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a b s t r a c t

Clusters of small heteroaromatic ring molecules pyrrole, imidazole and pyrazole were studied in a molec-
ular beam experiment. Neutral cluster size distributions under various expansion conditions were probed
by a scattering experiment with a He-atom beam. The clusters were ionized by electrons and their mass
spectra were measured by a quadrupole mass spectrometer. Alternatively, the ionization was achieved
by a non-resonant subsequent multiphoton process with 193 nm photons and the time-of-flight mass
spectra were recorded. (1) The differences in the methods of cluster ionization, namely subsequent mul-
tiphoton and single photon ionization, and electron ionization are discussed. (2) More importantly, the
differences between the ionization of pyrrole clusters on the one side, and imidazole and pyrazole clusters
on the other side are studied. The existence of larger protonated fragments in the latter spectra points
to a higher photostability in these N–H· · · N hydrogen bonded systems as opposed to the more weakly
N–H· · ·� bound pyrrole clusters. The experiments are accompanied by ab initio calculations supporting
and interpreting the experimental results.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Mass spectrometry offers a variety of tools for investigations
of biological molecules. Recently, it was demonstrated, that ultra-
violet light can be utilized to initiate unique and potentially useful
fragmentation in peptides and proteins [1]. In this respect, the study
of weakly bound molecular clusters upon ionization can shed some
light on the behavior of the biological molecules. Constituents of
biomolecules can be prepared in a supersonic beam either sur-
rounded by solvent molecules or forming molecular aggregates.
The size of the clusters can be varied by changing the expansion
conditions and the type of weak interaction can be tailored by
choosing appropriate molecular systems. The dynamical processes
following the ionization are often dramatically altered upon the
complexation with some channels closing and various new reac-
tion channels opening at the same time. By the way of example, in
benzene clusters a dimer ion core is formed [2,3] while in hydro-
gen bonded systems the donor proton is typically transferred to
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the acceptor molecule, e.g., in the case of water [4]. Such environ-
mentally induced processes are important for example in oxidative
DNA damage or charge transfer in nucleic acids.

In this study, we have investigated different ionization processes
for molecular clusters composed of small nitrogen-containing ring
molecules: pyrrole (Py), imidazole (Im) and pyrazole (Pz). These
molecules constitute elementary building blocks in the larger bio-
logical species. For example, the pyrrole structure is present in
hemes and chlorophylls, the imidazole structure can be found in
purine or as the side chain of the naturally occurring amino acid
histidine.

Ionization of the gas phase pyrrole [5,6] and imidazole [7], as
well as the imidazole in water environment [8] was studied previ-
ously. Ionization of the clusters of these molecules was explored to
a much lesser extent [9].

Despite their similarities as isolated molecules, pyrrole, imi-
dazole and pyrazole clusters are bound via different types of
bonding. The different bonding motifs are represented for the
dimers and trimers in Fig. 1. In the pyrrole clusters the N–H bond
of one molecule binds to the � electron cloud of the neighboring
molecule, the N–H· · ·� bond. Imidazole molecules bind via a stan-
dard N–H· · · N hydrogen bond, while the two pyrazole molecules
in the dimer interact via a double hydrogen bond. In the two lat-
ter cases, one could expect hydrogen (or proton) migration once
the cluster is excited or ionized. For all clusters, the intermolecular
interactions are relatively strong.

1387-3806/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijms.2009.12.007
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Fig. 1. Structures of the molecules and the different bonding motifs represented
by the pyrrole, imidazole and pyrazole dimers and trimers. Hydrogen bonds are
indicated by the dashed lines. The structures and binding energies were calculated
at the MP2 level using aug-cc-pVDZ basis set.

We address here the question how are the dynamical processes
following the ionization of the cluster controlled by the ionization
method. We compare the electron ionization (EI) and subse-
quent non-resonant ultra-violet multiphoton ionization (UVMPI)
measured in this study, and also a single photon ionization
of the corresponding molecules found in the literature [5,7].
The non-resonant multiphoton ionization turns out to be quite
different from both the electron ionization and from a single-
photon ionization. Due to the delay between the subsequently
absorbed photons the ionization products reflect not only the
ionization dynamics but also the dynamics upon the photoex-
citation. We therefore argue here that the UVMPI method can
serve also as a tool for the study of photodynamics, in a similar
fashion as we have recently used the multiphoton photodissoci-
ation to study vibrational cooling of the photoexcited acetylene
[10].

The photodynamics of the isolated nitrogen heterocycle
molecules is reasonably well understood, based on extensive
experimental studies [11,12,7,8] and theoretical calculations
[13–16]. Briefly, the dissociation of the N–H bond via the ��∗ state
was identified as a major deactivation pathway at lower wave-
lengths while internal conversion via ��∗/S0 conical intersection
seems to become more important at larger photon energies. We
have recently studied the various effects, which the solvation and
hydrogen bonding in clusters can have on the photodissociation
dynamics of pyrrole [17] and imidazole [18]. We have concluded
that the ��∗ dissociation channel is suppressed upon the complex-
ation both for pyrrole and imidazole, even though the mechanisms
of closing this reaction channel is somewhat different for these two
molecules.

Mass spectrometry (utilizing the electron ionization and
scattering experiments) served in our photodissociation exper-
iments (i) to determine the neutral cluster size distribution,
and (ii) to reveal information about the ionization mechanism
in the clusters [9]. Here we concentrate on the ionization
process itself and extend the previous studies into several
directions. First, we directly compare ionization in various
clusters which are weakly bound in different ways. Second,
we compare various methods of ionization, namely the sub-
sequent non-resonant ultra-violet multiphoton ionization. By
using this technique, we show different degree of photosta-
bility of the studied clusters, with hydrogen bonded clusters
(imidazole, pyrazole) being stabilized as opposed to pyrrole clus-
ters.

Fig. 2. Schematic picture of the experimental apparatus.

2. Experiment

The experimental apparatus was built and used previously in the
Max-Planck Institute in Göttingen [19–22], and moved to the J. Hey-
rovský Institute in Prague. The schematic picture of the apparatus
is shown in Fig. 2.

The clusters are produced by a supersonic expansion through
a conical nozzle 55 �m in diameter, 2 mm long, and 30 ◦ opening
angle. Liquid pyrrole was kept at a constant temperature TR in a
reservoir outside the vacuum chamber and the pyrrole molecules
were carried to the nozzle with the carrier gas passing through
the reservoir at a constant pressure. Imidazole and pyrazole are
solids at room temperature and atmospheric pressure. Therefore a
new beam source has been designed and built for producing clus-
ters of molecules from solid samples with sufficiently high vapor
pressures at moderate temperatures. It consists of a reservoir oven
heated to a constant temperature TR inside the vacuum chamber.
The carrier gas passes through the reservoir containing the sample
and the vapor mixture is carried to the nozzle through a 90 mm
long stainless-steel tube with 3 mm inner diameter. The tube and
the nozzle are heated separately from the reservoir to a somewhat
higher temperature T0 (typically by 20 K) to prevent condensation
in the nozzle. In the present experiments Ar or He were used as car-
rier gases, and TR and T0 were varied, in order to produce different
cluster size distributions. The concentration of the molecules in the
carrier gas was determined from the vapor pressure at the temper-
ature TR according to the thermochemical data for pyrrole [23] and
for imidazole and pyrazole [24]. Selected expansion conditions are
summarized in Table 1.

After passing through a skimmer followed by two differentially
pumped vacuum chambers the cluster beam enters a trans-
versely mounted Wiley–McLaren time-of-flight mass spectrometer
(WMTOF). In the extraction region of the WMTOF the clusters
interact with the UV photons and are ionized by a non-resonant
multiphoton process and the ion fragments are detected. The clus-

Table 1
Selected experimental conditions for producing the clusters: c concentration of the
molecules in the expansion mix with the carrier gas, TR and T0 reservoir and nozzle
temperature, respectively, p0 expansion pressure; and the mean cluster size n̄ for
conditions, where it was determined.

Carrier gas Molecule c (%) TR (K) T0 (K) p0 (bar) n̄

He Pyrrole 0.3 281 282 1.5 3
Imidazole 4.1 435 455 2.6 3
Pyrazole 0.3 333 353 2.0 3

Ar Pyrrole 0.2 281 282 3.0 PynArm ,
n̄ ≈ 4,
m̄ ≈ 8

Imidazole 0.1 377 393 2.5
5.4 435 455 2.0 ≥6

Pyrazole 0.5 343 363 2.0
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ters are photoionized by 193.3 nm (6.41 eV) ArF/F2-Excimer laser.
The maximum energy of the 193 nm radiation at the interaction
region was about 20 mJ over the 25 ns long laser pulse, corre-
sponding to a photon flux of about 1028 cm−2 s−1. Alternatively, the
clusters can be ionized by electrons with typically 70 eV energy in
the following vacuum chamber and the mass spectra of the ion-
ized cluster fragments are then recorded by a quadrupole mass
spectrometer.

To determine the mean cluster sizes at various expansion con-
ditions a scattering experiment in a crossed-beam arrangement
was performed. The method was originally introduced by Buck
and Meyer [25], and it has been employed to determine the mean
sizes of various rare gas and molecular clusters, e.g., recently pyr-
role clusters have been studied in our lab [9]. Briefly, the skimmed
cluster beam is crossed perpendicularly by a beam of He atoms. In
elastic collisions the clusters of different sizes are scattered into dif-
ferent laboratory (LAB) angles: in principle the smaller, i.e., lighter,
clusters are scattered into the larger angles. By rotating the whole
beam source assembly with respect to the rest of the apparatus,
the clusters scattered at a particular LAB angle are allowed to pro-
ceed to the following vacuum chambers for detection by means
of the quadrupole mass spectrometer. By choosing an appropri-
ate scattering angle, clusters larger than a certain corresponding
size can be excluded from the detection. In addition, the clusters
smaller than a certain size can be excluded from the detection by
selecting an appropriate fragment mass. Thus only clusters from
a defined cluster size range are detected. By an analysis of the
measured mass spectra and LAB angular distributions for various
ionic cluster fragments the mean cluster sizes can be obtained. The
complete scattering experiment yielding the fragmentation proba-
bilities of the clusters after ionization includes also measurements
of the velocity distributions of the individual ionic fragments at var-
ious scattering angles using a pseudo-random chopper (see, e.g.,
Ref. [26,27]), which is, however, beyond the scope of the present
experiment.

3. Results and discussion

3.1. EI quadrupole mass spectra and cluster size distributions

In this paper we present the results on the electron ionization
and photoionization of various clusters of pyrrole, imidazole and
pyrazole molecules. Clusters of various sizes – and in case of pyr-
role also of various compositions – were produced under different
expansion conditions. A range of reservoir TR and nozzle T0 tem-
peratures and expansion pressures p0 was exploited, and different
carrier gasses He and Ar were used. Generally, the expansions in
He resulted in smaller clusters, while the Ar-expansions resulted
in larger species. The cluster size distributions are discussed in this
section.

Fig. 3 shows the quadrupole mass spectra of pyrrole, imidazole
and pyrazole clusters produced in He expansions. The correspond-
ing expansion conditions are summarized in Table 1. In case of
pyrrole the spectrum consists of Pyk

+ molecular cluster fragments,
while in case of imidazole and pyrazole the protonated ImkH+ and
PzkH+ fragments occur. The spectra are dominated by the smallest
molecular fragments, i.e., the monomer ion Py+ and the protonated
monomer ions ImH+ and PzH+, and decrease exponentially towards
larger fragment masses. It should be noted that the focus of the
present study is on the ionization of larger clusters rather than
molecules, therefore the resolution of our QMS was degraded to
achieve a constant transmission over the entire mass region. Yet
the exact mass peak maxima positions were obtained from a careful
calibration of the spectra together with QMS scans at higher mass
resolution. For the calibration, mass spectra of Ar clusters were

Fig. 3. Quadrupole EI mass spectra of small pyrrole, imidazole and pyrazole clus-
ters produced in coexpansion with He carrier gas. The expansion conditions are
summarized in Table 1.

measured parallel to the present spectra in the entire mass region. A
linear regression to the position of the Arn

+ mass peak maxima was
used to calibrate the mass scale in the spectra of the heterocyclic
molecule clusters. This calibration clearly yields the assignment of
the observed peak maxima to the Pyk

+ in case of pyrrole and to
the protonated species ImkH+ and PzkH+ in case of imidazole and
pyrazole, respectively. In the view of the limited resolution, the
relatively robust assignment of the peak maxima cannot rule out
some contributions from other species completely [28]. However,
it is also worth noting, that the same fragments occur in the TOFMS
spectra (see below), where a sufficiently high resolution could be
achieved.

The experimental evidence for the protonated fragments in the
case of imidazole and pyrazole clusters vs. pyrrole cluster ions
composed of unfragmented molecules is also supported by our ab
initio calculations. Fig. 4 shows the calculated neutral and ionic
structures of the pyrrole, imidazole and pyrazole dimers and the
corresponding ions, and outlines the energetics. For comparison,
the experimental values of the ionization energies of pyrrole, imi-
dazole and pyrazole molecules are 8.21, 8.81 and 9.38 eV [29],
respectively. The different ground state structure of the three
species leads to different reaction channels upon ionization. Pyrrole
clusters are bound via the N–H· · ·� interaction, while the imidazole
and pyrazole interaction is mediated by N–H· · · N hydrogen bonds.
Pyrrole clusters behave upon ionization similarly as benzene. Pyr-
role dimer forms a stacked structure and the strongly bound dimer
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Fig. 4. Structures and energetics of the ionized pyrrole, imidazole and pyrazole dimers calculated at the MP2 level using aug-cc-pVDZ basis set. The upper level IP(n = 2) for
each specie indicates the vertical ionization energy of the corresponding dimer at the equilibrium geometry of the neutral. The ground state neutral geometries are shown
at the bottom. The energy levels labeled as ionic minimum correspond to optimized dimer ion structures, which are shown next to it. Thus in case of pyrrole this level is
effectively the adiabatic ionization energy, and in case of imidazole and pyrazole these levels correspond to the proton transferred structures as indicated by the depicted
geometries.

core is also observed for larger clusters [9]. In the case of imida-
zole and pyrazole, on the other hand, proton transfer follows the
ionization. The proton transfer reaction is observed also for larger
clusters.

The mean neutral cluster sizes for conditions corresponding
to Fig. 3 were determined in the scattering experiment with the
He-atom beam. Detailed results of the scattering experiment with
pyrrole clusters have already been presented in Ref. [9]. There the
neutral cluster size distribution was derived (see Fig. 6 in Ref. [9])
with the mean cluster size n̄ ≈ 3. For imidazole clusters the scatter-
ing experiment has recently been briefly outlined in Ref. [18]. The
mean neutral cluster size under these expansion conditions has
also been derived as n̄ ≈ 3 [18]. For pyrazole clusters the complete
scattering experiment has not been performed, however, the mean
neutral cluster size n̄ ≈ 3 can be expected in the view of the similar-
ity between the mass spectra of imidazole and pyrazole clusters in
Fig. 3(b) and (c), respectively. This argument is again supported
by our ab initio calculations. The binding energies per molecule
calculated for dimers and trimers (see Fig. 1) were 0.2–0.3 eV for
imidazole and 0.3–0.4 eV for pyrazole. Therefore a similar degree
of fragmentation can be expected for both systems.

The larger clusters were produced in Ar-expansions. Fig. 5 shows
the quadrupole mass spectra of larger pyrrole, imidazole and pyra-
zole clusters. The corresponding expansion conditions are also
summarized in Table 1. Again the scattering experiment was per-
formed to obtain some information about the neutral cluster sizes.
The analysis of the scattering experiment for the large pyrrole clus-
ters presented in Ref. [9] led to the conclusion that mixed (or Ar
coated) clusters PynArm were produced with the mean size n̄ ≈ 4
and m̄ ≈ 8. The Ar-coated Py-clusters were also proved spectro-
scopically by Dauster et al. [30]. The Ar atoms are weakly bound
in the clusters and all evaporate in the ionization process as wit-
nessed by the presence of only the Pyk

+ mass peaks in the mass
spectra. However, the Arm

+ series of peaks was also discernible in
the spectra, while in the case of the more strongly bound imida-
zole and pyrazole clusters only the Ar2

+ dimer was observed and
it disappeared in expansions with higher imidazole and pyrazole
concentrations as discussed below (Fig. 6). It should be noted that
the mass region of the Py+ monomer ion at 67 amu and the Ar2

+

dimer ion at 80 amu was omitted from Fig. 5(a), since both peaks
were saturated on this scale, and we focus here on the larger clus-
ter fragments at masses, where the fragments from monomers in
the beam do not interfere. In Fig. 5(b) and (c) the spectra start with
the protonated fragments ImH+ and PzH+, which can originate only

from the clusters, i.e., the monomers in the beam do not contribute
to these spectra as well. Besides, the angular distribution of the
ImH+ fragment presented below proves that the contribution to
this mass peak really comes only from the larger clusters.

Fig. 5. Quadrupole EI mass spectra of larger pyrrole, imidazole and pyrazole clus-
ters produced in coexpansion with Ar carrier gas. The expansion conditions are
summarized in Table 1.
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Fig. 6. Dependence of quadrupole EI mass spectra of imidazole clusters produced
in coexpansion with Ar on the expansion conditions summarized in Table 1. As the
imidazole concentration increases the character of the spectra changes: at the low
concentration of 0.3% (red) the mass peak intensities fall off exponentially towards
higher masses. At the high concentration of 5.4% (black) the mass peak intensities
exhibit a maximum for Im3H+. The spectrum at the concentration of 4.1% (blue)
represents an intermediate case. Note also that the Ar2

+ peak disappears with the
increasing concentration. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

The mass spectrum in Fig. 5(b) was obtained with a low
imidazole concentration in Ar of 0.1%. However changing the con-
centration and expansion conditions the spectra could be changed
significantly as illustrated in Fig. 6. The spectrum changes its char-
acter from the exponential distribution to a broad distribution with
the maximum at a higher ImkH+ mass peak (k = 3 at the highest
concentrations of 5.4%). At the same time the peak corresponding
to the argon dimer ion Ar2

+ disappears with increasing cluster size.
Fig. 7 shows the angular distributions of various ImkH+ frag-

ments of Imn clusters in the scattering with a beam of He atoms.
For the smaller clusters generated in He expansions, Fig. 7(a), the
ImH+ fragment extends to the threshold angle for the neutral dimer
Im2. The larger fragments ImkH+k = 2 and 3 start to appear approx-
imately at the threshold angles for the neutral tetramer Im4 and
pentamer Im5, respectively.

Since we focus here on the larger clusters, the scattering exper-
iment for Ar-expansion was performed for the highest imidazole
concentration of 5.4% corresponding to the last (black) spectrum in
Fig. 6. These angular distributions for ImkH+ fragments in Fig. 7(b)
exhibit threshold angles corresponding roughly to the neutral Imn,
n = k + 2, clusters (again with the exception of k = 1 discussed
below). This suggests the evaporation of at least two imidazole
molecules (without a proton, which has been transferred to the
rest of the cluster) in the ionization process. The mean ImkH+ ion

Fig. 7. Angular distribution of imidazole clusters produced in coexpansion with He
(a) and Ar (b). Intensities for all masses were normalized to the smallest measured
angle.

fragment size from the spectrum in Fig. 6 was determined to be
k̄ ≈ 4. Thus the mean neutral Imn cluster size is at least by 2 larger,
i.e., n̄ ≥ 6.

It is also worth noting, that the angular distribution of the proto-
nated monomer ImH+ fragment in this case falls off very quickly to
the threshold angle of n = 7 implying that this fragment originates
prevailingly from the larger Imn clusters with n ≥ 7 and not from
the small species such as dimers. Fig. 7(a), on the other hand, indi-
cates that some ImH+ fragments originate from the smaller clusters,
already from the neutral dimers. This can be understood keeping in
mind that the He-expansions are dominated by the small clusters.
Therefore their contribution to the ImH+ fragment can be substan-
tial. On the other hand the Ar-expansions are dominated by the
larger clusters and the contribution to the ImH+ fragment from the
dimer and other small clusters is probably negligible compared to
the contribution from the larger species n ≥ 7. This suggests that
the electron ionization of the larger imidazole clusters can also lead
to the evaporation of the protonated ImH+ ionic fragment from the
cluster. Another possibility to explain the origin of the ImH+ frag-
ment from the large clusters can be double ionization, which is
possible with 70 eV electron, and subsequent Coulombic explosion.
However, we have measured the mass spectra also at 50 eV, which
yielded no significant difference. Although, the double ionization
is possible also at 50 eV, its relative importance could be expected
to decrease with decreasing electron energy. Therefore we do not
expect the Coulombic explosion to have a major effect in the elec-
tron ionization process, yet we cannot exclude it completely.

The pyrazole mass spectra follow similar trends with varying
the expansion conditions as the imidazole ones, therefore the mean
cluster sizes can be expected to be similar. Since we are not inter-
ested in the exact cluster sizes here, rather in the general effect,
which the clustering has on the ionization process, the scattering
experiment was not performed for pyrazole clusters.

3.2. Successive multiphoton ionization

First, we consider the ionization of the small clusters. As men-
tioned above, the mean cluster size in our beam generated in
He-expensions is n̄ ≈ 3. Yet, in the view of the exponential character
of the cluster size distribution (see Fig. 6 in Ref. [9]) the population
of trimers is only about 45% of the monomer population and the
monomers dominate in the molecular beams under these condi-
tions. Therefore a comparison of the present UVMPI TOF spectra to
the EI QMS spectra of the molecules can deliver also some infor-
mation about the ionization mechanisms of the bare molecules.
Nevertheless, the focus in the present paper will be on the ioniza-
tion of the clusters.

Fig. 8 shows the UVMPI TOF mass spectra of the small pyr-
role, imidazole and pyrazole clusters. The spectra were measured
under the same expansion conditions as the EI QMS spectra pre-
sented in Fig. 3. They are summarized in Table 1. The region of
the molecular fragments is shown up to 75 amu, since no cluster
fragments appeared at higher masses after the photoionization. For
comparison the EI QMS spectra of the corresponding molecules are
shown (red stick spectra) obtained from the NIST database [29].
We have obtained similar QMS spectra in our experiment, how-
ever, a somewhat worse resolution of our quadrupole due to the
reasons mentioned above did not allow to resolve the individual
peaks as in the mass spectra from Ref. [29]. Therefore we refer to the
NIST database spectra [29] for comparison. The proposed assign-
ment of the mass peaks in our UVMPI TOF mass spectra is based on
comparison to the photoionization spectra in the literature [5–7],
where also the discussion of this assignment can be found, which
is, however, not the point here.

Here we concentrate on the differences between the successive
multiphoton ionization with 193 nm photons and the electron ion-
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Fig. 8. Photoionization TOF mass spectra of small pyrrole, imidazole and pyrazole
clusters produced in coexpansion with He carrier gas. The region of molecular frag-
ments is shown, no fragments appear at higher masses. The expansion conditions
are summarized in Table 1 and the photon flux was ≈1028 cm−2 s−1. The electron
ionization QMS spectra of the corresponding molecules are shown for comparison
(red stick spectra) [29]. The mass peak assignments in the TOF spectra are based on
the photoionization spectra in the literature [5–7]. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of the
article.)

ization with 70 eV electrons. Clearly, the multiphoton ionization
leads to significantly higher degree of fragmentation in all three
molecules. In particular, the parent molecular ions, which domi-
nate the QMS spectra are not populated at all in the TOF spectra,
i.e., the molecule is predominantly fragmented by the successive
absorption of two or more photons. It should be noted that the peak
at 69 amu in imidazole and pyrazole spectra does not correspond
to the parent molecule ion, which would be at 68 amu, but rather
to the protonated ImH+ and PzH+ ion fragments originating from
the clusters. This is also confirmed by the spectra of the larger clus-
ters below, where this peak gains intensity from the larger cluster
decomposition.

Further, the EI QMS spectra of all three molecules exhibit a sec-
ond stronger group of fragments around mass 40 amu, and a weaker
peak at 28 amu accompanied by some weak satellites. On the other
hand, one of the strongest peaks in all the UVMPI TOF spectra is
the smallest fragment C+ at 12 amu, which is hardly present in the
EI QMS spectra. The second strongest fragment peak in the UVMPI
TOF spectra of pyrrole and the strongest one in imidazole and pyra-
zole spectra is the mass of 26 amu (C2H2

+ and/or CN+). The group

around 40 amu is weaker than the corresponding fragments in the
UVMPI TOF spectrum. It is worth noting that the surprisingly strong
C+ peak does not originate from some background hydrocarbon
impurities, since the background spectrum is indeed subtracted. A
very similar TOFMS spectrum can be found in the literature for pyr-
role molecules ionized with 243 nm photons (see Fig. 1 in Ref. [6]).
The spectrum in Ref. [6] is also dominated by C+ and exhibits some
contributions from C2

+ and C3
+ ions.

On the other hand, the single photon TOFMS spectra of these
molecules found in the literature are quite different. For pyr-
role these spectra were investigated in great detail at various
energies between 12 eV and 28 eV by Rennie et al. [5]. For
imidazole Schwell et al. [7] published a single-photon spec-
tra at 21 eV. In general, these spectra exhibit significantly less
fragmentation than our present multiphoton spectra. In our exper-
iment the energy corresponding to two-photon absorption is
12.8 eV. The pyrrole spectrum in Ref. [5] at the correspond-
ing single-photon energy of 13 eV is still strongly dominated
by the parent ion. Even at the photon energy of 27.55 eV Ren-
nie et al. [5] observed a strong parent peak together with an
intense group around mass 40 amu and another strong peak at
28 amu, and only negligible traces of C+. In the imidazole spec-
trum at 21 eV the parent peak is weak, however, the group around
40 amu is the strongest and again only very little C+ is observed
[7].

What is the reason for the higher degree of fragmentation in
the subsequent non-resonant multiphoton ionization? First, we
compare the multiphoton ionization to the electron ionization.
Although, the ionizing electron energy of 70 eV is much larger than
the 193 nm photon energy (i.e., multiples of 6.4 eV) the energy
deposited into the internal excitation of the molecule (cluster) is
significantly smaller. It has already been concluded in the literature
[31,32], that from the 70 eV electron only an energy of the order of
an eV remains as the internal excitation in the molecule after the
electron ionization and most of the energy is carried away by the
kinetic energy of the two escaping electrons. In particular, for pyr-
role clusters we have recently deduced from our experiments [9]
that the energy deposited into the internal excitation of the cluster
ion was around 1–2 eV.

On the other hand, in the subsequent multiphoton ioniza-
tion process the energy deposited into the internal excitation of
the species can be substantially higher. The photoelectron spec-
trum of pyrrole following one-colour multiphoton excitation at
243.0 nm in Ref. [6] exhibits a maximum at 0 eV and extends to 2 eV.
Even considering only two-photon process a significant portion of
the available energy (photon energy minus ionization energy) is
deposited into the internal excitation of the molecule. Actually, the
appearance of ions such as C+ in the corresponding mass spectrum
in Ref. [6] suggests absorption of more than two photons. Thus in
the photoionization process actually more energy can be deposited
into the internal excitation of the ion even at lower photon energies.

One important effect, which can lead to the higher degree of
fragmentation in the subsequent multiphoton ionization, is the
delay between the successively arriving photons. During this delay
the species excited with the previous photon can undergo some
fragmentation, and the subsequent photon ionizes and/or frag-
ments further the excited species. The cluster can play a role in
this process in the way, that it hinders the immediate fragmenta-
tion of the species after the absorption of one or several photons.
The species can then absorb further photon(s) resulting in highly
excited species decaying into small fragments. Whether the species
are first fragmented and the fragments subsequently ionized or
the species are first ionized and subsequently fall apart cannot be
distinguished in the present experiments. We have also recently
observed a similar effect in the cluster mediated frustrated pho-
todissociation of acetylene [10].
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Fig. 9. Intensity ratio between various indicated mass peaks and the PzH+ peak in
the TOFMS of pyrazole clusters as a function of the laser photon flux. Note that the
black circles corresponding to the C+/PzH+ ratio are blanked out by the open red
circles. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article.)

To investigate the effect of the delay between the successively
absorbed photons and/or the number of absorbed photons, the
dependence on the photon flux was measured. Since the signal
intensities depend strongly on the photon flux, the multiplier volt-
age was varied to avoid signal saturation at the stronger mass peaks.
It is difficult to reliably normalize the spectra measured at different
multiplier voltages. On the other hand the peak intensity ratios are
more robust and these values from spectra measured with the dif-
ferent multiplier voltages can still be compared. Therefore in Fig. 9
the ratios of peak intensities are compared rather than the absolute
signals. Ratios of various mass peaks to the protonated monomer
PzH+ for pyrazole as a function of the photon flux are plotted. At
the small photon fluxes the PzH+ (originating from the clusters)
is the major peak in the spectrum. The peaks at mass 12 amu (C+)
and 26 amu (CN+ and C2H2

+) dominate the spectrum in Fig. 8(c).
These peaks quickly rise with the photon flux. The ratio of the other
peaks at 24 amu (C2

+/PzH+) and 36 amu (C3
+/PzH+) also increase,

but somewhat slower. On the other hand, e.g., the ratio of the frag-
ments at 15 amu (NH+/PzH+) and 28 amu (CNH2

+ and/or N2/PzH+)
increases only very little with the photon flux. We note that, in
principle, one could determine how many photon processes con-
tribute to the various mass peaks by fitting their absolute intensity
dependence on the photon flux, however, due to the peak intensity
saturation effects mentioned above, reliable results could not be
obtained.

Nevertheless, some qualitative conclusions can be drawn from
the dependencies. The C+ ion is apparently a product of a large frag-
mentation caused by a large number of photons, but also the more
complex CN+ and/or C2H2

+ fragments result from the same com-
plete fragmentation. The C2

+ and C3
+ seem to require somewhat

less photons to be created. Finally, the NH+ and a more complex
CNH2

+ and/or N2
+ fragments roughly follow the dependence of the

protonated molecule PzH+ peak on the photon flux. Thus their gen-
eration requires about the same number of photons. It should be
also noted, that all the fragments are not necessarily products of a
direct ionization and fragmentation process, but the ion-molecular
reactions within the ionized cluster can play a role in their gen-
eration [33,34]. However, we do not speculate about the possible
ion-molecule reactions, which are not the major focus in this paper.

As a final note we cannot determine how many photons were
actually absorbed by the species. However, a very rough esti-
mate can be made, assuming a typical absorption cross section of

Fig. 10. Photoionization TOF mass spectra of large pyrrole, imidazole and pyrazole
clusters produced in coexpansion with Ar. The expansion conditions are summa-
rized in Table 1 and the photon flux was ≈1028 cm−2 s−1. The peak assignment as
in Fig. 8. Only the part of the spectra with masses smaller than the monomer mass
is shown, the parts of the spectra corresponding to the larger cluster fragments is
shown in Fig. 11.

10−19 cm2[35] and a typical photon flux of ∼1027 cm−2 s−1 during
the 25 ns laser pulse duration. Upon the crude assumption that the
cross section is not changing with the absorption, about 2–3 pho-
tons could be absorbed with a time delay 5–10 ns. In some of the
experiments presented here almost ten times higher photon fluxes
were employed, which can, indeed, lead to the very high degree
of fragmentation. Here the presentation of the results obtained in
experiments with the rather high photon fluxes was motivated
by the following general question: What photon flux a solvated
heterocyclic molecule can survive as integral entity? The present
photon fluxes destroy the pyrrole molecule in clusters, while in
the hydrogen bonded clusters a fraction of the molecules remains
unfragmented, as will be shown below.

Finally, the TOFMS spectra of the larger clusters produced in Ar
expansions were measured and summarized in Figs. 10 and 11. The
expansion conditions for pyrrole were the same as for the spectrum
in Fig. 5(a). For imidazole the expansion of the higher concentra-
tion 5.4% mix was employed, and for pyrazole also a mix of about
5% concentration was used. It ought to be mentioned that differ-
ent expansion conditions were exploited and the various spectra
supported the conclusions derived from the selected set of data
presented here.
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Fig. 11. Photoionization TOF mass spectra of large pyrrole, imidazole and pyrazole
clusters produced in coexpansion with Ar. The conditions are the same as in Fig. 10,
where the parts of the spectra corresponding to the molecular fragments are shown.

The molecular parts of the spectra up to the mass 75 amu are
presented in Fig. 10. They closely resemble the spectra in Fig. 8,
however, the major difference is the occurrence of the mass peaks
close to the monomer masses. In the pyrrole cluster spectrum a
small Py+ peak occurs accompanied by smaller PyH+ satellite. On
the other hand in the imidazole and pyrazole spectra the corre-
sponding protonated monomers ImH+ and PzH+ occur. These peaks
appear as the fragments of the larger clusters. The larger cluster
fragments can be seen in Fig. 11. In the case of pyrrole almost no
fragments larger than the monomer were observed in the UVMPI
TOF spectra [36], therefore this spectrum is omitted from Fig. 8. On
the other hand imidazole and pyrazole clusters exhibit the larger
protonated fragments. As opposed to the QMS, where for the large
imidazole clusters the spectrum was dominated by the Im3H+ frag-
ment, the TOFMS have exponential character strongly dominated
by the protonated monomers. This once again points to the higher
degree of cluster fragmentation upon multiphoton ionization. The
appearance of the larger cluster fragments in the subsequent multi-
photon ionization of imidazole and pyrazole clusters as opposed to
the pyrrole clusters points to the stabilization of the former species
in the clusters. The hydrogen N–H· · · N bond in imidazole and pyra-
zole, which can lead to the hydrogen or proton transfer process
upon excitation, seems to stabilize the molecules better than the
N–H· · ·� bond in pyrrole clusters.

4. Conclusions

Clusters of pyrrole, imidazole and pyrazole molecules were
generated and ionized by electron ionization and a non-resonant
subsequent multiphoton process with 193 nm photons. Different
clusters size distributions were produced under different expan-
sion conditions and the cluster sizes were analyzed in scattering
experiments. Two major issues are discussed in this study: (1)
The differences in the methods how are the clusters ionized, i.e.,
the differences between the non-resonant multiphoton ionization
and the single photon and electron ionization. (2) The differences

between ionization of pyrrole clusters on one side, and imidazole
and pyrazole clusters on the other side.

It has been demonstrated that the non-resonant successive
multiphoton ionization leads to a significantly higher degree of
fragmentation than either a single-photon or electron ionization.
Part of the reason is the energetics. Less energy is deposited into
the internal excitation of the system by the ionizing electron than
by photons. Although the ionization proceeds with 70 eV electrons,
most of the energy above the ionization threshold is carried away
in the kinetic energy of the escaping electrons and only a small
fraction remains deposited in the internal excitation. For pyrrole
clusters this energy was argued to be 1–2 eV [9]. A similar behav-
ior was observed earlier for Ar clusters [31] and for polyatomic
hydrocarbon molecules up to heptan [37,38]. On the other hand,
at least two 193 nm (6.4 eV) photons necessary for the ionization
can possibly leave a somewhat higher excitation energy in the sys-
tem. And in most cases discussed here probably more than two
photons were involved in the ionization–fragmentation process.
However, the higher energy cannot be the only reason for the
larger fragmentation, since the high energy single-photon ioniza-
tion found in the literature [5,7] for some of these systems did not
yield such a high fragmentation. Thus the time delay between the
two successively absorbed photons is suggested to play a role in
the fragmentation process. The system undergoes dynamics in the
excited state leading to the fragmentation and the already partially
fragmented system absorbs the successive photon(s) and is ion-
ized and/or further fragmented. Alternatively, the system is first
ionized (by at least two photons) and then undergoes the frag-
mentation dynamics. The measured dependence on laser photon
flux, further underlines the dependence of the fragmentation on
the delay between the successively absorbed photons.

The second point here is the difference between ionization of
the different clusters. While the pyrrole clusters generate mainly
the molecular Pyk

+ fragments, the imidazole and pyrazole spectra
are dominated by the protonated ImkH+ and PzkH+ fragments. This
can be understood in the view of the different bonding motifs in the
species. The pyrrole clusters are bound by the weak N–H· · ·� bond,
and upon ionization the ionized dimer core is generated, which is
solvated by other pyrrole molecules [9]. A similar behavior could
be also found for benzene clusters [39]. On the other hand the imi-
dazole and pyrazole clusters pose relatively strong hydrogen bonds
N–H· · · N, which lead to the hydrogen or proton transfer between
the cluster constituents upon the excitation.

The existence of the strong protonated monomer fragment and
the appearance of the protonated fragments in the imidazole and
pyrazole spectra on the one side and their almost complete absence
in the pyrrole spectra on the other side, points to the interesting
issue of photostability of the hydrogen bonded imidazole and pyra-
zole clusters. As a result of the multiphoton excitation either the
hydrogen atom or the proton is transferred between the molecules,
which leads to the energy transfer and dissipation and in this way
the protonated species are stabilized by the cluster environment.
On the other hand in pyrrole clusters the multiphoton excitation
leads to an almost complete decay of the cluster and also of the
molecule. Based on the present experimental evidence, we are not
able to distinguish between the proton transfer and the H-atom
transfer mechanism. However, preliminary molecular dynamics
calculations for the imidazole dimer (mentioned also in Ref. [18])
point to the latter process. Further calculations and experiments
are currently under way to resolve this issue.
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