic ground state ions and was successfully applied berg states are excited, surviving the separation pro-

Rydberg states with high and| quantum numbers
(the high Rydberg electron considers the ionic core a
a pointlike charge). Therefore, high Rydberg states
located close to the respective ionization energy and
their series limits denote the energetic position of the
rovibrational eigenstates of the ionic core with high
precision.

In order to monitor molecules or clusters excited to
high Rydberg states, the weakly bound Rydberg
electrons have to be detached from the ionic cores by
applying a pulsed electric field. After this, either the
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A — 2.2.1. Measuring binding energies
E e The determination of binding energies (BEs) has been
= = of continuous interest as BE values are important
e microscopic parameters for the description of the
- — properties of condensed matter. High pressure mass

spectrometry [43], IR absorption spectroscopy in gas
: i mixtures [44], or bolometric methods [45] are suc-
A AIE cessful techniques but have not yet been applied to
isolated, weakly bound clusters containing larger
polyatomic molecules.
The dissociation of weakly bound cluster ions can

)i

‘g - hV2 be observed with the MATI technique as a function of
’5 § their selected internal energy by the simultaneous
: ‘é S 1 observation of threshold ions in the parent and the
=2 g A fragment ion mass channel [6,10]. As a result, we
% - found a signal only at one mass channel at the same

= s . . .

B S time. When the excitation energy is tuned across the
= hv appearance energy (see Fig. 1), the signal is “switch-

1 ing” from the dimer (“parent”) mass channel to the

fragment (“daughter”) mass channel in the threshold

Ton current S 0 ion spectrum.. The dimer cation cores dissociate into
g monomer cationic cores and neutral solvent molecules

_ _ i _ _ without destroying most of the high Rydberg states
Fig. 2. (Right) Excitation scheme of high Rydberg states in a

resonance-enhanced two-photon process. The first photon energy[e]' We would like to point out that it is necessary for
hy, is fixed to aS, < S, vibronic transition. The second photon  this method to work that a sufficient number of high
frequency v, freque_ncy i_s s_can_ned across the lowest ion_iza_tion Rydberg states survive the cluster dissociation pro-
energy (AIE) and higher ionization thresholds. (Left) Each ioniza- -
tion threshold leads to a step in the total ion current spectrum and cess, as first detected and reported by Krause and
a peak in the threshold ion spectrum. Neusser [6,46]. Further, this means that the dissocia-
tion rate even at threshold is much faster than the
typical time scales of the MATI technique [6]. A
prerequisite for the unambiguous determination of the
cess. They are ionized by the delayed pulsed field and binding energy is that there exist ionic states closely
the ions are detected exclusively after the MATI pelow and above the field free dissociation threshold
separation process as described in the following in [47]. This is the case for clusters of large molecules
detail. As a result, sharp peaks with no background examined in this work.
are observed at the individual thresholds. This leads to
the vibrational spectrum of the ions as shown sche- 2.2.2. Field induced Rydberg—core coupling
matically on the vertical scale on the left-side of Fig. Recently, we demonstrated for the case of fluoroben-
2. However, one has to take into account that the zene- Ar clusters that the measured value of the
ionization threshold is lowered by the weak separation fragment ion appearance energy depends on the
field which causes a shift of the individual thresholds strength of the applied ionization field [47]. Signal
(i.e. of the peaks in the ion spectrum) towards lower begins to appear in the fragment mass channel for an
energies but does not affect their relative energy energy deposited in the cluster ion core which is
distance, yielding the vibrational frequencies we are several 10 cm® below the field-free dissociation
interested in. threshold. The reason for this is a coupling of the
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Fig. 3. Coupling of Rydberg states that are members of two
different Rydberg serieR,, and R,, converging to two different
vibrational statev,, v, in the cation. Excitation of high Rydberg
states converging to a core vibrational levglbelow the dissoci-
ation threshold. Field-induced Rydberg coupling leads to a transfer
of electronic energy to core vibrational energy and finally to a
dissociation of the core. For explanation, see text.

originally excited high Rydberg levels of series con-
verging to a vibrational state below the field-free
dissociation threshold to lower Rydberg states con-
verging to a vibrational state above the dissociation
threshold of the ionic core. The coupling is induced
by the pulsed electrical ionization field. The process is
illustrated in Fig. 3. The coupling results in a transfer
of electronic energy from the excited high Rydberg
electron to the vibrational degrees of freedom of the
cluster ion core, causing a dissociation of the cluster,
even when the total energy is less than AtEE,.

coupling has to be taken into account when dissocia-
tion thresholds are determined in the MATI experi-
ments (see Sec. 4).

2.2.3. MATI peak shape

As described previously, threshold ions are produced
by pulsed-field ionization of high Rydberg states from
Rydberg series converging to defined ionization
thresholds, i.e. rovibrational states of the cation. For
the typical frequency width of the laser pulses (0.1—
0.5 cmY) many rotational intermediate states are
populated at the same time. After absorption of the
second photon, bunches of Rydberg series are excited
and superimposed for the frequency width of the dye
lasers and as a consequence the Rydberg structure is
not resolved in the relevant high range. Using
Fourier transform-limited laser pulses with a narrow
frequency width of 70 MHz both for the population of
single rotational states in tf# state and excitation of
the molecule to high Rydberg states in the second
step, the Rydberg series structure can be resolved for
n < 100 [28,48,49]. This is demonstrated for the
benzene molecule in Fig. 4. In the top part of Fig. 4
the MATI spectrum of benzene with several threshold
ion peaks indicating the vibrational states of the cation
is displayed. In the bottom part, we demonstrate that
for the case of the %6(+3/2) state of the benzene
cation located about 350 c¢m above the AIE, a
resolved single Rydberg spectrum fram~ 50 to

n ~ 110 is measured with high resolution laser pulses
and a MATI separation technique [28]. The envelope

dissociation, as shown in our recent work [10]. The
dissociation can be detected if the ionizing field
strength is sufficient to ionize the low Rydberg states
of the fragment Rydberg molecule. MATI spectra that

of the MATI peak with a relatively slow rise and a
steep decrease to higher energies. This shape origi-
nates from lown (n ~ 50) with a small density of
states up to closely spaced highln ~ 100) which

are simultaneously recorded at the cluster and the 5re strongly affected by electric fields.

fragment mass channel show an overlap region of

~50 cm ! for the fields used in our experiments. In

this internal energy range some clusters dissociate 3. Experimental setup

whereas others remain stable, since through the cou-

pling not all clusters gain vibrational energy sufficient
for dissociation. This leads to a broadening of the

Briefly, the setup for the MATI experiments con-
sists of two dye lasers yielding10 ns light pulses

appearance energy range for the daughter ions as wasith a bandwidth of~0.3 cmi ! (FL 3002, and LPD

described in detail in our recent work [47]. The

3000; Lambda Physik), which are used for the exci-



J.E. Braun et al./International Journal of Mass Spectrometry 203 (2000) 1-18 7

: 6%372) 6’12
. 1 \ ]
. J\ 6'12) 1 ]
.- 1 )}\ 1 hﬂAlﬂ_ N.A A..A-

Aydberg states above the A.lL.LE

| via 6y, J, =2,

I

74900 74905 74910 74915 74920 74925

Two-Photon Energy [cm'1]

Fig. 4. (Upper part) Threshold ion spectrum of benzene. Each peak results from a unresolved superposition of bunches of high Rydberg stat
and corresponds to a vibrational level of the benzene cation. (Lower part) Resolved high Rydberg states convergifgt@tPpdate of

the benzene cation measured with a special high resolution laser system. The envelope of the Rydberg series represents the typical struct
of the MATI peak. For details, see text.

tation of molecules to high Rydberg levels (MATI) or separation of promptly produced cations from mole-
for the production of ions in a resonantly enhanced cules in high Rydberg states is achieved by applying
two-color two-photon process [resonantly enhanced a delayed (100 ns after the occurrence of the two laser
multiphoton ionization (REMPI)]. Both dye lasers are pulses), negative voltage to the first disk and at the
pumped synchronously by a XeCl excimer laser same time setting the second disk to ground potential
(EMG 1003i, Lambda Physik). The two counter [Fig. 5(b)]. This results in a weak electric field of
propagating laser beams intersect a skimmed super-0.2—0.6 V/cm that decelerates the prompt ions. After
sonic molecular beam perpendicularly 15 cm down- a sufficient delay time of several microseconds the
stream the nozzle orifice. The cold molecular beam is unaffected neutral molecules still excited to high
obtained by expanding a gas mixture supersonically Rydberg states have entered the second (repeller)
into the vacuum. The gas mixture is produced inside zone (20 mm wide) where no field is present at that
a homemade, heatable pulsed (maximum 25 Hz) time. Then an electric field of 1000 V/cm is switched
expansion valve, in which the carrier gas passes the on, which field ionizes the high Rydberg molecules.
heated sample. The light pulses overlap in time and The resulting threshold ions are accelerated and in-
space in the center of the first stage of a double stagejected by the same electric field into a linear reflecting
acceleration configuration, formed by three metal TOF mass spectrometer [Fig. 5(c)] [8]. After reflec-
disks with holes [see Fig. 5(a)]. In the first zone, the tion, ions of different mass reach the multichannel
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duced multipole moments as a consequence of a
charge redistribution when the constituents are ap-
proaching each other, (3) dispersion interaction orig-
inating from temporarily induced multipole moments
due to fluctuating charge distributions, (4) exchange
interaction, mainly responsible for repulsive forces
when the distance of the binding partners is becoming
smaller than the sum of the van der Waals radii, and
(5) charge transfer resonance interaction playing a
minor role for the complexes examined in this work.
The usual classification of the diverse types of
intermolecular bonds is based on phenomenological
characteristics like binding strength or chemical en-
vironment. Two important types of intermolecular
bonds are the van der Waals (vdW) bond and the
hydrogen bond (H-bond). The vdW interaction is long

two-photon process producing prompt ions and high Rydberg ranged and not restricted to a certain type of molecule
molecules. (b) Deceleration of the prompt ions in a weak electric or agtom and is realized for noble gas atoms as well as

separation field (0.2—-0.6 V/vm). The Rydberg molecules are not . . .
affected by the field and pass the second electrode. (c) lonization of large molecules. Its strength is mainly given by the

the high Rydberg molecules in a strong field and acceleration of the polarizability and the permanent dipole moments of
so-produced threshold ions into the drift region of the TOF mass the constituents, and the typical BE varies between

spectrometer.

plate detector at different times. The detector signal is

recorded with gated “boxcar” integrators, then digi-
tized and processed in a microcomputer system.
For obtaining intermediate state (REMPI) spectra

0.5 and 200 meV. Values for the BEs of hydrogen
bonds vary from 100 meV to 1 eV, which is nearly an
order of magnitude larger than that of the vdW bonds.
A hydrogen bond, X—-H - -Y, is active only at spe-
cific sites of the molecule, and thus directional and
short-ranged, i.e. the interdistance between the proton

no separation process is necessary. In this case thq_| and Y is much shorter than the sum of the vdW

high positive voltage is applied to the first disk and the
total ion current is recorded.

In this work, REMPI and threshold ion spectra of
indole, indole- Ar, indole - H,O, indole- benzene,
phenol, phenot H,O, and 1-naphthot H,O were
recorded.

4. Intermolecular bonds

Intermolecular cohesion forces and intramolecular
chemical bonds both originate from electrostatic (cou-
lombic) interactions. For the systems investigated in
this work, one can distinguish different kinds of
interaction contributing with different strengths to the
various types of intermolecular bonds: (1) electro-
static forces between permanent multipoles, (2) in-

radii. X is an electronegative atom (C, O, N, S, or
halogen) and Y holds a free electron pair ar arbital

of an unsaturated multiple bond. The physical prop-
erties of the vdwW and the H bond have been mainly
studied in the bulk, e.g. with NMR or IR absorption
spectroscopy, or high-pressure mass spectrometry (for
an overview, see [1]). These experiments yielded
averaged macroscopic parameters of the investigated
systems, with many different unspecified bonds in-
volved. It is desirable to get more detailed, micro-
scopic information on the energetics and intermolec-
ular potentials of defined intermolecular bonds at
specific sites. Laser spectroscopic methods like
REMPI or MATI applied to clusters produced in a
cold supersonic jet expansion will be shown to yield
valuable microscopic information.
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Fig. 6. Threshold ion spectra measured by a two-color two-photon
excitation process with the first photon energy fixed to the vibra-
tionless S, origin of the molecule or the cluster. (Bottom) bare
indole, (middle) indole Ar at the parent mass channel (157 u),
(top) indole- Ar at the daughter mass channel (117 u). The broken
line indicates the position of the field-free ionic dissociation
thresholdE, = 537 = 10 cm %

4.1. van der Waals complexes

4.1.1. Indole- argon

Using the MATI technique described in Sec. 2.2, a
threshold ion spectrum of bare indole (117 u) was
recorded and is shown in the bottom trace of Fig. 6. It

(62592+ 4 cm * (ZEKE) [50], 62598+ 5 cm *
(PIE) [51)).

A threshold ion spectrum of the indoieAr vdwW
complex (157 u) is shown in the middle trace of Fig.
6. It was recorded with the frequency of the first laser
fixed to the red-shifted{26 cm ) S;(*L,) < S,, 09
transition at 35205 cm. The origin of the vdwW
cluster (parent) threshold ion spectrum is located at
62 505+ 5 cm * and shifted by 86 cm" to the red
of the bare indole origin (6259t 5 cm %). This
means that the binding energy of the ionized cluster is
larger by about 86 cm than in its neutral ground
state. The origin band of the cluster cation shows
additional low frequency vibrational structure with
four members of a progression witk14 cm !
spacing. This arises from the excitation of a bending
vdW mode and was also observed by Kimura and
co-workers using ZEKE-PFI spectroscopy [50]. Sim-
ilar signatures have been found for ionic complexes of
Ar with other aromatic molecules [6,52-55].

We observe a breakdown of the signal in the parent
ion spectrum for internal energies exceeding 537
cm ! (dotted line) in a region with dense vibrational
structure. The spectrum in the top panel of Fig. 6
represents the fragment (daughter) ion spectrum (117
u) of indole - Ar recorded simultaneously with the
parent threshold ion spectrum (middle trace, 157 u)
for the same excitation conditions. In the daughter
channel signal appears for ion internal energies ex-
ceeding 487 cm?, which is about 50 cm* below the
threshold for breakdown of the signal in the parent
channel. As described above, the overlap region of
~50 cm * with signal in the parent as well as in the
daughter ion spectrum is caused by a coupling of high
n members of Rydberg series converging to ionic
states below the field-free dissociation threshold to

was measured in a resonance-enhanced two photoriower n Rydberg levels converging to ionic states

process with the frequency of the first laser fixed to
the S,(*L,) < S, 03 transition at 35 232 cmt. The
peaks indicate the individual ionization thresholds of

various vibrational states of the indole cation (assign-

above the field-free dissociation threshold. In recent
work we determined the field-free dissociation thresh-
old by its extrapolation to zero field and found that it

agrees with the breakdown threshold of the parent ion

ments, see [50]). The strongest peak of the indole signal [56]. Thus, taking the breakdown of the parent

threshold ion spectrum at a two-photon energy of
62591+ 5 cm * corresponds to the AIE of indole
(0°). It compares well with values from other groups

ion signal as the field-free dissociation threshold, we
obtain a dissociation threshold &, = 537 £ 10
cm™ ! for the ionic indole: Ar complex. The dissoci-
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ation threshold in the neutral ground state is calcu- 1100

lated toDO = E0 - (IEindole - IEindole- Ar) =451
cm 1. This value is only slightly smaller than the
theoretical valueD, = 480 cm * obtained by Out-

1000

900

800

house et al. and is within their experimental upper 00 Graphite
limit of 528 cm™* [57]. -
g 600 |-
— 500} -
o ) O'" Substrate:
4.1.2. Ar on aromatic microsurfaces A 400} g v Carbazole

¢ Dibenzo-p- dioxin
® Fluorobenzene

om.

We compare the neutral ground state dissociation 300

energyD, of indole - Ar of 480 cnmi* with binding 200 k- A Benzene
energies of Ar attached to one-ring substrates like ok 2%1?216

oxazole withD, = 304 cm ! (ab initio) [58], ben- o
zene withD, = 340 cm * (experimental) [10] and T 2 3 4 5 6 7 3 o
Do = 337 cmi ! (ab initio) [58], fluorobenzene with Number of Aromatic Rings
Do = 346 = 10 cm ' (experimental) [47] on the

one hand, and three-ring substrates like carbazole 8 0 et o B on of te fumbe of aromatc
with Do = 530.4+ 1.5 cm ™ (experimental) [59]' rings. The dashedpline indicates the adsorption energy of an Ar
dibenzop-dioxin with D, = 527 = 18 cm * (ex- atom to the (001) surface of graphite. The dotted line connects the
perimental) [12], and dibenzofuran wibh, < 521 * ex_perimental results and gives an estimated extrapolation to larger
12 cmi * (experimental) [12]) on the other hand. Most  Microsurfaces.

of the experimental values have been measured with

the MATI technique as described above for the Is interesting to see whether this estimate can be
example of indole Ar. All results are plotted in Fig. ~ confirmed by experiment.

7. These findings show that the binding energy of a

single Ar atom to neutral aromatic molecules in the 4.2. Hydrogen bonding

ground state is governed by the number of aromatic

rings (delocalizedr electrons) in the substrate for the 4.2.1. Indole- H,O and indole: CgHg

same arrangement of the aromatic rings whereas the

influence of heteroatoms in the substrate appears to be(a) Threshold ion spectralhe threshold ion spectrum
small. With increasing ring number the Ar binding of bare indole (117 u) of Fig. 6 is shown again on top
energy increases and approaches the adsorption enef Fig. 8. For comparison, this spectrum and the lower
ergy of Ar bound to the (001) surface of graphite two threshold ion spectra of the indolél,O and the
which is ~800 cm* [60]. Graphite has an infinite  indole- C¢H¢ cluster are displayed on a common ion
surface of hexagonal rings with delocalizedelec- internal energy scale though the absolute excitation
trons. The value for the binding energy was found energies differ for the three cases. The AIE of indole
from a calculation representing an average value (AIE, 0°) is 62 591+ 5 cm %, as discussed in Sec.
whereas the values in Fig. 7 measured with the MATI 4.1.1.

technique are microscopic values for a defined cluster

species. Using higher temperatures in the nozzle, it Indole- H,O. The threshold ion spectrum of indole
seems to be possible to measure with the MATI H,O obtained by way of the vibrationless intermedi-
technique the binding energies of even larger planar ate stateS,, 0° of the cluster at 35 099 cnt [13,61]

10

molecules with more aromatic rings, like coronene
Ar with seven aromatic rings. For this cluster, we
expect a value oD, ~ 720 cm * from Fig. 7 and it

is shown in the middle trace of Fig. 8. We can identify
intramolecular modes in the indolél,O spectrum by
comparison with the indole MATI spectrum. Thus the
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117 u

Threshold Ion Current [arb. units]
135 u

(indole- C¢H,)"

=
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— via$, ,0°
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Fig. 8. Threshold ion spectra of indole (top), indoté,O (middle),
and indole CgHg (bottom) on a common ion internal energy scale.
The peaks in the indofespectrum indicate the skeleton vibrations.

11

1-naphthot H,O (see the following). In addition, we
observe a weak progression with 38 thspacing
(BY) starting at several vibrational bands. Most likely
this is an intermolecular bending mode.

Indole - CgHg. In the bottom trace of Fig. 8, the
threshold ion spectrum of indoleCgHg is displayed.
The AIE is found at 59833 5 cm * and thus
shifted by 2785+ 5 cm * to the red of the bare
indole AIE, which is almost as large as in the case of
indole- H,O. The assignment of the AIE is corrobo-
rated by arguments similar to those discussed for the
indole- H,O complex. The threshold ion spectrum of
indole - CgHg is dominated by a 95 cnt vibration
forming a long progression. This vibrational fre-
qguency is approximately half the frequency of (in-
dole: H,O)". This is what we expect for an intermo-
lecular vibration with stretching character after
comparison of the reduced masgesf indole- H,O
and indole C6H6 [\/I‘Lindole~ CGHG/“’indoIe~ H,0 ~ 1.73

in a diatomic molecule approximation and assuming
the same binding strength for the N-~H- 7~ and the
N-H - - - O hydrogen bond (see Sec. 5)].

In the cluster spectra, skeleton modes of indole are superimposed (b) Dissociation energyNext we recorded cluster and

by intermolecular vibration progressions. The AlEs for indole,
indole* H,0, and indole C4Hg, indicated with 8, are 62 591+ 5,
59 433+ 5, and 59 833+ 5 cm %, respectively.

AIE of the cluster is clearly given by the first peak in
the threshold ion spectrum located at 59 43%
cm L. Itis shifted by 3158+ 5 cm  to the red of the
bare indole origin, which is larger by a factor of 37
than the redshift of the AIE in the indoleAr cluster.

fragment threshold ion spectra of indoléd,0 and
indole - CgHg for higher ion internal energies. As an
example, in Fig. 9 the cluster parent ion spectrum
(bottom) and the daughter ion spectrum (top) of
indole - H,O are shown, recorded simultaneously in
the range from zero up to 5000 crhion internal
energy. In the low internal energy range up to 1500
cm 1, the cluster ion spectrum shows long progres-
sions of theo mode discussed above (see Fig. 8). No

This means, there is a strong increase of the hydrogensignal is observed at the fragment mass in this low

bond energy after ionizing the cluster. We identify
progressions of two different vibrational modes. We
assign the strong progression with 189 chspacing

(o) to the intermolecular stretching mode which is
supposed to form long progressions in the ionic

energy range and we conclude that no dissociation
takes place. On the right-hand side of Fig. 9 two
parent (lower set) and two daughter spectra (upper
set) are displayed for an ion internal energy ranging
from 4400 to 5250 cm®. They were obtained by

spectra because the strongly increasing hydrogenpumping by way of the vibrationlesy, 0° origin and

binding strength after ionization shortens the hydro- theS,, 26" intermediate state transition, respectively.

gen bond length and causes larger Franck-CondonBoth parent ion spectra show a sudden breakdown of
factors forAv > 1 transitions. The progression pattern the signal while both daughter ion signals increase for
is similar to that of the phenol H,O [62] and the the same ion internal energy threshold. Note, that the
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Ion Internal Energy [cm'l] Ion Internal Energy [cm'l]
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= 64000 64500 65000 ~ 70300 70800
via$;,0° 1
(¢ Two-Photon Energy [cm™ ]

59200 59700 60200 60700 ~ 64000 64500

Two-Photon Energy [cm'l] Fig. 10. (Left) Threshold ion spectrum of phenoH,O at low
(<1200 cni'?) ion internal energy measured at the parent mass,
Fig. 9. (Left) Two threshold ion spectra of indoleH,O at low 112 u (bottom), by way of the vibrationless intermediate state origin

(<1300 cm'Y) ion internal energy measured at the daughter mass, St (Right) Two threshold ion spectra of phend#,O at high ion

117 u (top) and the parent mass, 135 u (bottom). Intermediate state INtérnal energies measured at the daughter mass, 94 u (upper
of both two-photon excitation processes is the vibrationless origin SPectrum) and the parent mass, 112 u (lower spectrum) by way of
11,, S,. (Right) Two sets of threshold ion spectra of indele,O the vibrationless intermediate state ori§in The shaded rectangle

at high ion internal energies measured at the daughter mass, 117 uindicates the dlslsociation threshold at an ion internal enEggy-
(upper two spectra) and the parent mass, 135 u (lower two spectra). 6520 % 50 cm

Each upper spectrum in both sets is obtained by means @,the

26 |n_te_rmed|ate state, Io_wer_spe_zctra via pumping the \/_lbratl_on_less the neutral ground state. The increase of the binding
S, origin. The broken line indicates the field-free dissociation L . | h f
thresholdE, = 4790 + 10 cmi *. Note that the measured value energy after ionization is comparab e to that o
for E, is the same ion internal energy in both sets. (For explanation, indole - H,O, discussed previously. This and the
see text) absolute value of the binding energy supports our

interpretation of am-hydrogen bonding between the

same internal energy level has been reached by meandenzener electrons and the aminohydrogen of in-
of different intermediate states and excitation ener- dole, as will be discussed in more detail in Sec. 5.
gies._This_m_eans that there is no_ mode _selt_ecti\_/ity of 4.2.2. Phenot H,0 and 1-naphthol H,0

the dissociation energy and a statistical distribution of
energy to all vibrational degrees of freedom occurs
before dissociation. From the breakdown of the ion
signal in the parent traces we find a field-free disso-
ciation threshold off, = 4790+ 10 cm * for in-
dole - water and the dissociation threshold in the
neutral ground state is calculated @, = E; —
(AlEingoie — AlEingote - H20) = 1632+ 15cm .

We performed similar measurements for the in-
dole - C¢Hg cluster [13]. They yield a dissociation
energy of the ionic (indole CgHg) ™ cluster ofE, = (a) Phenol H,O. On the left-hand side of Fig. 10 the
4581+ 10 cm ', and ofD, = 1823 + 15cm tin parent threshold ion spectrum of phenbl,O (112 u)

We would like to compare our results for threN—
H---O< hydrogen bond in indole H,O clusters
with other types of hydrogen bonding. As further
examples we measured threshold ion spectra of the
phenol- H,O and the 1-naphthol H,O cluster and
investigated the —O—H: - O< type hydrogen bond-
ing. In addition, by choosing 1-naphthol one can study
the influence of the additional aromatic ring on the
hydrogen bonding in the neutral and the ionic cluster.
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is shown as recorded closely above the AIE. The 1-Naphthol -H,O
excitation laser frequency was tuned to the vibration- ‘ ' ' ' ‘
lessS, < S, transition of phenof H,O at 35 996+

2 cm . We measured an AIE of 64 024 10 cm *

for the cluster. The assignment of the vibrational
peaks is adopted from [63,64]. An intermolecular
mode at 240 cm* forming long progressions can be
identified as a stretching vibration. Its frequency is
larger by 25% than the value of 189 crfound for

the indole- H,O cluster.

The result for the higher ion internal energy range
from 6300 to 6700 cm® is shown on the right-hand
side of Fig. 10. No vibrational structure can be
resolved. In the lower trace, the parent threshold ion
spectrum is displayed, whereas in the upper trace the ’ . . . ‘ J .
daughter threshold ion spectrum is shown. The parent 58700 58900 59100 59300 59500 59700 59900
threshold ion current breaks down for an internal
energy ofE, = 6520 + 50 cm %, while at the same
time the daughter threshold ion current increases. In Fig. 11. (Lower trace) Threshold ion spectrum of 1-naphttJO
this case, finding the dissociation threshold turned out gt low ior_] internal energy measured by_ means of the vibratior_ﬂess

. . . . intermediate stat8,. (Upper trace) Total ion current spectrum with
to be a nontrivial prObIem' The threshold ion Slgnal 1S steps at the two lowest ionization thresholds coinciding with the
extremely weak because of the low Franck-Condon peaks in the threshold ion spectrum.
factors for transitions from the vibrationleSs state
to the high-lying cationic vibrational states &6500 demonstration the total ion current spectrum is dis-
cm L. For the spectrum shown in Fig. 10 the signal played in the upper trace when measured via the same
from several thousands laser pulses per frequency stepntermediate state. It shows steps at the individual
had to be added. Because of the low signal to noise cationic vibrational levels indicated by peaks in the
ratio, the cationic dissociation threshol}, can be threshold ion spectrum. As in phenelH,O and

Total ion current

Ion Current [arb. units], 162 u

Threshold ion current

Two-Photon Energy [em™]

determined only with moderate precision K = indole- H,O, a long progression of an intermolecular
6520 + 50 cm ' and the neutral binding enerdy, vibrational stretching frequency of 190 crhcan be
is 1916+ 30 cm L. identified. This is 79% of the 240 cm measured for

the cationic phenolH,O cluster. The higher mass of
(b) 1-naphthol- H,O. This cluster is particularly  the 1-naphthol cannot be the reason for this decrease,
interesting. Comparing the binding energies and the since the influence of the reduced masses on the
cationic intermolecular stretching frequencies with stretching frequency would lead to a decrease of only
the ones of the pheneH,O cluster one can check if 3% in a diatomic approximation. This indicates, that
there is an influence of the additional aromatic ring on the hydrogen bond in the cationic 1-naphthdi,O
the hydrogen bond. Moreover, 1-naphthol is of similar cluster is weakened by the presence of the second
size as indole, making a comparison of the 1-naph- ring.
thol - H,O system to the indole H,O system Unfortunately, a direct determination of the ionic
reasonable. Therefore, we measured threshold ionbinding energyg, of the 1-naphthof H,O cluster in
spectra of 1-naphthol H,O pumped by way of the threshold ion spectrum was not possible. When
different intermediate states. In the lower trace of Fig. the energy of the ionizing photon (after excitation to
11, the threshold ion current spectrum obtained by the intermediat&, electronic state) is increased to be
means of the vibrationlesS, state is shown. For sufficient for the fragmentation of the cluster, mono-
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Table 1
Intermolecular cationic stretching frequencigscationic E,),
and neutral D) binding energies of hydrogen bonded clusters

o(cm™? Eo (cm™h Do (cm™Y)
Indole - H,O 189 4790 1632
Indole+ CgHg 95 4581 1823
Phenol- H,O 240 6520 1916
1-Naphthol- H,O 190 5547 2035

mer cations are produced in a one-color two-photon
ionization process. They cannot be completely sup-
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Fig. 12. Artist's view of the propose8, structure of the indole

pressed by the MATI Separation process described in CeHg cluster with a N-H - - 7-type hydrogen bond. This structure

Sec. 3. As well as for phenolwater, the Franck-

Condon factors are very small and because of a very

weak threshold ion signal the ionic dissociation en-

is supported by spectroscopic results, energetic considerations and
medium-level ab initio calculations. For explanation, see text.

ergy cannot be measured. However, using the value binding energies of van der Waals bound mixed and

D, = 2035+ 69 cm * of the neutral 1-naphthol
H,0 cluster recently measured with a special deple-
tion technique by Brgi et al. [65] we can calculate
the ionic binding energy of 1-naphthoH,O toE, =
5547 + 15 cm L. This is possible because an accu-
rate value for the AIE is available from our MATI
experiments (see Fig. 11). The binding energy of
(1-naphthot H,O)" is lower by 15% than the value of
E, = 6520 cm * of (phenol- H,0)*. This is in line
with the smaller frequency of the intermolecular
stretching vibration in the cationic 1-naphthdi,O
cluster, as discussed previously. Interestingly, the

homogeneous dimeric complexes of aromatic mole-
cules with many atom—atom dispersion interactions,
like benzene,p-difluorobenzene, and toluene. For
these dimers experimental [8,21,66—69] and in part
theoretical values [67,70,71] have been obtained. For
the extensively studied neutral benzene dimer ab
initio calculations yielded for the parallel-displaced
and the T-shaped structure nearly the same stabiliza-
tion energy of about 2.3 kcal/mol (800 ¢y [72].
Breakdown measurements yielded 56680 cmi *

for the benzene homo dimer and 645120 cm * for

the p-difluorobenzene benzene and the toluene

situation is reversed for the neutral species, where thebenzene heterodimers [21]. Even if one takes into

binding energy of 1-naphtheH,0 is slightly higher,
as discussed below in detail.

5. Discussion

In Table 1, all experimental results for the vibra-

tional frequencies and the binding energies are sum-

marized and are to be discussed in this section.

5.1.>N-H- - - 7 hydrogen bond

For the indole- CgHg cluster, we measured a
binding energy oE, = 4581 + 10 cm tandD,
1823+ 15 cm ' in the ionic and neutral cluster,

account that indole is larger than the molecular
components of the clusters mentioned above the
factor of 2 larger binding energy of the indol€Hg
cluster cannot be explained by the resulting larger van
der Waals interaction. This, and the long progressions
of an intermolecular stretching vibration in the thresh-
old ion spectrum of the indokeCgHg cluster similar to
that of the indole H,O cluster (see Fig. 8) indicate
that the interaction is dominated by hydrogen bonding
involving the>N-H group of indole and the benzene
7 cloud serving as an electron donor as illustrated in
Fig. 12. This is corroborated by the strong increase of
the binding strength in indoleCgHg after ionization
which was found to be typical for hydrogen bonds.
Our finding is supported by ab initio structure opti-

respectively. The values are much larger than the mization calculations at the Hartree-Fock level (UHF/
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3-21G*). Of course, calculations at this level have to
be taken with care for such a large system, but the
theoretical result does not contradict the experimental
found structure. Both, experimental and theoretical
result support our conclusion of7a hydrogen bond-

ing.
5.2. —O—-H- - - O< hydrogen bond

We found an increase of the hydrogen bond
strength in all presented hydrogen bonded clusters
after ionization by a factor ranging from 2.5 to 4. As
shown in Sec. 4.2.2, the frequency of the intermolec-
ular stretching vibration as well as the binding energy
E, of the (1-naphthot H,0)" cation are noticeably
smaller than in case of the (phenoH,O)". This
means that the H bond in the cluster cation is
weakened by the presence of the additional aromatic
ring. On the other hand, the binding enei@y of the
neutral 1-naphthol H,O cluster is larger thaD, of
phenol- H,O.

To explain these results, we investigated the con-
sequences of the electron loss after ionization on the
electron distribution (ED) within the molecule as well
as the effect of the water attachment, for 1-naphthol.
For this we calculated electron distributions (ab initio)
using thecaussian 98 package. After geometry opti-
mization of the monomer and the cluster cation at
medium level (correlation consistent double-zeta ba-
sis set [cc-pVDZ] augmented by diffuse functions of
the 6-31+G basis set at the heavy atoms), we used the
so obtained nuclear positions as an input for calcula-
tions of the EDs of the cations as well as the neutral
systems at the higher MP2/6-3t%G** level. The
net electron displacements after ionization were ob-
tained after subtracting the EDs of the cations from
the EDs of the neutrals. Similarly, we obtained a map
of the charge displacement upon clustering after
subtracting the EDs of the water and the 1-naphthol
monomer from the ED of the cluster.

In Fig. 13(a), calculated changes of the ED of
1-naphthol in the molecular plane caused by ioniza-
tion are visualized as a contour plot. Negative density

values (electron loss) are represented by black lines,

whereas positive values (electron gain) are light gray.
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Fig. 13. Contour plot of the difference of ED in the 1-naphthol
cation from that of the neutral molecule, calculated with ab initio
methods. (a) Molecular plane. Note, that the ED increases at the
positions of the C and O atoms though the total charge is positive.
(b) Plane parallel displaced by 0.8 A. ED decreases at all atoms.

Note, that the ED after ionization even increases close
to the C and O atoms and decreases at the H atoms,
particularly at the O—H hydrogen. Regions of large
electron loss are marked by plus sign (because they
are positively charged), whereas regions of large
electron gain are marked by minus sign in Fig. 13.
The situation changes for the electron density in a
plane displaced by 0.8 A parallel above or below the
aromatic rings. There, a strong overall decrease of
electron density is found [see Fig. 13(b)]. From this
the following is clear. (1) The water molecule with a
permanent dipole moment of 1.85 debye is attracted
by the overall positively charged naphthol molecule.
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e,

Fig. 14. Contour plot of the difference of electron density in the 1-naphtHgD cluster from that of the unclustered molecules, calculated
with ab initio methods. (a) Electron density mainly changes at the OH group, fe ahd also at the C and O atom in the two position of
the 1-naphthol. The dashed line indicates the quasilinear hydrogen bond-O6HH.

A simple calculation, assuming the positive charge the neutral cluster since strong charge-induced con-
being concentrated in the center of the 1-naphthol tributions are absent in this case.
shows that this would lead to an increase of the In Fig. 14, the change of the ED in the neutral
binding energy of=1500 cm . (2) After ionization, naphthol molecule caused by the hydrogen bond is
the ED increases at the O atom and decreases at thalisplayed. In Fig. 14, only induced but no permanent
hydroxyl H atom, causing a stronger polarization and dipole moments are visible which contribute most to
a further strengthening of the hydrogen bond com- the H bond. There is an attractive force between the
pared to the neutral cluster. This is in good agreement positively charged H atom of the O—H group and the
with our experimental finding. The stronger cationic two negatively charged free electron pairs at the O
H bond for the smaller phenol in the phenoH,O atom of the HO molecule. In Fig. 14(a), not only the
cluster can be explained as follows. After ionization, charge shifts directly at atoms involved in the H bond
the electron density decreases uniformly in the aro- can be identified, but also charge shifts at the H atom
matic ring system. For a smaller aromatic molecule, in the two position and in the aromatic ring. This
the distance of the water (which is held at a fixed means that an additional, van der Waals type interac-
position) to the center of charge is smaller and the tion between the water and the 1-naphthol is present
water dipole is more strongly attracted, as indeed and contributes substantially to the intermolecular
observed for the phenelH,O cluster. bonding.

In the neutral ground state, the situation is differ-
ent. Here the binding energy of the phend,O is 5.3.>N-H- - - O< hydrogen bond
smaller by 6% than that of 1-naphthelH,O. It
appears that the additional aromatic ring increases the  Comparing the experimental results for the binding
bond strength in the neutral cluster. This can be energies of indoleH,O to 1-naphthot H,O, we find
attributed to an additional weak van der Waals (dis- an increase of 15% foE, and 24% forD, of the
persion) interaction induced by the additionaklec- latter. This is in line with the general rule that an
trons and neighbored H atoms. It is more important in >N-H - - - O< type hydrogen bond is weaker than an
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—O-H- - - O< type hydrogen bond, because of the bonding character is concluded from the large disso-
higher electron affinity of oxygen compared to that of ciation energie€, and D,, the strongly increasing
nitrogen. Here we presented accurate values for abinding energy after ionization, the sharp vibrational
selected specific hydrogen bond that can be comparedstructure, and the vibrational energies in the threshold
with theoretical calculations. Further, it would be ion spectrum. Comparing the N-H-O with an
highly interesting to compare the binding energies of O-H- - - O type hydrogen bond, the binding energy
indole - H,O to binding energies of clusters with turned out to be higher in the O—H - O type hydro-
larger heterocyclic solutes, e.g. carbazole. In this way gen bond.
one could study the influences of additional aromatic ~ Detailed experimental information on the energet-
rings on a>N-H - - - O< type hydrogen bond. ics and intermolecular dynamics of the van der Waals
and in particular of the hydrogen bond is important for
the understanding of their role in the formation of the
6. Summary and conclusion tertiary (three-dimensional) structure of proteins and
peptides. In particular the hydrogen bond between
In this work we demonstrated that, combining organic molecules like indole and benzene has proto-
optical excitation with mass spectrometric detection, type character for the understanding of complex
yields fundamental insight into the nature of weak biological systems and yields basic information for an
intermolecular bonds of organic molecules. An im- explanation of the structure and functionality of bi-
portant precondition is the production of ions excited omolecules. Future investigations should be extended
to selected states or at defined internal energies. Thisto derivatives of the presented molecules with larger
is possible with the technique of mass analyzed aromatic chromophores. Further, bicromophoric clus-
threshold ionization. We applied this technique to the ters, similar to indole CzHg, are suitable prototype
investigation of small isolated clusters produced in a systems for investigation of charge transfer processes
supersonic cold molecular beam. We studied a serieswhich are fundamental primary processes in biochem-
of clusters of prototype aromatic molecules with istry.
noble gas, water and a second aromatic molecule,
where different kinds of intermolecular bondings
exist.l Wg were able to investigat.e the intermolecular Acknowledgements
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