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Structure and dynamics of size-selected charged pyrrole clusters have been studied by means of molecular
beam scattering experiments and ab initio calculations. Small neutsalisters were produced in Py/He
mixture expansions, and the scattering experiment with a secondary beam of He-atoms was exploited to
select the neutral clusters of different sizes. The complete size-selected fragmentation patterns for the neutral
dimer to the tetramer after an electron impact ionization at 70 eV were obtained from the measurements of
the angular and velocity distributions at different fragment masses. All the investigated cluster sizes decay
mainly to the monomer ions ny(from 60 to 80% of the corresponding neutral size) and to the dimer ion

PyZ (20—30%). The trimer ions P§/are generated to less than 10% from the neutral trimer and tetramer. To
explain the observed results, we have calculated the structures and energetics of pyrrole clusters up to the
trimer for the neutral and the ionic state using DFT and PMP2 methods. The ab initio calculations show that
ionized pyrrole clusters are formed with a dimeric core that is solvated by neutral pyrrole molecules. In
addition, the ground and ionic state of P&r complexes were calculated at CCSD(T) level with extended
basis in relevance to the mixed clusters produced in supersonic expansions of Py seeded in Ar. The calculated
dissociation energies of the PyAr and (Py-Ar)* complexes indicate that Ar atoms are able to rapidly evaporate
after ionization. The combined analysis of the fragmentation probabilities, and calculations allowed us to
estimate the distribution of energy deposited in the clusters after the electron impact, which peaks above 1

eV and has a tail up to 5 eV.

1. Introduction the simplest heterocyclic molecules, and it is an important
rototype of heteroaromatic compounds forming the molecular
asis of life, i.e., nucleobases. Pyrrole units are present in many
biological molecules, e.g., in hemes, chlorophylls, or in vitamin
Bi,. The ground state pyrrole dimer has been investigated by
rotational spectroscopynd by ab initio calculation%:8 While
fthe benzene dimer has two very closely lying minima (T-shaped
primary importance for such phenomena as nucleic acid-base and parallel displace_d_structurg), the pyrrole_ dimer was found
base interaction, self-assembled structures, or protein architec{® form only one minimum with an approximately T-shape
ture. Among the aromatic clusters, the most studied systemsStructure with an angle S53:4etween the two units, forming a
are composed of benzene. Such clusters represent prototypicall ~H*** hydrogen bond. More recently, larger pyrrole clusters
systems for studying—x and X—H-+-x interactions. Benzene ~ have been characterized by FTIR spectroscopy and by DFT
clusters have been studied thoroughly using various experimentacalculations’. These studies have shown that pyrrole clusters in
and theoretical techniques both in the ground statethe the ground state form cyclic structures.
excited state$,and upon ionization. Isolated pyrrole molecules have been also studied in the
Molecular clusters of pyrrole ££1sN (Py), on the other hand,  excited staté§ 17 and after ionizatiod® The interest in the
have been explored to a much lesser extent. Pyrrole is one ofexcited pyrrole molecule results again from its importance as a
building block of biological molecules. Indeed, detailed knowl-
T Part of the “Giacinto Scoles Festschrift”. edge of the processes following UV absorption or ionization is

Pe;%‘f;ﬁgggg’\‘/ggh"’t‘“ct?‘(’s;SE)‘mai'3 michal famik@jh-inst.cas.cz (M.F.); - essential for the understanding of radiative and oxidative DNA
: : -S.). 9,20 i
*Also at: J. Heyrovskyinstitute of Physical Chemistry, Academy of damagée? Surprisingly, to our best knowledge, pyrrole

Sciences of the Czech Republic, Prague 8, Czech Republic. molecular clusters have not been studied in excited and ionic
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Gas-phase molecular clusters represent an essential mode@
for understanding the fundamental aspects of intermolecular
interactions: The size of the clusters can be gradually changed,
adding complexity to the system. Molecular clusters composed
of aromatic molecules belong to the most important ones.
Noncovalent interactions between aromatic molecules are o
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states. The photodissociation dynamics of the size-selected He
pyrrole clusters has recently been studied in our labor&fory.
Also the group of Kitsopoulos has recently reported a study of ,ﬁ| ®

"
photodissociation and resonance-enhanced multiphoton ioniza- » | gl L.
tion of Py molecules clustered with Xe atoRds. ) : o QMSs

The purpose of this work is to explore the dynamical behavior i g PR Chopper
of the pyrrole clusters upon electron impact ionization such as
cluster fragmentation and to gain understanding of the nature
of bonding in charged pyrrole clusters. As a byproduct of this TABLE 1: Experimental Conditions
study, the cluster size distributions corresponding to the different

Figure 1. Schematic view of the experimental apparatus.

expansion conditions were obtained. In this work, we combine Ctl)lgﬁ: seggr;cr:i\?ry
molecular beam scattering experiments with electronic structure
calculations on several levels of theory. Experiment and theory 935 PyHe  PylAr — He

: . . . - nozzle diametern{m) 60 60 30
prowde_complementar_y |nformat|<_)_n.here. Whlle the experiment .onical nozzle angle (deg) 30 30
can deliver fragmentation probabilities of size-selected clusters, expansion pressum (bar) 15 3.0 30
ab initio calculations yield the energetics of the induced nozzle temperatur& (°C) 9 9 35
dynamical processes and also the structures of the involved pyrrole reservoir temperatufi (°C) 8 8
species. We have theoretically studied pyrrole complexes both PYrrole Iconcen_trgtlon (%) 033 016
in the ground aqd in the ionized states using density functional Qfggfﬁiﬁ@'fﬁsl) :i525 }3259 1753
and MP2 techniques. speed ratio 25 29 42

It is instructive to compare the behavior of pyrrole clusters
with benzene clusters. As we already have pointed out, the
benzene dimer has multiple minima on its potential energy

surf.";lge. The global minimum corresponds to a T-shape Stlruc'experiment%s and the photodissociation of molecules in clus-
ture: Thefe has _been some controversy about the nature Ofters.39 Recently, the equipment has newly been installed at the
cluster radical c.atlgns..However, _the general agreement seemsy HeyrovsKylnstitute of Physical Chemistry in Prague. The
to be that the ionic d'mer core 1S s_urrounded by remaining yetails of the experiment can be found in earlier publications
benzene molecules. This conclusion is based on a large varletyfrom Gittingen39.40

of experimental resulté-26 as well as on different ab initio The cluster l.)eam was produced by a supersonic expansion

calculations ranging from the Hartre€ock method with a : .
small basi& to DFT# CASSCF, and MRGP to CCSD(T) of pyrrole vapor seeded in He or Ar buffer gas through a conical
’ ’ nozzle of 6Qum diameter, 2 mm long, and 3@pening angle.

o .
methods?® Apart from benzene clusters, also other aromatic The pyrrole (98 %, Aldrich) was filled into a reserviioutside

systems _have been Stlljd'ed’ e.g., naphthalene cftfsters the vacuum chamber, which was kept in a thermal bath at a
benzene-indole clusters: oo .
constant temperatuiik = 8°. The buffer gas carried the pyrrole

heﬁﬁ&egﬁptﬂy&ﬂﬁe?uztser\s/ﬂfe Ft)aipa:gguké)tlio?wx?)?r(]:ij(;rt]:r;n molecules to the nozzle kept at a slightly higher temperature
9 gas. P To = 9° to prevent pyrrole condensation in the nozzle. The

of hel_|um with aromatic mol_ecules Is improbable under_our present expansion conditions are summarized in Table 1.
experimental condition®, the interaction of argon atoms with . .
Helium was expanded through a 3@ pinhole nozzle at

pyrrole can be important for interpreting the experimental

findings. We have therefore also investigated complexes of room temperature and 30 bar pressure to produce the secondary

pyrrole with argon by means of electronic structure calculations. beam._After passing through sklmmerg, the two molepular b.eams

Calculations have been performed both for the ground state as\Veré mtersectgd mutually perpendicular in a dlfferentlally
Spumped scattering chamber. The two vacuum chambers hosting

well as for the ionized state. Because ground-state complexe he b ttached to th tteri hamb
between rare gases and aromatic molecules are bound mostl € beam sources were altached to the scatlering chamber so
hat the whole assembly connected with a flexible bellows to

by dispersion interaction, we have employed MP2 and CCSD- th t chamb id b tated in the horizontal bl
(T) methods with larger basis sets for their description. Similarly € next chamber cou € rotated n the horizontal piane.
Turning to a given laboratory angl® allowed the clusters

as for pyrrole clusters, even for pyrretargon clusters there ttered 1o thi ricular andle t ntin lona th at

exists only some (experimental) information about the ground scattered fo this particular angié to continue along the apparatus

staté* while no information is available for the ionized state. XS to the detector (see Figure 1). The scattered clusters entered
a vacuum chamber hosting a pseudorandom chopper for

On the other hand, benzenargon complexes have been . . > S

addressed both experimentally and theoretically in the ground measuring their time-of-flight (TOF) d'St.“bu“onS' Th(_en aﬁer_

and ionized state®-37 passing another vacuum c_hamber used in the photodissociation
experimentg} they arrived in the detector chamber, where they

In the following section, we brlefly describe the scattering were ionized by an impact of 70 eV electrons and the fragments
experiment and the data analysis procedure. Then the results

of the experiment will be presented, and the fragmentation were analyzed with a quadrupole mass spectrometer and

i . . . . detected by an electron multiplier.
probabilities for various neutral cluster sizes will be derived. Th teri Vs bl o find . lati
In the following sections, the electronic structure calculations € scattering analysis enables us {o find a unique corretation

will be introduced and the experimental results discussed basecpet"veen detected cluster lons, and t_helr_ neutra_l precursors
on these calculations. Finally, conclusions will be drawn independent of the cluster size distribution in the primary beam
' ' ' and the fragmentation process in the ion sodfcEne method

relies on the specific kinematic behavior of clusters with
different sizes scattered from a target beam illustrated by the
A. Experiment. The schematic picture of the experimental Newton diagram in Figure 2. The vectors in the velocity space
apparatus is shown in Figure 1. It was previously used in the denote cluster beam velocity, He beam velocityie, collision
Max-Planck Institute in Gibingen for both the scattering velocity g, and the velocityc; with which the center-of-mass

a2 The mean cluster size here means the total sizen(+ n) of the
mixed APy, clusters produced in Ar expansions.

2. Experimental and Theoretical Methods
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saturated. The problem of the one electron basis is for van der
Waals complexes specifically manifested by the basis set
superposition error (BSSE). As discussed later, the inclusion
of the BSSE for open-shell complexes with two units of the
same type is not straightforward. The last problem to be
addressed is what sort of electronic wavefunction has to be
utilized for the open-shell system description. Unrestricted
formalism suffers from the inclusion of the higher spin states.
It can thus be utilized only if the spin contamination is
sufficiently small. We have used the unrestricted version of MP2
and DFT methods with a subsequent annihilation of the higher
spin components for the optimized geomé&tPMP2 method).

The spin contamination in all cases under study was reasonably
low (Z is typically below 0.8 for radical cations), and we can
thus safely apply the above scheme. It was shown that the spin

(CM) of the system (pyrrole molecutéhelium atom) moves. projection procedure significantly improves the calculated

The elastically scattered molecules can be found in the velocity iONization potentials’ The ground-state structures have been
space on the full circlen(= 1) with the center at the end f optimized at the DFT/B3LYP and MP2 levels using a 6+8t

vector. For the Pyclusters, the CM velocity changes with basis. Becaus_e t_he com_plexes l_Jnder §tudy are bound dominantly
and correspondingly the center of the scattering circle shifts by electrqstatlc interactions, th_ls baS|s_ set is adequate even for
and the radius becomes smaller for largeas is illustrated for ~ the description of nonbonding interactions. The MP2 and DFT
n = 2 and 3 in Figure 2. The dashed circles correspond to the methods combined with this basis prowd_e a reasonable descrip-
scattering with 30% energy transfer (see the experimental resultstion of the ground-state complexes, and it can therefore be used
below). Thus under the typical experimental conditions with a for the calculation of the cprrespo_ndlng radical ions. _Note also
moderate energy transfer in the collision, eachdyster could ~ that all the results obtained with the 6-8§* basis are
be scattered into the laboratory (LAB) system only within a reasonably close to those obtained with a smaller 6-31g* basis.
certain angular range. The tangent to the corresponding circle Larger pyrrole clusters were prepared in co-expansion with
determines the threshold LAB scattering an@leto which the argon. To discuss the possible clustering of argon atoms with
particular cluster of siza can maximally be deflected. Setting  pyrrole clusters we have also performed electronic structure
the detector to a larger scattering an@e> ©, implies that calculations of the pyrroleargon neutral cluster and the cation.
only clusters smaller than can reach the detector. Pyrrole—argon clusters are bound dominantly by the dispersion

The neutral clusters of different sizagleflected to a LAB interaction and to a lesser extent by the induction interaction.
angle® arrive at the detector with different laboratory velocities The DFT approach in this case is not adequate and we have
s (see Figure 2). Therefore the cluster TOF distributions were thus studied this system by MP2 and CCSD(T) methods. Also
measured for various cluster fragment masses at particularthe one electron basis has to be saturated to larger degree, and
scattering angle®® using the pseudorandom chopper and an aug-cc-pVDZ basis augmented with a set of midbond
recording the arrival times at the detector. This allowed us to functions has thus been utilized.

disentangle the contributions from the various neutral cluster  All the calculations have been performed using the Gaussi-
sizes to the given ionic fragment. The signal of the cluster an03 program suité

Figure 2. Newton diagram for collisions of pyrrole clusters produced
in He expansions with a perpendicular beam of He atoms (see the text
for details).

fragment Py of the sizek originating from the neutral cluster Note at this point that estimating basis set superposition error
Pyn of the sizen scattered to the LAB angl® is given by for the pyrrole dimer and pyrrole trimer radical cations is more
difficult than for the neutral species. The counterpoise correction
Na(©, ) =Kp,0,(O)C, i (1) of Boys and Bernard? cannot be directly used. For this
correction, the system has to be divided into two subunits A
wherepy is the density of clusters of sizein the beamgy, is and B. It is considered that subunits A and B do not change
the differential scattering cross section with the target beam in their chemical nature in the course of complexation. This is
the LAB system,C, the total ionization cross sectiofy the not the case for a pyrrole dimer. Here, the positive charge is

probability for the formation of an ion of sidzefrom a cluster delocalized over the two subunits for the complex while it is
of size n, and the constanK contains the other scattering localized on one of the subunits in the dissociation limit. The
characteristics not relevant to the cluster size separation. Fromcorresponding A or B species in the complex has thus no
the distributionsN,(®), measured at the different laboratory counterpart as an isolated molecules. The problem can be
angles for the different cluster fragmentsIPWe fragmenta- visualized by considering the pyrrole dimer cation in the ground-
tion probabilitiesfx could be obtained by an analysis described state optimal geometry. One can calculate the basis set
in more detail elsewher&:*3 superposition correction by assuming that the charge is localized
B. Theoretical Calculations.We have performed ab initioc  on a pyrrole unit with a free hydrogen. Then this quantity is
calculations to gain further insight into the behavior of the 0.017 eV. One can also assume the charge being localized on
pyrrole clusters after the ionization. In particular, we have the a hydrogen-bonded pyrrole subunit. BSSE correction is then
calculated the structure and energetics of the pyrrole monomer,0.020 eV. While the difference between the two quantities is
dimer, and trimer in their neutral form and after ionization. There not huge, they can provide at least an order-of-magnitude
are three major sources of problems in the calculations of openestimate of the importance of the BSSE effects. The estimate
shell van der Waals complexes. First, correlation energy has toof BSSE for a dissociation of a trimer complex is more reliable
be included. Density functional theory based methods and MP2 because the charge is localized on the dimer core in this case.
calculations usually represent a good compromise for a systemCounterpoise correction of the basis set superposition error is
of this size. Second, the one electron basis should be sufficientlyof course not the only method for how to deal with a basis set
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TTT T T T T T monomer ion Py (black diamonds), the dimer ion E’)(open
5x10° [~ | @ PyrHe: py= 3.5 bar Ty/T,=9/8 G circles), and the trimer ion By(black triangles). The arrows at
L || (CaHsN), i the bottom correspond to the positions of the threshold angles
k=2 for the neutral clusters of the indicated sizes. The threshold angle
i ] for the pyrrole monomer obtained from the Newton diagram
_ - 3 - (Figure 2) assuming an ideally elastic collision@g = 9.0°
‘0 L i (dotted line in Figure 4a). Considering the finite angular spread
% 0 " A j‘\ 5 of the beam oA® ~ 1° (fwhm), the shift in the threshold angle
5 L | (o) Pyr/Ar: p,= 2.6 bar T,/T,= 9/8°C ] to 8.2 would be more consistent with the measured angular
1) B 1 distribution shape. This shift can be caused by an inelastic
L e ” i collision with an energy transfer afE/E ~ 0.3. This energy
1x10* — transfer turned out to agree also with the measured velocity
- |{Ar," 8 - distributions discussed below. In addition, from these velocity
- N - distributions, a similar amount of energy transfer was derived
B Ar*t Ar5 4 . i . K
o (VAR W 6 also for dimers. Therefore the threshold angles were consistently
w i s [\/ ~ 7 7] shifted for all the indicated neutral cluster sizes assuming the
0 = [rrrrpreerperT same energy transfer &E/E ~ 0.3. It ought to be mentioned
100 200 300 400 500 that, as the distance between the threshold angles decreases with
Mass /u the increasing neutral cluster sime also the shift due to the

Figure 3. Mass spectra measured in expansion of pyrrole in (a) He collision inelasticity becomes smaller so that it is only significant
buffer gas and (b) Ar buffer gas. The expansion conditions are given for the monomer and the dimer.

at the top and mass peaks corresponding to the variofisrgment Figure 4b shows the corresponding angular distributions for
sizesk are indicated. In the Ar expansions, a weak progression of the ¢ sters produced in Ar expansion. Because of the smaller cluster
Ary peaks is observed. velocity in Ar with respect to He (see Table 1), the correspond-

10* eI 108 B ing threshold scattering angles for the pure, lusters are
% @pyie 3 F () Pydar 3 larger. The most striking difference with respect to the previous
[ NP1 SarTyT=oC o \R= 30 R 1T 98 0] angular distributions is the sharp exponential drop of intensity

(Y .
(N +He: 30 bar

that extends to significantly smaller scattering andfeEhere

%o % N
ERTH Y 410 PUE is clearly no significant monomer fraction in the neutral beam
QFAS ™ 1 A E that would be directly ionized to Py This is in contrast to the
> [ *o 10T ] He expansion, where the part of Pipn signal at® > 0, =
@ 10 L . 10*E 4.7° can only be due to the direct neutral monomer ionization.

Also the smaller clusters cannot be populated significantly in

the beam. The monomer Pyragment would originate from

L the Py, n = 5 clusters if pure Pyclusters were considered in

Lab. Angle © /deg the scattering (marked by dashed arrows in Figure 4b)..

Figure 4. Measured angular distributions for pyrrole clusters in Hovyever, the data are best reproduced _by the assumptlo_n that

collisions with He atoms. The clusters were produced in expansion the mixed ApPy, clusters are produced in the Ar expansion

with (a) He buffer gas and (b) Ar buffer gas, and the distributions were and scattered from the secondary beams of He atoms. The

measured for fragment ion masses of monomer®ack diamonds),  measured Byions are the fragments of the-Rys ionization.

dimers Py (open circles), and trimers Pyblack triangles). The lines  The deflection angles corresponding taRy, ArsPy,, and Ag-

in (_b) connect th_e_ experimental points for better clarity. The arrows Pys are 4.2, 3.6°, and 3.2, respectively (indicated by the solid

indicate the positions of the threshold angles for neutral clusters as g ) .

discussed in the text in more detail. arrows in Figure 4b), in very good agreement with the onset of
intensities of the By fragment ions forn = 1, 2, and 3.

superposition error; one can, for example, perform a basis setApparently, the Ar atoms evaporate during the ionization

extrapolation. This is, however, much more demanding and process.

going beyond the scope of this paper. To obtain the neutral cluster fragmentation probabilities, the
angular distributions in He expansion were completed with TOF
measurements for various fragment ions at various scattering
Figure 3 shows the mass spectra measured in the expansiomngles. Figure 5 shows two examples of the measured TOF
of pyrrole in (a) He-buffer gas and (b) Ar-buffer gas. The distributions of (a) Py and (b) Py fragments at the labora-
expansion conditions are given at the top and mass peakstory angle® = 3.3°. Because this angle is larger than the trimer
corresponding to the Byfragments are labeled by In the He threshold angle®; = 2.8°, only the neutral dimers can
expansion, only the mass peaks corresponding to ttjejcms contribute to the P§/ ion spectrum in Figure 5a. The gray
are significantly populated. In the Ar expansion, besides the arrows indicate the positions of the dimer peaks derived from
larger Py fragments, also a weak progression of the Ar the Newton diagram for forward and backward elastically
cluster peaks is noticeable. Although it partly overlaps with the scattered cluster$.Fitting with peaks fixed at these positions
pyrrole cluster ions, the two progressions could be disentangledresults in the spectrum (gray lines) noticeably broader than the
by careful comparison to the pure Ar expansions. experimental one. For inelastic collisions, the CM velocity of
Figure 4 shows the measured angular distribut®&(®) for the scattered clusters, which corresponds to the radius of the
pyrrole clusters in collisions with He atoms. The left panel (a) scattering sphere, is smaller (see Figure 2), which results in a
shows the angular distributions for clusters produced in He shift of the corresponding forward and backward peaks closer
expansions. The measurements were done for the mass of théogether. Transformation of about 30% of the collision energy
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3. Experimental Results
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Figure 6. Neutral cluster size distribution evaluated from the measured
scattering experiment of pyrrole clusters produced in He expansions
deflected from He atom beam. Relative abundances of neutral cluster
sizes up to the tetramer could be obtained. The distribution was fitted
by exponential dependence (dashed line). The corresponding mean
cluster size was = 3.

Once the fragmentation probabilities were obtained, the
relative populations of the neutral cluster sinesan be derived

600 700
Time of flight t /us

800 and subsequently the mean neutral cluster $izean be

evaluated as an important byproduct of the present study,
Figure 5. Measured TOF distributions of (a) dimer Pyand (b) relevant for other experiments with Py clustérdntegrating
monomer Py fragment at the laboratory ang® = 3.3°. The gray the eq 1 from® = 0° to the threshold angl®, and using the

lines in (a) show the fit assuming the dimer TOF peak positions normalization of the differential cross sectiony(©®),
(indicated by gray arrows) given by ideally elastic scattering. The black . e, on(®) dO = 1, we obtain
line shows the fit considering the energy transfer in the collision of 7/ 0 ~N" ’

AE/E ~ 0.3. For the monomer fragment spectrum (b), also neutral

monomers had to be considered at this laboratory angle indicated by

the dasheddotted lines and arrows.

TABLE 2: Fragmentation Probabilities f.: (C4HsN), —

In
pn U cf. )

To evaluate the integralk, we use the measured angular

CaHsN) A .
s distribution of the monomer i08,(0®)
n k=1 2 3 4
2 0.78 0.22 Mmax(©)
3 0.73 0.22 0.05 0) = N.(© 3
4 0.62 0.29 0.09 0.00 =(0) ,,Z\ u(©) ®)

into an internal excitation of the pyrrole cluster would result in  wherenyma(®) is the maximum cluster size scattered to the angle
the TOF peak positions indicated by the solid black arrows in ®. The relative contributions to th&(®) signal from the
Figure 5a and consecutively in the better fit (black line). This various neutral cluster sizeswere evaluated from the fitted
energy transfer is also consistent with the shift in the threshold TOF spectra at the measured anges

scattering angles discussed above. To determine the relative abundances proportional to the

The TOF spectrum measured at the monomer ion signal, d€NSity pn Of neutral clusters of size, the ionization cross
Figure 5b, was fitted with contributions from the neutral dimers SeCliONCn is needed, eq 2. For larger clusters, the estimate of
(solid lines) and the monomers (dashetbtted lines). Again  Cn Peing proportional to the geometrical cross sec@qil n
the peak positions were determined from the Newton diagram is generally used. Because we deal with rather small clusters,

by assuming th&E/E ~ 0.3 energy transfer. Altogether, TOF ~ Other estimates have been also used, €g=: C, = const as
spectra at five different angles between 2.2 and® 4v2re the lower limit andC,, O n as the upper limit. The scatter in the

measured and fitted for contributions from neutral monomers _obtamedpn values using the differert, estimates is included

through tetramers, checking for consistency between the various™ the error bars in Flgure 6. .
fits. In this way, the energy transfer of approximatalg/E ~ The evaluated relative abundancg of 'Fhe neutral cluster sizes
’ L : . ) up ton = 4 are shown by the bars in Figure 6. For the small

0.3 £ 0.1 in inelastic collisions could be confirmed and the

tribut f th . tral cluster si o th . clusters, an exponential decrease of the abundances with the
contributions from the various neutral cluster sizes to the various ¢ e sizen can be assumed.The dashed line in Figure 6
fragment ion signals at the given angles were determined.

i ) shows the exponential fit, which yields the mean cluster size
Next, the cluster fragmentation can be obtained from the gf f = 3.

neutral cluster contributions to the ionic fragment TOF spectra.
The resulting fragmentation probabilitigg of a neutral cluster
sizen to a fragment ion siz& obtained forn, k = 1—-4, are
summarized in Table 2. Seventy-eight percent of the neutral
dimers dissociate to Pyupon ionization, and 22% remain as

4. Electronic Structure Calculations

A. Pyrrole Clusters. The energetics of the various fragmen-
tation processes of small pyrrole clusters, obtained by the
Y . . X ) calculations described above, is depicted in Table 3. Optimized
Py, ions. Neutral trimers dissociate to the'Pipn from 739%, geometries both for the neutral clusters and for the ionic species
22% dissociate to the dimer ion Pyand 5% remain as BY  are shown in Figure 7. Comparison between MP2 and DFT
ions. Sixty-two percent of neutral tetramers dissociate to the methods shows good agreement. The DFT method is known to
Py* ion, 29% to the Py ion, 9% to the Py ions, and there is  suffer less from both the spin contaminafiband the basis set
no indication for the parent Efyions. superposition problem. This can be also seen in Table 3. The
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from 1.43 A (indicating dominantly single bond character) to
1.38 A (getting partially double bond character) while the CC

TABLE 3: Energetics for lonization and Fragmentation
Processes of Pyrrole, Pyrrole Dimer, and Pyrrole Trimef

process DFT MP2 bond closer to the nitrogen atom gets longer (1.4 A instead of
(1) (CaHsN)— (CaHsN)* 8.20 8.04 1.38_/& in the ground state). The energy change accompanying
(2) (CaHsN)2— (C,HeN); 7.59 7.68 this intramolecular relaxation is less than 0.2 eV.
(3) (CaHsN)3— (C,HN)5 7.59 7.90 The dimer minimum is already geometrically significantly
(4) (CaHsN)3— (C4HsN)2+(C4HsN) 0.36 (0.042) 0.87(0.31) different from the ground-state geometry. The dimer ion forms
©) (C“HSN)i_’ (C4H5N)+(C“"+'5N) 0.16 (0.022) 0.387 (0.15) a stacked structure, with the two pyrrole units being to a certain
(6) (CiHeN); (0pt)— (CaHsN); + (CaHsN)  0-43(0.03) ~0.47(0.174) degree shifted (parallel-displaced structure) as indicated in
) (C“HSN)% (FC)— (C4HeN); -+ (CyHeN)  0.045 (0.04) 021 (0.288) Figure 7b. The nitrogen atoms are pointing in opposite direc-
(8) (CaHeN)3 (0PY = (CaHSN)™ + (CaHeN), 1.19(0.025) 1.22(0.16) tions, but a stacked structure with parallel nitrogen orientations
(9) (CaHsN)s fFC)_’ (CaHSN)™ + (CaHsN), 081 (0.037) 094 (0.28) is only 0.07 eV above the global minimum. The potential energy
(10) (Q‘HSN)_{ (0p)— (CiHSN)™ + (CiHgN) 0.92(0.03) 114 (0.22) surface for the intermolecular motion is rather shallow. The
(11) (GHsN); (FC)— (C4HsN)* + (C4HsN) 0.60(0.02)  0.58 (0.13)

relaxation in the ionic state thus releases an energy of about

aEnergies in eV are calculated at DFT/B3LYP level and at PMP2
level at UMP2 optimized geometries. 6-8¢* basis set is used for all
the calculations. Energies are calculated without the basis set superposi
tion error (BSSE). BSSE is shown in parentheses. Opt stands for
optimized geometry in the ionized state, FC denotes ground-state
optimal geometry.

0.3 eV, which is less than the binding energy of the dimer ion
(0.92 eV, see process 10 in Table 3). The ionization in this
tase does not deposit enough energy into the dissociative mode.
The threshold ionization then does not lead to a direct
dissociation of the dimer ion. Note that the positive charge is

delocalized uniformly in the pyrrole dimer cation, i.e., both

figures presented here are therefore showing DFT structures ancubunits have the charge of 0.5e. This can be directly seen from
also the further discussion is based on DFT results unless statedn® population analysis, and the fact is also reflected in the
otherwise. It should be, however, noticed that DFT methods Structure of the pyrrole subunits in the dimer ion. The bond
with approximate functionals should be used with highest lengths for these pyrrole molecules are in between those found
possible care because of the self-interaction error. This problemin the pyrrole ion and neutral pyrrole. The charge delocalization
is typically much enhanced for systems with an odd number of in this case is not an artifact of the approximate density
electron$? The problem in our case is manifested by an artificial functional. The same delocalization is observed with the MP2
charge delocalization for the DFT method at large intermolecular wavefunction. The intermolecular distance between the two
distances. Therefore, the results have always to be comparedyITole units is approximately 3 A. As we increase this distance,
with results of methods that do not suffer from this error, in the charge will localize on one of the pyrrole units. Note that

our case, the PMP2 method.

The ground-state structure of a pyrrole dimer has been
previously estimated both experimentélénd theoretically:8
Clusters up to four pyrrole units have been studied more
recently? Pyrrole clusters are bound predominantly by electro-
static interaction even though the dispersion interaction plays
an important role. The characteristic feature for the global
minima of small pyrrole clusters is the-NH bond of one pyrrole
molecule pointing toward the ring plane of other pyrrole unit.
Thus, for the pyrrole dimer, there is one free-N bond, while

the DFT/B3LYP method is unable to describe this localization
(which is seen for distances between 6 and 7 A). During the
process of ionization, the intermolecular distance has to
significantly shorten from 4.1 A in the ground-state dimer to
3.25 A in the ionized molecule.

The pyrrole trimer cation has already richer conformational
space. In Figure 7c, three pyrrole trimer structures are shown:
the ground-state minimum (i.e., Frane€ondon point), the
local minimum obtained by minimization from the Franek
Condon point, and the lowest minimum found. It is immediately

for the trimer and tetramer, the structures are of cyclic type, seen that, after the ionization, a stacked dimer ion core is formed.
with three or four hydrogen bonds. The dissociation energy of The third pyrrole unit serves mostly as a “solvent” for the dimer
the pyrrole dimer (Table 3) has been estimated as 0.16 (0.39)core. After some further rearrangement, the system reaches the
eV at DFT (MP2) level. The estimated experimental value is global minimum. Here, the process of a “dimer core solvation”
0.3 eV?> The energy for dissociating one pyrrole unit from the is completed. Note however that the global minimum is close
trimer is 0.36 (0.87) eV. The energies reported above do not in energy to other possible structures, e.g., a stacked complex
include the basis set superposition correction. The basis setthat is energetically less than 0.15 eV higher in energy than the
superposition correction for the process 5 (dimer dissociation) global minimum at both DFT and MP2 levels. lon core

is 0.022 (0.15) eV, and for the process 4 (trimer dissociation) formation can be viewed by an inspection of the intermolecular
0.042 (0.31) eV (DFT/MP2). The first value is for the DFT/ distances. For the ion core, the distance between molecule’s
B3LYP method with a 6-3tg* basis, while the value in center of mass decreases from 4.33 to 3.31 A, similarly to the
parentheses refers to the MP2 method with the same basis. It idimer ion. The third molecule appears to be farther away from
seen that the DFT method suffers much less from the BSSE both pyrrole units. The picture of the pyrrole trimer cation as a
than the MP2 method. Considering BSSE correction leads to apyrrole solvated ion (dimer) core is also supported by a
good agreement between DFT and MP2 dissociation energiespopulation analysis. For the global minimum of the trimer

values. As noticed in ref 9, the formation of pyrrole clusters
shows certain cooperativity effects.

The calculated vertical ionization potential for the monomer
(8.20 eV for DFT, 8.04 eV for MP2 method) is in an excellent

radical cation, some 95% of the excess positive charge is
localized on the dimer core; for the local minimum, this quantity

is 90% of the excess charge. Formation of a solvated dimer
core can be also seen from geometries of the pyrrole trimer

agreement with the experimental value of 8.2 %VThe subunits: the dimer core clearly has bond lengths found for
ionization potential decreases for the dimer and the trimer. After the dimer ion, while the third excluded unit has a geometry of
the ionization, the pyrrole monomer undergoes only small a ground-state molecule. The reaction energy for the fragmenta-
changes both in energy and in the geometry, see Figure 7a. Theion of a pyrrole trimer ion into a pyrrole dimer ion and a neutral
length of the CC bond opposite to the nitrogen atom changesmonomer is 0.43 eV. Almost the same energy is, however,
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Figure 7. Calculated geometries of pyrrole monomer, dimer, and trimer and of corresponding ionized species. The geometries have been optimized
at DFT level with a B3LYP functional and 6-34* basis set.

deposited into the vibrational modes during the relaxation in by the dispersion interaction, we have used MP2 and CCSD-
the ionic state. As can be seen from Figure 7c, after the (T) methods to study this system. Basis set saturation is of major
ionization, the dissociative mode is immediately triggered. Even importance in this case. We have performed the geometry
energies that are only slightly higher than the threshold optimization using the aug-cc-pVDZ basis set. Optimization has
ionization energies can then lead to the cluster fragmentation.been performed on the MP2 level, and basis set superposition
There is also another dissociation process available in which acorrection has not been considered during the optimization
charged pyrrole molecule and a neutral pyrrole dimer are formed procedure. For the optimized geometry, the basis set superposi-
(processes 8 and 9 in Table 3). This channel is, however, tion error has been evaluated. A larger fraction of the correlation
energetically significantly higher than the dissociation into a energy has been also included via recalculating the dissociation
neutral monomer and dimer core. The reason is that the bindingenergies with the CCSD(T) method. Furthermore, the basis set
energy between pyrrole molecules is much higher for the has been augmented by a set of midpoint functions consisting
charged dimer than for the neutral species. Note also that, whileof 3 s, 3 p, and 2 d functions. These functions have been placed
cooperativity effect has been observed for the pyrrole clustersin the middle of the line connecting the pyrrole center-of-mass
in the ground state, negative cooperativity is present in the with the argon atom. Exponents of s and p functions are 0.9,
charged complexes. This results in the nonmonotonic evolution 0.3, and 0.1, exponents of d functions are set to 0.6 and 0.2.
of the ionization potential with the cluster size. Adding the midbond functions leads to a rapid convergence of
While pyrrole trimer cations have not been to our best dispersion-based intramolecular energy. The CCSD(T) method
knowledge studied, significant attention has been paid to the with the aug-cc-pVDZ basis set augmented with the midbond
behavior of charged clusters of other aromatic molecules, in function yields then highly accurate results for these com-
particular, benzen®&® Pyrrole complexes differ to some extent  plexes®*55 Results of our calculations for a neutral pyrrele
from the benzene clusters in the ground state. This is causedargon complex are in a good agreement with the experiment,
by the different character of the bonding, with benzene being the minimum was localized as that found by Bohn ef4jth
dominated by dispersion interactions and pyrrole by electrostatic the argon center of mass distance 3.43 A. The dissociation
terms. It is, however, interesting that the behavior of pyrrole energyDe of this complex (see Table 4) was found to be 42.0
cluster ions seems to be highly similar to their benzene meV at the CCSD(T) level. In addition to the global minimum,
analogues. In the benzene case, too, the dimer core is likely tothere is also a secondary minimum lying in the pyrrole molecule
form with the other benzene molecule solvating this core. plane. This minimum is about 12 meV above the global
B. Pyrrole—Ar Clusters. Complexes of a pyrrole molecule  minimum. The dissociation energy for the pyrrole cati@mgon
with an argon atom has been studied previously via microwave complex has been calculated to be 64.5 meV. Itis thus stabilized
spectroscopy* The global minimum of this complex corre- by 22.4 meV more than the neutral species. These results are
sponds to an argon atom being almost directly above theto a large extent similar to those obtained for the benzene
midpoint between the two ring carbons adjacent to the N atom; argon complexX>54 The dissociation energies are somewhat
the distance of the argon from the center of mass is 3.55 A. On smaller for pyrrole than for benzene. This is expected because
the basis of the measured structural parameters, the dissociatiopyrrole has only five heavy atoms compared to six in benzene.
energyDy of this complex has been estimated to be about 37 The global minimum of the ionic complex still corresponds to
meV (300 cntl). Because this complex is dominantly bound a configuration with the argon atom located above the pyrrole
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TABLE 4: Dissociation EnergiesD, in meV (Values in cn? core is strongly supported by different experiments and a series
Given in Parenthesis) for Pyrrole—Argon Neutral Complex of theoretical calculation®
and Its lon?@

The distribution of energy deposited in the cluster upon the

species MP2 cCsp(T) electron impact also explains the observed mass spectra in Figure
CaHsN---Ar 56.9 (459) 42.0 (339) 3. They exhibit an interesting tendency of the cluster to create
(CaHsN-+-Ar)* 75.0 (605) 64.5 (520) ionic fragments composed of the whole number of molecules

2 Energies are calculated at the MP2 and CCSD(T) levels with aug- Py,. In contrast, the pyrrole monomer mass spectffih
cc-pVDZ basis set augmented with a set of diffuse functions placed in exhibits a group of fragments around mass 40 amu and smaller
the mid-bond region. Basis set superposition error is included. ones at 28 ame# This indicates that, upon electron impact

ionization, the pyrrole molecule in the cluster does not fragment
plane. However, the excited-state van der Waals potential energyas much as the pyrrole molecule alone. This brings an upper
surface is more isotropic, and the energy for the argon atom hound to the energy deposited in the molecule. As follows from
placed in the pyrrole plane is higher by only some 1.2 meV poth the experimett and theoretical calculatior®8,an energy

than the global minimum. exceeding 4 eV is needed to cause the isolated molecule to
. _ fragment. This energy is apparently to some extent available
5. Discussion after the electron impact ionization. On the other hand, the

From the scattering experiments, the fragmentation prob- molecular ion is still the mosjr abundant ion. o
abilities of Py, clusters,n = 1—4, were obtained and sum- Because only a small fraction of the electron kinetic energy
marized in Table 2. The analysis has been fully size-selective. i deposited into the cluster, upon ionization, a comparison with
The major ionic fragment is the monomer: 78% of the neutral Photofragmentation experiment of Rennie et’aan be made.
dimers, 73% of the trimers, and 62% of the tetramers fragment BY comparing the photoabsorption spectra with the mass spectra
to Py*. The other significant fragment populated by more than i ref 18, the maximum amount of energy deposited into the
20% is Py. The trimer ion Py is generated by fragmentation molecule can be d_educed. lonization W|_th 12 ev energy_photons
of less than 10% of the neutral trimers and tetramers. The !ed almost exclusively to the parent Pion, while photoion-
fragmentation probability distribution reflects the distribution 1Z&tion at 14 eV already produced a significant fragmentation
of energy in the molecule upon electron impact. In principle, SUch that Py ion was much less abundant than the fragments
this distribution can be extracted from the fragmentation With masses 41 and 40 amu. Thus an energy slightly less than
probabilities using energetical considerations, as has been dond3 €V would be roughly consistent with the measured mass
for charged argon clustef&In the Ar case, it was concluded ~SPeCtrum. This leaves less than 5 eV for the excitation of the
that on average about 2 eV (at most 6 eV) from the initial 70 molecule, considering the 8.2 eV ionization pqtentlgl. .Note that
eV energy of the ionizing electron remains deposited in the the complete agreement between the photodissociation and the
cluster after ionization. This conclusion has been confirmed by Mass Spectra cannot be achieved, which is probably due to the
recent calculations that take into account all relevant electronic different timescales of the experiments. Yet the present com-
states of the ion and their couplingfs. parison yle_lds a reasonable estimate of the_ maximum energy

It is generally accepted that the electron first ionizes the deposited into the molecule upon electron impact ionization.

cluster and the subsequent fragmentation is caused by the energy This conclusion, that no more than 5 eV is present in the
released into the system as the clusters change from their neutraiolecule, is also in full agreement with our mass spectra of
to their ionic equilibrium structur® The combination of ab pyrrole clusters. Dissociation of clusters rather than the indi-
initio calculations presented above with the measured fragmen-Vvidual molecules is the energetically preferred fragmentation
tation probabilities suggests that the deposited energy distribu-route because the required energy is much lower. This frag-
tion is not significantly different for the present case. The pyrrole Mentation up to the monomer ion requires at least 1 eV for the
dimer ion dissociation energy is approximately 1 eV, for the dimerion, 1.4 eV for the trimer, and slightly more for the larger
pyrrole trimer ion, it is about 0.4 eV, and thus the total binding Cluster ions. The remaining energy is then not sufficient to
energy for the trimer is~1.4 eV. Dissociation energies for ~fragment the molecular ion, i.e., this energy has to be below 3
dissociating a monomer unit from the larger clusters have not €V (considering again the photoionization picture from ref 18).
been calculated, but their values can be expected to be somewhathese~3 eV added to the-1-2 eV required to fragment the
lower than the 0.4 eV for the trimer. From the fragmentation ionic clusters above is consistent with less than 5 eV deposited
probability f; = 0.78, it follows that approximately 80% of  in the molecule.
ionized clusters have an energy larger than 1 eV, which leads It should be stressed that only a small fraction of the 70 eV
to the dimer dissociation. Only a few percent of ionized clusters of the ionizing electron kinetic energy is deposited into cluster:
have an energy below the dissociation energy of the trinted only about 1 eV above the ionization threshold. In fact, the
eV becausds; = 0.05. Thus the distribution of the energy electron impact ionization of the cluster is quite gentle despite
deposited into the cluster upon ionization can be expected tothe large kinetic energy of the electron. Thus we do not expect
peak at around 1 eV. The tetramer is expected to fragment evena significant dependence of the pyrrole cluster fragmentation
after ionizing near the threshold because the ground-state andpattern on the electron energy in our experimentally accessible
ionic minima are quite different, which is in agreement with region between 30 and 100 eV. We have explored this region
the observedss ~ 0. for Ar clusters, where the measuredrTAmass spectra exhib-
Fragmentation probabilities are thus fully in accord with the ited little dependence on the ionizing electron energy (except
picture of pyrrole clusters as it emerges from the ab initio for the overall intensity of the spectra), suggesting a similar
calculations. This is a strongly bound dimer ion core with the fragmentation pattern for all the explored energies in complete
other pyrrole molecules just solvating this core. Pyrrole units agreement with earlier studiésBecause a very similar amount
can also switch their identities, possibly leading to a charge of energy is deposited into the Pgluster upon ionization as
transfer via a hopping mechanism. Pyrrole clusters in this respectfor Ary, there is also little electron energy dependence expected
resemble benzene clusters where the formation of a dimer ionicfor the Py, clusters.
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The tendency of pyrrole clusters to fragment the whole brought in the cluster by the ionization discussed above, and
molecules is not ubiquitous for molecular clusters. The mass therefore it can be neglected in the cluster fragmentation process.
spectra of ethylerfor carbonylsulfidé! clusters exhibit a whole
variety of fragments as a result of fragmentation of the ionized 6. Conclusions
molecule and subsequent intracluster-tomolecule reactions
of the ionic fragments. On the other hand, some hydrogen-
bonded clusters such as ammoffianethyl glycolatéf® or
methyl lactaté* are dominated by the protonated clustergV

Small pyrrole clusters have been produced in expansions of
Py molecules seeded in helium. From the analysis of a scattering
experiment with the secondary beam of He atoms, the frag-

M = th i lecule). Thus th | ‘ mentation probabilities of Ryn = 2—4, upon 70 eV electron
(M = the corresponding molecule). Thus the pyrrole spectrum impact ionization to Py, k = 1—4, were evaluated. The main

oot by ) g s gl cse L s e oo i s 0%
P 9 PYIO'Cand the dimer ion Pywith about 24%. The neutral trimer and

;nolecules discussed in th.e Fhe_oretmal part. Notice that this tetramer decay by more than 90% to these products. We note
eature can be also found in ionized benzene clusters. . . ; ;

i ] ) that only cluster ions of intact monomer units are observed, in
_ The generation of clusters of helium with pyrrole molecules ¢onirast to the behavior of the neutral monomer and many other
is quite improbable under our experimental conditighis Ar hydrogen-bonded clusters. To rationalize the observed results,
expansions, on the other hand, mixed clustergPA# can be  \ye have calculated structures and energetics of small pyrrole
generated. However, the absence of mixegRy; ions inthe  clusters (monomer to trimer) and of their ions using DFT and
spectrum, Figure 3b, indicates that the mixed neutral clusters pmMpP2 methods with a 6-34g* basis. The analysis of the ab
shake offall the Ar atoms upon ionization to generate the bare initio calculations has shown that the cluster ions are formed
Py, fragments. In the measured angular distributions, the by a dimer ionic core that is solvated by neutral pyrrole
onset of the P& ion signalsk = 1, 2, 3,best correspond to  molecules. The pyrrole dimer ion is bound by about 1 eV while
the scattering of AiPyk neutral clusters. It should be mentioned adding subsequent pyrrole molecules leads to a smaller decrease
that the angular distance between the threshold angles range# energy (about 0.4 eV for trimer). The analysis of the
between approximately ®5or ArpPy; and 0.3 for ArpPys experiment also delivered the neutral cluster size distribution
for m = 6 and 10, respectively. Therefore, a distribution of with the mean cluster siz& = 3 as a byproduct of these
number of Ar atoms can be attached to the pyrrole clustefs Ar  experiments relevant for other studiés.
Pyn, the mean number of which can be estimatedas 8. In In expansions of Py molecules seeded in Ar, larger mixed
addition, assuming that pyrrole clusters fragment after Ar Ar.Py, clusters are produced. The onsets of fagment ions
evaporation in a similar way as the pure pyrrole clusters, the coincide with the scattering of APy, neutral clusters with the
mean numben = 4 of Py molecules in the APy, cluster can mean number of Ar atomg = 8. This suggests that all Ar
be also estimated from comparison of the mass spectra in partsatoms are evaporated upon ionization. The mean number of Py

a and b of Figure 3. molecules in the mixed APy, clusters has been determined
Dissociation of Ar from (PyAr)* and (PyAr,)* complexes = 4. Thus t_he total neutral c_Iuster sime+ n= 12 is mu_ch
has been observé@8s1t should be noted that the APy bond larger than in the He expansions, whares 3. The formation

is significantly weaker than the PyPy bond. According to our of mixed argor—rpyrrole cluster§ has been discussed in the. light
calculations, argon is bound to a pyrrole molecule by an energy of electronic structure calculat|_ons of_pyrreiargon cluster in

of approximately 42 meV in the ground state and 64 meV in the ground and ionic states with a highly accurate CCSD(T)/
the ionic state. It has been argued above that about 1 eV (5 evaug-cc-pvDZ+ midbond level. The calculated dissociation

at most) energy is deposited into the cluster in the ionization €nergies of 42 meV for the ground-state complex and 64 meV
process. In the pure Arclusters, 1 eV of energy corresponds for the ionized species suggest that the argon atoms can rapidly
to the total binding energy of about 21 Ar atofisThus it is evaporate after the ionization.

feasible that the mixed cluster ARy, with the mean number The combined analysis of fragmentation probabilities together
m = 8 atoms ejects all the Ar atoms after the ionization with the ab initio calculations has shown that ionized pyrrole

clusters are formed by a dimer ionic core, which is solvated by
neutral pyrrole molecules. This arrangement leads to the strong

hié7 h i fi . ¢ e ol fragmentation of the neutral trimer and tetramer to the dimer
Su ave seen spectroscopic fingerprints of pyrrole clusters ;4 m5nomer ion. From the experiment and the calculations,

up to tetramer embedded in large Ar clusters produced in their ;o have also been able to estimate the distribution of energy
supersonic slit expansions with Ar. Indeed, their slit expansion yensited in the cluster after the electron impact. In agreement
is quite different from our nozzle, nevertheless, in previous it previous estimates on different systems, the deposited
experiment$364 vibrational spectra of clusters produced in energy with a maximum above 1 eV and less than 5 eV in the
supersonic slit expansions were compared to the spectra ofi5j is expected.
clusters produced in a nozzle identical with the present one.  the pehavior of pyrrole clusters and pyrrelargon clusters
The analogy of the spectra suggested that similar species arg,as heen compared to the much more studied benzene clusters.
produced. Thus the above-mentioned experififetto support  gyen though the nature of interactions in the ground-state pyrrole
the generation of the mixed APy species in our experiment.  anq ground-state benzene clusters is to a certain extent different,
Finally, the analysis of the scattering experiment in He the behavior of ionized clusters is quite similar both for pure
expansion revealed some energy transfer in the collision of He clusters and clusters with argon atoms. In general, pyrrole
atoms with the clusters. Because the collision energy in the clusters with the active NH bond can serve as a prototypical
present experiment with He expansion is 106 meV, the above-model for studying interactions between biomolecules.
derived energy transféxE/E ~ 0.3+ 0.1 means approximately
32 +£ 11 meV transferred by the He atom into the internal ~ Acknowledgment. We thank V. Kresin for valuable dis-
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