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Abstract

Fission of doubly charged clusters and subsequent stabilization of the singly charged fragments is reported. Specifica
homogeneous clusters containing organic molecules, suctdasteromethanol (C4#0D) and benzene @), are inves-
tigated. Doubly charged clusters are prepared by core level excitation near the carbon K-edge. The singly charged produ
are observed by photoelectron—photoion-coincidence (PEPICO) spectroscopy. Correlated pairs of singly charged cations
detected by photoelectron—photoion—photoion-coincidence (PEPIPICO) spectroscopy. This approach allows us to derive
sion mechanisms, including kinetic energy releases, and charge separation distances. Specifically, doubly ck@iged CH
clusters decay after fission into deuterated products via an intracluster deuteron transfer. Doubly charged benzene cluster:
primarily stabilized via fission and subsequent evaporation of neutrals, similar to rare gas clusters. The results are compa
to previous work on the corresponding isolated gas phase species and charge separation in atomic Van der Waals clusters
J Mass Spectrom 220 (2002) 99-110)
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1. Introduction Various experimental and theoretical approaches
have been developed in the past to investigate doubly
Multiply charged molecules and clusters are known or multiply charged species, such as atoms, molecules,
to be often unstable with respect to fissidj. The or clusters. Electron impact ionizatigf], collisions
fission process involves charge separatiGoujomb with highly charged ion§7—9], and femtosecond laser
explosion), since singly charged products are formed radiation [10] are typical experimental approaches,
with considerable amounts of recoil energy, which where mostly outer shell electrons are removed from
can be well described by a simple point charge model the neutral precursor, so that multiply charged species
of electrostatic repulsiof2—5]. The stability limits of are formed. In addition, theoretical work on Coulomb
multiply charged species have been the subject of nu- explosion of highly charged clusters, their energetics
merous studies on variable size clusters, where speciesand dynamics has also been perforrfield. Photoion-
with sizes below this limit undergo spontaneous ization in the inner valence excitation regime leads to
fission[1]. direct double ionization. This is easily accomplished
by the use of vacuum ultraviolet line sources, such as
He(ll)-radiation[3-5] or synchrotron radiatiofl2].
* Corresponding author. E-mail: ruehl@uos.de However, direct double ionization is of low cross
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section, so that alternative approaches, such as core le- Coincidence approaches have also been applied to
vel excitation, are more efficient to produce doubly or free clusters, so that also size-dependent fission mech-
multiply charged ions. Moreover, resonant core level anisms were derivefll7—19] First experiments con-
excitation via tunable soft- and hard-X-rays provides centrated on rare gas clusters and there are also some
an efficient way of site- and element-specific excita- results on heterogeneous clusters as well as molecular
tion and the subsequent formation of doubly or multi- clusters that contain simple diatomic molecu]8].
ply charged clustedd 3]. The ionization yield, i.e.,the  Later work also included covalent species, such as
number of holes that is produced per absorbed photon, sulfur clusterd20,21]
can be efficiently varied when tunable sources ofradia-  We extend this series of studies on free clusters and
tion, such as synchrotron radiation, are employled. report in this paper results on fission of core-excited
The fission products are often detected by mass organic Van der Waals clusters. This study follows
spectrometry[1], where the fission process yields earlier work, that was exclusively focused on the
products of lower charge with considerable amounts corresponding isolated speci¢&2,23] These have
of kinetic energy. This approach is not quite specific, been investigated by similar experimental approaches
especially in excitation regimes, where single ion- as used for the present work, where mostly inner va-
ization is dominant. Thus, coincidence experiments lence shell excitation was employed. It will shown in
are advantageously applied, since these suppress efthe following that there is more violent fragmentation
ficiently the single ionization even{8-5]. The most upon core level excitation. However, this issue is not
simple approach is ion—ion-coincidence spectroscopy, the central subject of the present paper.
where exclusively correlated pairs of cations are de- We have chosen clusters of methanol and benzene
tected[15], whereas the single ionization events can as typical model systems of organic clusters for the
only contribute to a background of false coincidences. following reasons:
More sophisticated approaches involve multiple ion
detection, or the primary detection of the photoelec-
tron [3-5] or an energy-selected Auger electfdas].
This leads to the selection of processes of interest, so
that more specific information is obtained from such
studies. Substantial progress in the field of charge
separation of doubly charged molecules has been
obtained from photoelectron—photoion—photoion co-
incidence (PEPIPICO) spectroscopy, where not only
the correlated cation pairs can be identified, but also
the signal shape analysis allows to derive plausible
fission mechanism8-5]. The slope of the PEPIPICO
signals gives detailed information on plausible fis-
sion mechanisms. For simple two body dissociation,
deferred charge separations, and simultaneous multi-
particle formation one observes a slope-df. On the
other hand, signal slopes different froml are de-
termined by the mass ratio of the stable cation that is
observed by mass spectrometry and the unstable inter-
mediate cation that is produced by fission. Moreover,
the signal width along the slope gives information on ~ We focus in this study on photoelectron—photoion-
the kinetic energy release of the fission process. coincidences (PEPICO) and PEPIPICO and aim to

(i) Methanol clusters represent a typical organic
model system with hydrogen bonds. Singly
charged methanol clusters are efficiently sta-
bilized via proton transfer, so that protonated
molecular and cluster fragments are formed along
with the evaporation of neutralf24]. Similar
stabilization routes are known from clusters of
other organic compounds, such aldehyd2s]
and amineg26]. Besides the dominant proton
transfer, there are other weak product channels
[27,28]

(i) Benzene clusters are a typical organic Van der
Waals system, where the molecular cation is
known to be of considerable stability. Singly
charged benzene clusters are known to decay
preferentially via losses of neutral molecul28].
Thus, there should be some similarity compared
to rare gas clusters, which were investigated in
previous work[17-19]
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derive fission mechanisms, similar to previous work a time-of-flight mass spectrometer, whereas electrons
on rare gas clustefd 8] and covalent clusterf0]. were detected by a channeltron multiplier, which
was mounted opposite to the time-of-flight mass
spectrometer. The extraction of the charged particles
2. Experimental was accomplished either by pulsed voltages, so that
time-of-flight mass spectra were obtained, or by con-
The experimental setup has been described earliertinuous voltages in the coincidence mode. The field
in some detai[18,19] Therefore, we give only a brief  strength in the ionization region was typically set to
description of the major components. Synchrotron ra- 300 V/cm during the experiments. PEPIPICO spectra
diation is used for excitation of neutral Van der Waals were measured at constant photon energy in the C
clusters, where the soft X-ray regime was employed 1s-excitation regime, where a multihit time-to-digital
(E ~ 300eV). The experiments were performed at converter was used for coincidence data acquisi-
the HE-TGM-2 beam line of the electron storage ring tion (MIPSYS, FLY TDC)[19]. The time resolution
BESSY-I (Berlin, Germany]30]. The photon ener-  was typically set to 4ns. The setup also allows us
gies for the experiments were chosen to be above theto measure simultaneously PEPICO spectra as well
edge-jump of the carbon K-ionization continuum of as photoelectron—photoion—photoion—photoion-coin-
the samples under investigation. This gives high sen- cidences (PEPIPIPICO) (df35]).
sitivity to the samples of interest and high efficiency =~ The samples were of commercial quality. Benzene
in the formation of doubly charged clusters. (CeHe) (Aldrich, purity: 99.9%),0-deuteromethanol
The clusters were prepared by adiabatic expansion (CH30D) (Merck, purity: 99.9%), and helium (Messer
of gas mixtures, using the seeded beam techniqueGriesheim, purity: 99.996%) were used without fur-
[31]. Helium was used as a seed gas at variable stag-ther purification.
nation pressur@g, reaching up tgpo ~ 3.5bar. The
samples were kept at room temperatufg-£ 300 K),
so that most of the gas phase95%) consists of
the seed gas, which was expanded through a nozzle3 1. Methanol clusters
(d = 50pm). This approach does not allow us to
derive reliable average cluster sizes, as obtained from Fig. 1 shows a PEPICO spectrum ofdeutero-
the expansion of neat atomic or molecular gases be- methanol (CHOD=M) clusters. We have chosen
cause of inefficient cooling of the internal degrees of the isotope labeled compound instead of methanol
freedom[32,33] However, the systematic variation (CH3OH) in order to determine the influence of the
of the expansion conditions and the use of helium as different hydrogen sites on chemical fragmentation,
a seed gas already shows, that the size regime that ishat is followed by fission. The excitation energy
explored in this study concentrates preferentially on was set to 289 eV, which corresponds to the C 1s
small clusters near the threshold of cluster formation, (CHz) — 3p/m¢_y,-transition, according to previous
so that it can be assumed that the clusters containwork on inner-shell electron energy loss spectroscopy
less than~50 molecules. Moreover, expansions with [36]. Excitation at other photon energies does not
helium also avoid the formation of heterogeneous change the experimental results that are shown in this
clusters (cf[34]), which is unlike the use of argon as section. We note, that the efficiency of the formation
a seed gafl9]. of doubly charged species increases in the core ion-
The cluster jet was skimmed by a 5@th skimmer. ization continua compared to the pre-edge regime,
It was crossed with the beam of monochromatic soft similar to the ionization yield (cf[14]). This also
X-rays in the ionization region of a combination of implies that triple ionization, which may occur via a
spectrometers. Cations were extracted to one side intodouble Auger decay, is expected to be weak.

3. Results and discussion
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The deuterated parent cation MDoccurs with
enhanced intensity. This species belongs to a series
of cluster cations (CkDD),D* (M, DT) with n > 1.
Such products have also been observed by single ion-
ization [24,28], so that it is not clear how these frag-
ments are formed after core level excitation. Previous
work has shown, that these products can be formed
from charged clusters via proton transfg4,28]
This corresponds in the case of gBD-clusters to
a deuteron transfer. Thus, the isotope labeled com-

0 2.5 5 75 10 pound clearly shows that the center that is preferably
Time of flight [ps] involved in proton transfer belongs to hydroxyl group
_ and not to the methyl group. Thus, isotope scrambling
) et oty oy 255\ prior o fragmentation can be rufed ou (8). Sim-
po = 2.4bar, seed gas: He. ilar results have been obtained earlier from selectively
deuterated clusters of aldehyd25]. However, recent
work also indicates that another channel involving the

The PEPICO spectrum shows various cation sig- methyl group is also present with minor intensity in
nals, where the low mass regime [z < 33, corre- the singly charged methanol dim§8]. This leads
sponding to species that are lighter than the molecular upon fragmentation to the protonated molecule. Prod-
parent cation) is dominated by molecular fragments ucts of more complicated fragmentation from singly
(seeFig. 1). We also note that C 1s-excitation of charged cluster cations have also been discu&sid
the bare molecule yields higher cation intensity for These are also of minor intensity.
the light mass channels (e.g.;"Hand substantially We conclude, that core-excited molecules and
smaller yields of those cations that are close to the clusters yield massive fragmentation compared to
parent cation compared to previous work at 40.8eV outer-shell excitation, but for clusters there are no new
(cf. [37]). This already indicates that fission is domi- product channels compared to earlier photoionization
nant in the C 1s-regime leading preferably to smaller work (cf. [38]) that can exclusively be attributed to
fragments than single ionization. As soon as the stag- fission of doubly charged clusters.
nation pressurgy is increased the following changes Further insight into fission is obtained from PEPI-
are observed. PICO spectraFig. 2 shows an overview spectrum,

Rel. Intensity [arb. units]

, 0
0 Time cf flight [ps] 8

Fig. 2. PEPIPICO spectrum af-deuteromethanol clusters [(GBD),=M,]. Experimental conditionsE = 289eV; Tp = 300K; po =
2.4 bar, seed gas: He.
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where both the molecular and cluster fission regime come preferentially from small clusters, whereas
is shown. Systematic studies indicate upon changescation pairs containing exclusively deuterated cluster
of the stagnation pressurggj, that products channels cations dominate at highgm, i.e., they result from
which are due to fission of doubly charged clusters fission of larger clusters. The latter fission channels
increase as soon a® is enhanced. The PEPIPICO reach atpg = 1bar ~26% of the fission intensity,
spectrum of methanol and the fission mechanisms whereas a fraction of~45% is observed apg
have been reported earlig2]. We will therefore not 2.4 bar. We also note that the fraction of the symmet-
include this part of the spectrum in the discussion. ric fission products is almost constant and accounts
We note that the PEPIPICO spectrum of the bare for ~40% of the total charge separation intensity. This
C 1s-excited molecule is dominated by cation pairs, fraction is regarded to be an upper bound for the sym-
where either H or D™ are the lighter moiety. The  metric fission channels, because some of the cation
relative intensities of the observed fission channels pair intensity may contain some artifacts that result
that come exclusively from clusters are compiled in from autostop signals near the main diagongkf 17)
Table 1 Itis found that fission of clusters does not only of the PEPIPICO spectrum (s€&. 2). This can eas-
lead to singly charged deuterated fragments, but thereily occur when one cation pulse produces two stop

are also molecular fragments, such asEHCHO™,
and CHODT, that are correlated with cluster cations.

signals. The experiments were optimized, so that this
quantity is as small as possible, but the results show

They are already observed at moderate stagnationthat the asymmetric fission channels are dominant,

pressure go ~ 1bar) with higher intensity than at
increasegy. This indicates that such fission channels

similar to previous work on rare gas clust§ts].
We will discuss in the following the four most dom-

inant asymmetric fission channels in greater detail. We
use for the analysis of the PEPIPICO shapes contour
plots and evaluate the signal slope, yielding fission
mechanisms, and the width of the signal, which corre-
sponds to the kinetic energy release of the recoil ions
[3-5,20,22] The results are compiled ifable 2

Table 1

Intensity of correlated cation pairs, as obtained from PEPIPICO
spectra at£ = 289 eV excitation energy of G3DD-clusters (M)
(without molecular contributions)y = 300K, seed gas: He. The
intensities are only considered for those clusters up 3®™(with

M = CHsOD) The fission channel CH/MD* (with M =
Cation pair Relative intensity Relative intensity CHgOD), shown inFig. 3(a) occurs primarily in the
— 0, — 0,

atpo = 1bar (%) atpo = 2.4bar (%) small cluster regime, i.e., at lowg (cf. Table 1.
2;"\1'/[;_' ) 11-3 é‘i Therefore, it is not surprising that the fission mech-
CH§+,CH%+ 31 16 anism, that is deduced from the PEPIPICO shape,
CHs*/CH,OD* 3.6 2.8 starts with a trimer dication (seEable J. However,
CHs*/MD™* 15.1 13.0 we note that the PEPIPICO approach cannot give ev-
CHy */M2D™ - L4 id hether there i tion of neutrals pri
CHOHCHO" 51 31 idence, whether there is evaporation of neutrals prior
CHO*/CH,OD* 7.3 4.3 to fission. After fission both singly charged cations,
CHO“'\ﬁD* N 6.9 5.3 M* and MyT, undergo further stabilization, yielding
CH,OD"/CH,0D 33 2.4 +
CH,OD*/MD 68 141 the correlated procjucts _QH/MD . Thus, the slope_
MD+/MD+ 23.6 253 of the PEPIPICO signal is governed by the competing
MD*/M,D* 1.6 9.6 processes of stabilization of both singly charged inter-
MD*/MsD™ - 24 mediates M + M,*. Fragmentation of the methanol
M2D*/M,D* 0.9 4.4 S n X .
MoD*/M3D* _ 20 cation into CH™ + OD is expected to occur with
M3Dt/M3D* - 1.6 high efficiency, since this route yields more stable

products than the alternative route, where the charge
is located on the other fragment (i.e., ®Q- CHj).

There is also cation intensity above this mass channel with con-
siderably lower intensity.
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Table 2
Fission mechanisms in G@D-clusters
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Process Calculated slope

according to process

Experimental slope of
the PEPIPICO signal

Kinetic energy
release (eV)

Charge separation
distance (A)

Fig. 3(a) -1.17

I. Fission
M3tt — Mot + Mt

. Secondary decay
MT — CHz™ + OD
Myt — MDT + (M-D)

3(b)

Fig. —0.60

I. Fission
M3tt — Mot + M+t

. Secondary decay
M*—CHO' +2H +D
M,;T—MD* + (M-D)

Fig. 3(c) -0.73

I. Fission
M5t — Ma™ 4+ Mot

. Secondary decay
Myt — CH,OD* + M +H
Mzt — MDt + M + (M-D)

Fig. 3(d) ~1.46

I. Fission
M7Tt — Mgt 4+ M3t

. Secondary decay
M3zt — MD* + M + (M-D)
Mgt — M2DT + M + (M-D)

—1.20+ 0.05

—0.60+ 0.05

—0.70£ 0.05

—1.50+ 0.05

29+ 0.5 5.0+ 1.0

23+ 03

6.3+ 0.9

3.1+ 0.5

46+ 0.9

2.1+ 05 6.9+ 2.1

The results are deduced froRig. 3(a—d) The observed correlated cation pairs are underlined. See text for further details.

On the other hand, the dimer cation is stabilized via
a deuteron transfer yielding MD The contour plot
shown inFig. 3(a)also contains with weak intensity
the signature of a protonated molecule (Mkiwhich

is correlated with Cl*. This is evidently due to
the weak channel, which involves the methyl group
for the proton transfer, according to recent work on
photoionization of the methanol dim§28], assum-
ing that isotope scrambling is of no importance. The
kinetic energy release (KER) is obtained from the sig-
nal length perpendicular to the main diagonal of the

corresponding to Coulomb explosion. The KER is
by about a factor of 2 smaller compared to fission of
the bare molecul¢22]. This can be rationalized in
terms of intermolecular fission, where the charges are
separated on different molecular sites. The distance
between two molecules in solid methanol o# A

[39] is similar to the charge separation distance.

This result is rationalized as follows: core level
excitation of clusters is accompanied by primary ex-
citation, which is strongly localized. The core hole
is created at one atom in a molecule, which under-

PEPIPICO spectrum, similar to PIPICO spectroscopy goes photoionization and relaxation, so that it can

[22]. We obtain a KER of @ 4+ 0.5 eV, which corre-
sponds to a charge separation distance. ®#51.0 A,
if a simple electrostatic point charge model is applied,

be expected that both positive charges are initially
located in the valence shell of the excited molecule.
This is true, if the Auger electron is emitted into
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Fig. 3. Contour plots obtained from the PEPIPICO spectrum
of o-deuteromethanol clusters [(GBD),=M,]. Experimental
conditions: E = 289eV; Ty 300K; po = 2.4bar, seed
gas: He: (a) CH'/MD*-region; (b) CHO/MD*-region; (c)
CH,OD*/MD™*-region; (d) MD"/M,D*-region.

the vacuum. Alternatively, the Auger electron may
hit a neighboring molecule, so that this induces ion-
ization of that molecule. In this case both charges
are readily de-localized on different molecules in
the cluster. Previous work on solid rare gases indi-

105

dominant at decreased internuclear separation. We
conclude that charge de-localization prior to fission
and subsequent fragmentation of the singly charged
cations as well as electron impact ionization by the
Auger electron fully explain the initial charge sep-
aration on different molecules. Subsequently fission
and fragmentation of the singly charged intermediates
can occur, so that finally the experimentally observed
cation pairs are formed.

Fig. 3(b) shows the contour plot of the CHQ®
MD*-channel. The slope of the signal is compatible
with a mechanism, which is similar to the fission
process discussed above, yielding £HVD ™ (see
above). The first step after charge delocalization leads
to fission, whereas subsequent fragmentation yields
the observed cation pair (cTable 9. This process
also decreases in relative intensity as soon as the
expansion conditions favor the formation of larger
clusters (cfTable J). The experimental kinetic energy
release corresponds ta32+ 0.3eV with a charge
separation distance of &+ 0.9A. These values are
also similar to the other process that is discussed
above. The results also indicate that the same dou-
bly charged precursors decay into different product
channels.

The cation pair CHOD™/MD™ is more efficiently
formed at enhanced stagnation pressure Table 1
andFig. 3(c). Consistently, the fission mechanism can

cates, however, that the probability of this process is be explained by at least a doubly charged pentamer

of the order of~18% [40,41] Similar findings are

expected to occur for free clusters. In the first case,

(Ms ™) as a suitable precursor (s&able 3. The sig-
nal width corresponds to a KER of13+ 0.5eV, or as

where both charges are located at the same moleculecharge separation distance 064-0.9 A. This is sim-
other mechanisms of charge de-localization must be ilar to the other channels discussed above, indicating

active before intermolecular fission can take place.

that the maximum KER is obtained, if both charges

This issue has recently been addressed for weakly are located on neighboring molecules.
bound heteroclusters, where two mechanisms were Finally, we discuss the MIYM;D"-coincidence
considered: (i) electron transfer mediated decay and signal (cf. Table 1and Fig. 3(d). This cation pair

(ii) interatomic/intermolecular Coulombic decf?2].

gains substantially intensity as soon pg is in-

The results show that the latter process, correspond-creased. The signal slope also indicates that there is
ing to an energy transfer from relaxation of the core a primary fission process, were the cluster dication
hole to the neighboring molecule, leads to charge is split into two singly charged cations. Both frag-
de-localization. The process dominates at typical in- ments decay subsequently via deuteron transfer by
termolecular distances. In contrast, the first process, the loss of one neutral molecule and the correspond-
corresponding to a charge transfer, becomes moreing neutral radical (CEHO=M-D), yielding a pair of
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deuterated fragments (cfable 9. There is a weak . —
- - - 7 |(B2)y
signal that is due to the protonated molecule, but this = n n=1 2 3 4 5
is of spurious intensity (cfFig. 3(d), which results = . | T T
from fragmentation involving the methyl group. '§ GH,
The KER of the MD'/M»D*-channel is somewhat > CH’
lower than in the other channels and the charge sepa- §z +
N : i 5 CH,,
ration distance consequently higher (Edble 2. It is = .
therefore, possible that the smallest neutral cluster, that = H CzH:
can be used to rationalize the slope of the PEPIPICO ~ 1/ |
signal shown inFig. 3(d) is M7+, As a result, the 0 : .

minimum charge separation distance is in this case not 0 E _ 10 15
limited to the nearest neighbor distance. The shape Time of flight [us]
analysis also points to the fact that most of the products Fig. 4. Photoelectron—photoion-coincidence (PEPICO) spectrum
are formed with considerably less KER. The shape of of benzene clusters [¢Bls),=Bz,]. Experimental conditions:
the coincidence-signal perpendicular to the main diag- £ = 300€V;To = 300K; po = 3.5bar, seed gas: He.
onal is found to be somewhat different from the other
channels. This indicates that a considerable fraction 3.2. Benzene clusters
of the product cation pairs have a much smaller KER
than 2.1eV, corresponding to the maximum KER, Fig. 4 shows PEPICO spectrum of benzene (Bz)
which is consistent with large charge separation dis- clusters. The spectrum was taken at 300eV exci-
tances. These can only occur in clusters of sufficient tation energy, which corresponds to the C 1s
size. o*-excitation. It is located in the C 1s-continuum
Finally, we note that the doubly charged clusters, [43,44] where fission is the dominant process. There-
which are considered iffable 2 correspond to the fore, the PEPICO reflects efficient fragmentation,
smallest cluster that can explain the experimental rather than direct photoionization of benzene clus-
slopes of the PEPIPICO signals including the high- ters, similar to methanol clusters (see above). This
est KER and the smallest charge separation distance.becomes already evident, when the PEPICO of the
These results also indicate that the initial fission pro- bare molecules is recorded. It consists of weak inten-
cess is fairly symmetric, yielding intermediate singly sity near the parent cationgd, ™ (with n < 6). In
charged products of similar mass, which are subse- contrast, if clusters are present in the jet, the parent
quently stabilized by fragmentation and evaporation. cation is the strongest species in the PEPICO spec-
This is unlike fission from doubly charged rare gas trum, as shown irFig. 4. Moreover, all other molec-
clusters, where charge separation gives rise to highly ular fragments are weak in intensity. This indicates
asymmetric channels and evaporation of neutrals only that the benzene is almost entirely bound in clusters
occurs from the larger moieti¢s8]. The preferenceto  at pp = 3.5bar, where clustering is considerably
symmetric fission, where cation pairs of the same mass stronger than in methanol/helium expansions (see
are formed, can also be found from the strong chan- Figs. 1 and 2 This is evidently a result of the con-
nels that yield products of the same mass. These aresiderably lower intermolecular bond energy, which
not analyzed in this work, since their peak shape can results in less heating of the clusters upon nucleation
only be recorded to one half near the main diagonal of in the supersaturated gas phase. Efficient cluster for-
the PEPIPICO spectrum, so that there is more ambi- mation is well known from previous work on rare gas
guity in the assignment of reliable mechanisms com- clusters, where also almost the entire jet was found to
pared to the asymmetric product channels discussedconsist of variable size clustef45,46]. Thus, strong
above. PEPICO intensity of benzene cluster cations, Bis
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o
o
() 0 Time of flight [us] 100 (d)O Time of flight [ps]

Fig. 5. PEPIPICO spectrum of benzene clustersi{§),=Bz,]. Experimental conditions£ = 300eV, Tp = 300K; seed gas: He: (a)
effusive jet of neat benzene; (ph = 1.8 bar; (c) po = 2.4 bar; (d) po = 3.5bar.

evidently a result of ionic fragmentation. This comes (n < 4) is also relatively weak (13%) (cFig. 5(d).

in the C 1s-regime predominantly from fission, as The latter cation pair is evidently due to fragmentation
will be shown in the following. However, PEPICO of the molecular cation, where neutral acetylene is
spectroscopy is not sensitive to distinguish between lost, corresponding te = 4. Such processes are well
fission and single ionization, since both processes known from ionic fragmentation of aromatic com-
lead to the same singly charged produf@8]. We pounds[48]. It is also possible that more hydrogen
note that the coincident detection of cluster cations gets lost, corresponding to < 4 (see below). This
induced by fission of doubly charged clusters is lim- cannot be resolved as a result of the kinetic energy
ited by the size regime of unstable dications. In the release that accompanies charge separation. Other

case of doubly charged benzene clustersBzthe correlated cation pairs involving Bz along with
critical size of stable clusters is known to be quite fragments of the molecular cation aresHf,*/Bz™
low, corresponding ta > 23[47]. and GH,*/Bz". These occur with minor intensity,

Fig. 5 shows a series of PEPIPICO spectra. These similar to the Bz*/Bz,™-channel.
have been recorded at various stagnation pressures Fig. 6 shows contour plots of some selected fission
po. This varies efficiently the signal ratio between channels from benzene clustefsy. 6(a)corresponds
the molecular and the cluster signal. p¢ = 1.8 bar to the GH,,7/Bz*-channel. Its shape is congested, so
already a quarter of the signal intensity is due to that an unequivocal slope analysis appears to be diffi-

fission of doubly charged clusters (s€&&y. 5(b). cult. From the central part of the signal, corresponding
This fraction increases t6-50% at po = 2.4bar to C4H3™/Bz™, one would expect a slope 6f0.65,
(cf. Fig. 5(c). Finally, at po = 3.5bar~90% of the if the unseen neutrals are ejected from an excited

correlated cation pair signal is due to fission of clus- benzene cation after fission of BZ". Such slope can

ters. The PEPIPICO spectrum of benzene clusters isindeed be extracted from the experimental contour
dominated by the intense B#Bz*-channel (60%) plot, which give further confidence in the assignment
and with considerably weaker intensity follows the of this decay mechanism. However, the blended sig-
Bz*/Bz,"-channel (15%). Another coincidence that nals do not permit an unequivocal assignment of the
is due to fission of benzene clusters intgH,/Bz* KER. Perdeuterated benzene may give further clarity
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Fig. 6. Contour plots obtained from the PEPIPICO spectrum of benzene clustgks[(EBz,]. Experimental conditionst = 300eV,
To = 300K, seed gas: He: (a)48,"/Bz"-region at pg = 2.4bar; (b) BZ/Bz,"-region at pg = 1.8bar; (c) BZ/Bz,"-region at
po = 2.4 bar.

on the assignment of the decay mechanisms and thecompared to fission in variable size argon clusters

KER. [18]. These are also not formed via two body decays
Fig. 6(b) and (c)show contour plots of the in the threshold regime of the PEPIPICO signals, as

Bz"/Bz,*-channel, wher€&ig. 6(b)has beenrecorded evidenced from the Ar/Ar,*-signals[18]. Unlike

in the threshold regime of this procegs (= 1.8 bar). argon clusters, fission is not as asymmetric in ben-

The weak signal has a slope fl..3 4+ 0.1. This can- zene clusters. This already becomes clear, when the
not be due to the two body decay of a doubly charged signal slopes are compared to those of argon clusters.
benzene trimer (B# ), where a slope of-1 should In this case, one observes that only the heavier cluster

occur. The experimental slope of the PEPIPICO sig- cation looses neutrals after fission, whereas the lighter
nal rather corresponds to the competing decay of moieties remain intact. In contrast, in benzene clus-
Bzs™, so that in the first fission step the products ters evidently both singly charged cations undergo
Bz,™ and Bz™ are formed. Both cations are stabi- stabilization via evaporation of neutrals.

lized via evaporation of a neutral molecule, where In the large cluster limit, where the size regime
the correlated final products B#Bz,™ are obtained.  of stable doubly charged cluster is reached, both
The calculated slope of this process-4.33. If the rare gas clusters and benzene clusters show broad
same products are formed from larger doubly charged round-shaped PEPIPICO-signals. In the case of argon
clusters involving evaporation of neutrals, then a clusters this was assigned as evidence for the fact that
steeper slope of the order efL.5 should occur. This  the momenta of the singly charged products that are
is somewhat steeper than the experimental slope thatformed upon charge separation are not directed into
is derived fromFig. 6(b) so that massive evaporation opposite direction, as would be expected for elec-

of neutrals after fission is discounted. trostatic repulsion of point chargg¢$8]. We assume
Fig. 6(c) shows the contours of the B#Bzy*- that similar processes also occur in doubly charged

PEPIPICO signal at enhanced stagnation pressurebenzene clusters.

(po = 2.4bar). The main signal slope is still iden- The kinetic energy release, which accompanies the

tical, but the shape corresponds to a round-shapedformation of the cation pair BZBz,™ is obtained

diamond. This indicates that the secondary lossesfrom the coincidence experiments. The largest width

contribute considerably to the kinetic energy release of the BZ"/Bz,"-signal atpg = 2.4 bar is 162:10ns,

relative to the fission of the doubly charged clusters. corresponding to a KER of.2 4 0.2 eV. This corre-
The evolution of the B2/Bz,*-shape as a function  sponds to a charge separation distance.5f60.8 A.

of the stagnation pressure shows some similarities This value is similar to the Bz—Bz-distance, according
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to previous work[49], where 4.7A were found.
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Charge separation distances are estimated, indicating

Thus, the charges are also delocalized on neighboringthat these are compatible with structural properties of

molecules, similar to methanol clusters. The maxi-
mum KER is given by the intermolecular distance of
two molecules. Further charge de-localization can oc-
cur, which is found in considerably lower KER near

the center of the PEPIPICO signals.

4. Conclusions

We have investigated fission in molecular clusters
containing organics molecules. Two complementary

systems are discussed, which are characterized by hy-

drogen bonds and Van der Waals bonds, respectively.
Core level excitation leads to a well localized core
hole at one atom, which is bound in a molecule within
the clusters. Electronic relaxation leads to two holes
in the outer shell, which are stabilized by charge delo-
calization either via an intermolecular energy transfer
or by intra-cluster electron impact ionization of the
emitted Auger electron. As a result, the charges can
either be delocalized between neighboring molecules
in clusters or there is stronger charge separation if
the cluster size permits. Rapid charge delocaliza-
tion evidently suppresses efficiently intramolecular
fission in clusters. As a result, the doubly charged
clusters undergo various stabilization mechanisms via
intermolecular fission and subsequent fragmentation
and evaporation of neutrals. The final products are
mostly identical to those that are known from single
ionization of the clusters, so that there are no dom-
inant product channels, which are exclusively due to
fission. This implies that methanol clusters are pri-
marily stabilized after fission via proton (or deuteron)

transfer, whereas benzene clusters undergo primar-

ily Van der Waals fragmentation, similar to rare gas
clusters[18]. In addition, other fragmentation routes

occur in both systems with considerably weaker in-
tensity. Differences to single ionization are primarily

found with respect to the kinetic energy release that
accompanies fission in doubly charged clusters. The
kinetic energy releases are rationalized in terms of
the simple electrostatic model of Coulomb explosion.

the clusters and the condensed phase.
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