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Induced by Slow Electrons 

I.  Introduction 
Low-energy electrons can be very reactive in that 

they are effectively captured by many molecules which 
then undergo rapid unimolecular decompositions. The 
crwsectionforsuchprocessescan bevery large,several 
orders of magnitude larger than ionization or excitation 
cross sections.',2 Electron-attachment reactions to 
molecules in the gas phase have been studied to some 
extent within the last two or three decades. Analogous 
experiments in clusters, on the other hand, have only 
recently been performed. 

This contribution focuses on reactions in weakly 
bound van der Waals clusters induced by low-energy 
(e10 eV) electron capture. Particular emphasis will 
be placed on the question how the basic quantities of 
such processes (i.e. attachment energy, evolution of the 
negatively charged compound, and energy distribution 
of the products ultimately formed) behave on pro- 
ceeding from an isolated molecule under single collision 
conditions to a molecular aggregate. 
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During the past decade there has been an enormous 
increase of experimental and theoretical work con- 
cerning the properties of  cluster^.^-'^ Since the term 
'cluster" is frequently used with different meanings, 
wewillinthecontextofthiscontributionassignagroup 
of molecules in the gas phase which are held together 
by weak intermolecular forces as a molecular cluster or 
a molecular aggregate. In that sense, a free molecular 
cluster can be viewed as representing a link between 
molecules in the gas phase and in the condensed phase 
(bulk liquids or solids). 

Traditionally, science has concentrated on under- 
standing these two separate forms of matter and only 
recently fundamental questions such as the minimum 
number of atoms necessary to evolve an electric 
conduction band or the number of atoms or molecules 
required to support a bulk crystal structure have 
emerged. 

Electron-attachment and -detachment processes or, 
more generally, electron-transfer reactions play a key 
role in many fields of pure and applied science, in the 
gas phase (discharges, gaseous dielectrics, atmospheric 
processes, etc.) as well as in the condensed phase 
(electrochemistry, biochemical systems, etc.). Within 
these different fields the general area of noncovalent 
van der Waals interactions between molecules and their 
behavior when they are subjected to excitation or 
ionization plays a central role in many fields of present- 
day natural science. 

Negatively charged clusters are of particular interest 
since they are considered to provide models for excess 
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electrons in l i q ~ i d s . ~ l ~ * ~ ~ . ~ ~  Apart from this, as we will 
demonstrate, the study of electron-attachment reactions 
in homogeneous and heterogeneous clusters allows 
insight into very fundamental properties like electronic 
states of molecular ions, selection rules to populate 
them, as well as intra- and intermolecular energy and 
electron-transfer processes. 

Before considering electron capture by molecular 
clusters, we will briefly recall some important facts on 
negative ions. 

The basic quantity in the relation of a neutral particle 
(M) with its negative ion (M-) is the electron affinity. 
The adiabatic electron affinity of a particle is formally 
defined as the energy difference between the neutral 
and the anion in their respective ground states. By 
convention, the electron affmity of M is considered 
positive if the ground state of M- lies below that of M, 
and negative if M- lies above the neutral molecule M. 
A positive value for the electron affinity indicates the 
existence of a stable anion in which the extra electron 
exists in a (thermodynamically) bound state. 

In molecules which are characterized by considerable 
geometry changes between the anion and the neutral, 
we have to distinguish between the adiabatic electron 
affinity (EA) of M and the vertical detachment energy 
(VDE) of M-. The latter is the number which is 
experimentally obtained in a Franck-Condon transition 
in photodetachment from molecular anions, incomplete 
analogy to adiabatic and vertical ionization energies in 
photoionization. In systems where the geometry change 
is not too large, optical photodetachment does directly 
allow to measure the adiabatic electron affinity.11J2 

In the gas phase under single collision conditions a 
stable molecular anion M- can, for instance, be gen- 
erated by electron transfer from neutrals or anion~'~9'~ 
according to 

Ilknberger 

A + M -  A+ + M- (1) 

Since the binding energy of the extra electron to M- is 
usually less than the ionization energy of A, reaction 
1 is generally endothermic and can only occur if A and 
M contain sufficient (translational/internal) energy. 

This contribution deals with reactions induced in 
molecular aggregates following capture of free electrons. 

Consider first an isolated molecule in the gas phase 
interacting with electrons of defined but variable energy. 
This interaction is commonly divided into two major 
classes, direct and resonance scattering.2J"1s In the 
first case, the electron collides with the target molecule 
and will be deviated from its original direction. If the 
scattering process is inelastic, the electron will lose some 
of its initial energy thereby leaving the target molecule 
in an excited state. Resonant scattering is considered 
to occur when the incoming electron is temporarily 
trapped in a potential created by its interaction with 
the neutral molecule thus forming a temporary negative 
ion (TNI): 

e- + M - M(*) (3) 
Synonymously, the molecular anion is called a reso- 
nance since its formation represents an electronic 
transition from a continuum state (M + e-) to a discrete 

state (M-(*)). Note that free-electron capture is an 
electronic transition which, in any case, initially creates 
an unstable (or metmtable) negative ion with respect 
to ejection of the extra electron. If by that the ground 
state of the anion is formed, M possesses a negative 
electron affinity, since the energy of the anion is above 
that of the neutral. 

Of coume, low-energy electron attachment can also 
lead to excited states of the anion. SFe, for example, 
captures electrons near 0 eV to form the anion in its 
electronic ground state, but vibrationally excited.1*2*s 

At  this point we will not discuss the classification 
and genealogy of resonances to any great extent, but 
rather refer the reader to some relevant review 
articles.1521 For the purpose of this contribution it is 
sufficient to distinguish between single particle (lp) 
and two particle-one hole (2p-lh) resonances. In the 
first case, the incoming electron temporarily occupies 
one of the normally empty (or virtual) MOs without 
affecting the configuration of the other electrons. 

The trapping mechanism is described by the shape 
of the interaction potential between the electron and 
the neutral molecule: combination of the att:active 
polarization interaction (-ae2/21.4; a, polarizability of 
the target molecule) and the repulsive centrifugal term 
(h21(1+ 1)/2pr2; 1, angular momentum quantum number 
of the incoming electron; p, reduced mass of the electron 
and the target molecule) results in a centrifugal barrier 
in the effective potential in which the additional electron 
can temporarily be trapped. Since it is the particular 
shape of the potential which is responsible for the 
trapping, these states are also called shape resonances. 

A two particle-one hole (2p-lh) resonance is formed 
when the incoming electron concomitantly excites one 
of the electrons of the target molecule resulting in one 
hole and two electrons in normally unfilled MOs. This 
is analogous to the formation of l p 2 h  (non-Koopmans') 
states in positive i0ns.22~23 If the energy of the core 
excited resonance lies below that of the associated 
excited neutral state, the extra electron is simply 
trapped in the field of the excited molecule (Feshbach 
resonance); if it lies above, again the shape of the 
interaction potential is responsible for the trapping and 
we speak of a core-excited shape resonance. 

Under single collision conditions, the principal 
decomposition processes of such resonances are 

'd 

M-(*) - R + X- or R- + X, etc. (4c) 

Channel 4a is autodetachment, often associated with 
vibrational excitation of the neutral molecule, reaction 
4b is radiative stabilization to the thermodynamically 
stable ground state which is possible for molecules 
possessing a positive electron affhity, and reaction 4c 
represents unimolecular decomposition into stable 
negative and neutral fragments (dissociative attach- 
ment). 

The autodetachment lifetime 7. varies over a wide 
scale, depending on the energy of the resonance and 
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the size of the molecule and ranges from less than a 
vibrational period (10-14 8) to the micro- or millisecond 
scale for larger molecules such as SF6 or polycyclic 
aromatic hydro~arbons.~4-~ These metastable anion 
states are typically generated within a narrow resonance 
near 0 eV where dissociation channels 4c are not yet 
accessible. 

Data concerning radiative stabilization are scarce for 
molecules. With radiative lifetimes of the order of 
10+’-10-* s it is indeed likely that channel 4b is slow 
compared with the competing reactions 4a and 4c. 
However, in the case of long-lived anions formed near 
0 eV (like SF6*- mentioned above which cannot decay 
by dissociation) radiative cooling was discussed as an 
effective mechanism to form stable anions in ICR 
experiments.3013~ 

Finally, channel 4c (dissociative electron attachment) 
typically occurs on a time scale ranging between 10-14 
and 10-l2 s, depending on the mechanism of the reaction 
(direct electronic dissociation along a repulsive potential 
energy surface or more indirect processes such as 
electronic or vibrational predissociation). Reaction 4c 
can occur if (a) thermodynamically stable, negatively 
charged fragments exist for the respective compound 
and (b) these channels are energetically available at 
the energy of the TNI. 

How does the situation change when an isolated 
molecule M under single collision conditions is replaced 
by a homogeneous molecular cluster Mm or a hetero- 
geneous cluster Mm*N,? 

In terms of molecular orbitals (MOs) electron capture 
by molecules is considered to occur via accommodation 
of the excess electron into a normally unfilled MO. This 
is no longer necessarily the case in clusters or in the 
condensed phase. Water clusters, e.g., can capture low- 
energy electrons to form (H2O)n-, n 1 11 as demon- 
strated by Echt, Recknagel, and co-worker~.~~ The 
electronically and geometrically relaxed compound (at 
least for larger clusters) can be pictured by trapping of 
the excess electron in the field of the oriented water 
dipoles.33-35 Solvated electrons have been well known 
to exist in polar liquids for more than 100 years.36 

As we shall demonstrate, negative-ion formation in 
low-energy electron impact to clusters can proceed via 
two different schemes: (i) in the primary step the 
incoming electron is captured to form a localized anion 
within the homogeneous or heterogeneous aggregate 
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electron frame of reference violated in clusters as it is 
sometimes observed in the condensed phase? 

2. Does a cluster environment provide the proper 
medium to carry off excess energy necessary to prepare 
thermodynamically stable molecular anions in their 
relaxed configuration, not accessible under isolated 
conditions (collisional stabilization instead of the slow 
radiative stabilization 4b)? 

3. Which are the products ultimately formed? The 
possible decomposition of an ionized complex may 
schematically be expressed as 

e- + M, - M-*M,-, (5)  

e- + M,-N, - M--M,-,*N, (6a) 

followed by more or less complex decomposition pro- 
cesses involving inter- and intramolecular charge and 
energy transfer; (ii) in the primary step the incoming 
electron is inelustically scattered in the cluster and the 
slowed down electron is captured by another molecule 
in the second step. 

The following substantial questions then arise: 
1. The electronic states populated by electron capture 

are controlled by certain symmetry rules.37 Are these 
selection rules which hold in the single molecule- 

-RR,-+R2 (7b) 

The point is then to record the resonance profiles of 
the different product ions, i.e., their formation prob- 
ability as function of the initial electron energy. It must 
be emphasized that the energy profile of any product 
ion reflects the primary step of electron capture, 
regardless of the mechanism and complexity of its 
formation process. In other words, the ion yield curve 
of any product reflects the “electron absorption” profile 
of the target from which it is formed. This is true as 
long as the anion is formed in the primary step, i.e. 
inelastic scattering processes (secondary reactions) can 
be neglected. 

4. Many dissociative attachment reactions are known 
to proceed directly along repulsive potential energy 
surfaces and hence via the release of considerable 
amounts of excess translational en erg^.^?^^ How does 
the distribution of excess energy change when the 
repulsive TNI is formed within a cluster? 

To date experiments on attachment of free electrons 
of variable energy to clusters have been reported by 
five groups (Oak Ridge,41-46 Inn~bruck,~7-57 Kon- 

These investigations included clusters of 02, C02, H20, 
N20, S02, SF6, CF4, C2F4, C2F6, C2F3C1, and CH3CN. In 
all these experiments free electrons of (more or less) 
defined energy are attached to preexisting clusters 
produced by supersonic expansion through a nozzle. 

It has been demonstrated that both the mode of 
interaction of the electron with the target and the 
processes induced by the excess charge may substan- 
tially change on going from the monomer to clusters. 

In clusters composed of molecules with positive EA 
the availability of collision partners in the cluster lead 
to the observation of stabilized anions, including the 
monomer. Systems belonging to this type are 02,a4Q171J21 
S02,52 N2O,59!M and a number of halocarbons.69J57 

On the other hand for molecules possessing a negative 
EA the value may even change to positive values in 
clusters. The CO:! molecule, e.g., has an EA of -0.6 eV 
and is thus unstable with respect to autodetachment. 
By contrast, formation of negative ions following 
electron attachment to C02 clusters revealed (C02)n- 
ions with n > 2 which seemed completely stable with 
respect to a u t ~ d e t a c h m e n t . ~ ~ ~ ~ ~  Furthermore, the 
(C02-)*H20 ion formed from mixed clusters was also 
found to be It thus appears that solvation 
by a single molecule can have a significant effect on the 
electron affinity. 

s&,32WW57 Nowosibirsk,62,63 and Berlin2,3884-71J21JZ5), 
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In more detailed studies it was explicitely shown that 
in addition to the 3-eV resonance known from the C02 
monomer, clusters exhibit an additional resonance near 
0 eV.MJb7 Johnson et al.72 analyzed photoelectron 
spectra of negatively charged C02 clusters and suggested 
that the dimer ion is the core of clusters 2 C n < 5 while 
the monomer ion forms the core for n > 7. 

Finally, Echt, Recknagel and ~o-workers3~ succeeded 
to observe (H2O)n-Y n > 11 by attachment of near-zero 
energy electrons to preexisting water clusters. It has 
been shown before by Haberland et al.73-76that solvated 
ions of the form (HzO),,- and (NH3)n- can readily be 
formed in supersonic beams. 

In that experiment negative cluster ions were formed 
following electron impact in the expansion zone of a 
supersonic beam. This method was extensively applied 
(and developed) by Haberland et al.M to study the 
minimal number of H2O and NH3 molecules or Xe atoms 
necessary to support a bound state for an excess 
electron. All these systems can probably not form stable 
negative ions as isolated particles. The minimal 
numbers were found to be n = 2 for (H20),,-,’3-76 n = 
35 for (NHg)n-,’6v77 and n = 1 in the case of Xen-.78 
However, for Xe-it is not yet clear whether the detected 
species is really associated with ground state Xe (which 
would indicate a positive electron affinity) or whether 
it represents an electronically excited (metastable) Xe*- 
ion. In the meantime photoelectron spectra of hydrated 
electron cluster anions (HzO),, n = 2-69 have been 
recorded by Bowen, Haberland, and co-w0rkers.3~ It 
has been shown that the vertical detachment energy 
increases continuously from near 0 eV (n = 2) to 2 eV 
(n = 69). Although these experiments are in qualitative 
agreement with the quantum path integral molecular 
dynamics simulations performed by Landman and 
co-w0rkers79-8~ there is no indication of a transition from 
a surface state to an internal state in the region between 
32 and 64 as predicted by the calculations. 

We here mention a further method important in that 
field namely electron transfer from highly excited atoms 
to electronegative molecules. In this technique rare 
gas atoms in Rydberg states were either generated by 
electron impact (Kondow et aleM-= or prepared state 
selectively into defined quantum numbers (nl) via laser 
excitation from the metastable intermediate state 
(Hotop et al.,- Desfrancois et al.8939. In the case of 
(N2O)n and (CF3Cl)n a surprisingly strong dependence 
from the principle quantum number for the resulting 
negative ion spectra was observed.87 In the case of water 
clustersm the dimer anion showed a particularly strong 
signal in the transfer reaction from Xe* (n = 12), 
corresponding to a Rydberg mean energy of 95 meV. 

The present contribution focuses on reactions in 
homogeneous and heterogeneous van der Waals clusters 
induced by attachment of free electrons in the range 
between 0 and 15 eV. Such reactions often occur at 
very low energies, sometimes near 0 eV. They are 
therefore considered relevant in any environment where 
low-energy electrons are present. 

I I .  Experhntal Conslderatlons 

A. Prlnclple and Lhltatlons of the Method 
Electron capture induced reactions in van der Waals 

clusters are studied in a beam experiment (Figure 1). 

mction chamber I electron beam 

expantlon chambr 

molecular beam 
\ 

quadrupole 

detector 

pumping unit 1 B pumping unit 2 

electron 
monochromator 

Figure 1. Schematic of the experimental setup for the study 
of free electron attachment to molecular clusters. 

A supersonic beam containing a distribution of clusters 
of different sizes is crossed with a beam of monochro- 
matized electrons. Negative ions resulting from this 
interaction are detected by a quadrupole mass spec- 
trometer. The excess translational energy of the 
product ions can be determined by a time-of-flight 
(TOF) technique through the quadrupole as briefly 
described below. It should be emphasized that electron 
attachment to an isolated molecule and the subsequent 
decomposition into one negatively charged and one 
neutral fragment, viz., 

L R + X -  

is a convenient way to study the unimolecular decom- 
position of the ion M-(*). Since the internal energy of 
the precursor ion is uniquely controlled by the energy 
of the primary electron, determination of the excess 
translational energy of the fragment ion (and hence, 
through momentum conservation, of both fragmenta, 
R + X-) yields information on the distribution of the 
total excess energy (translational and internal) in the 
unimolecular reaction. In photoionization, such in- 
formation requires the use of coincidence techniques. 

On going to van der Waals aggregates Mn, the 
situation becomes significantly more complex. A 
reaction yielding the product X-*Mm, e.g., may proceed 
along the following scheme: 

e- + M, - M-, 

X-*M, + R*M,-,-j k ;  X-*M, + R + Mn-,-, 

X-.M, + R + (n.-m-l).M 

From eq 9 it is clear that it is generally not possible to 
conclude from the observed product X-*Mm to the size 
(n) of the target cluster or to the number of neutral 
products ultimately formed in the decomposition of 
the ionized target aggregate Mn-. In electron attach- 
ment to the monomer, on the other hand, decomposition 
into more than one negatively charged and one neutral 
fragment can usually be excluded from simple energetic 
reasons. However, since the average size of the cluster 
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ions due to large translational energies perpendicular 
to the axis of the mass spectrometer, we have chosen 
to place the mass Spectrometer in line with the 
molecular beam (Figure 1). 

After expansion from the nozzle, the beam passes a 
skimmer (0.8-mm diameter) which separates the ex- 
pansion chamber from the main chamber. Approxi- 
mately 7 cm downstream, the molecular beam is crossed 
at  right angles with an electron beam generated by a 
trochoidal electron monochromator (TEM). This en- 
ergy filter uses a combination of a magnetic and an 
electric field,g5796 Its operation principle is brefily as 
follows: The electrons emitted from a heated filament 
are aligned by the homogeneous magnetic field2 (-100 
G) which is generated by a pair of Helmholtz coils 
mounted outside the vacuum system. They enter a 
deflection region defined by the crossing of the magnetic 
field with the electric field E (-1 V cm-1). The latter 
is produced by a potential difference between two 
parallel plates. It is directed into the plane of paper 
(shaded area in Figure 1). Under the influence of both 
fields the electrons describe a trochoidal or cycloidal 
motion depending on whether or not they possess 
velocity components perpendicular to the beam axis 
when entering the deflection region. The trochoidal or 
cycloidal path implies motion of its guiding center with 
constant velocity perpendicular to both the magnetic 

Effusive Beam f(~)-v’exp(-Mv 2/2KT,) 

/ 
\ A  - Supersonic Beam 

U 
Yo v vi Y 

Figure 2. Velocity distribution in an effusive molecular beam 
and in a supersonic beam. 

distribution can be varied to some extent by changing 
the expansion conditions, one can witness the evolution 
of the relevant quantities (attachment energies, product 
ions, and their kinetic energy release) on proceeding 
from the monomer to clusters of increasing size. 

B. Cluster Formatlon, Electron Beam, and Ion 
Formatlon and Detection 

In our experiment the supersonic beam containing 
the clusters is formed by adiabatic expansion of the 
respective gas through an 80-pm nozzle which can be 
heated and cooled down to liquid nitrogen temperature. 
The expansion converts the enthalpy associated with 
random molecular motion into directed mass flow.2-91-94 
This is illustrated in Figure 2: at low stagnation pressure, 
when the mean free path of the molecules is larger than 
the nozzle diameter, X > d,  the molecular beam effusing 
from the nozzle possesses a velocity-weighted Maxwell- 
Boltzmann distribution. When X << d ,  we have a free 
jet expansion associated with a narrow velocity distri- 
bution. For a monoatomic gas, the terminal velocity 
can be expressed as 

vt = (5kT,-,/M)1/2 (10) 
where TO is the temperature of the source. The 
(translational) temperature of the molecules in the beam 
is determined by the width of the velocity distribution 
ALL Under certain a s ~ u m p t i o n s ~ ~ ~ ~ ~  Av and hence the 
temperature T in the beam is given by 

where K = CJC. andpo andp are the stagnation pressure 
and the pressure in the beam, respectively. In poly- 
atomic molecules we have K = 1 and cooling is less 
effective. In this case one applies the seeded beam 
technique. Here the molecules of interest are diluted 
in an inert carrier gas (He, Ar) which acta as a refrigerant 
to cool the molecules until they polymerize. Since the 
molecules are diluted in small amounts in the carrier 
gas the velocity of the beam is then still approximately 
given by eq 10 with M now the mass of the carrier gas. 
If helium is used this can result in large values for the 
translational energy of clusters in the laboratory frame 
of reference. As an example, if CF&1 is seeded in He, 
the pentamer (CF3Cl)b will move with a translational 
energy of more than 8 eV along the direction of the 
beam! In actual practice there is always some “velocity 
slip” which will lower the beam velocity to some extent. 
To avoid discrimination in the detection of product 

and the electric field. This results in a dispersion of 
the electrons according to their axial velocity and only 
those electrons which reach the exit aperture (displaced 
by some distance with respect to the entrance aperture) 
are further transmitted. These energy selected elec- 
trons are then accelerated or decelerated by subsequent 
electrodes before entering the reaction volume. 

The combination of a TEM with a quadrupole mass 
filter has proven to be particularly suited for studying 
electron attachment reactions since it combines some 
important necessary properties. (1) The axial magnetic 
field prevents spreading of the electron beam at low 
energies so that reasonable intensities (10-100 nA) can 
be achieved down to very low (thermal) energies. (2) 
The TEM can be operated in the continuous mode: 
due to the presence of the magnetic field, the energy 
of the electrons entering the reaction volume is not 
disturbed by the (continuous) ion draw out field. This 
field only causes a slight deflection of the electron beam 
along a plane of constant electric potential. (3) The 
alignment of the electron beam by the magnetic field 
allows the separation of electrons and negative ions at 
the ion detector (secondary electron multiplier). 

For the present experiments, the TEM was operated 
with an energy resolution of 0.1-0.2 eV (fwhm) and a 
current of 50-100 nA. 

Negative ions arising from the interaction of the 
electron beam are extracted from the reaction volume, 
analyzed by a quadrupole mass filter, and detected by 
single event pulse counting techniques. Ion-yield curves 
(resonance profiles) are obtained by scanning the 
electron energy for a given product ion. This is provided 
by a multichannel scaling plug in board in an IBM PC. 
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- TOF- 

Figure 3, Schematic of the experimental arrangement for 
TOF analysis (translational excess energy release.) of product 
ions. 

C. Translational Excess Energy of Products 

The translational energy analysis of the product ions 
uses a time of flight (TOF) technique in combination 
with a quadrupole mass filter as elsewhere described 
in detai1.2~g7~98 In brief, the pulsed electron beam (pulse 
width < 1 ps) interacts with the molecular beam and 
the flight time of the ions (generated within the short 
time of the electron pulse) from the reaction volume 
through the quadrupole to the detector is measured 
(Figure 3). The TOF arrangement, in principle, cor- 
responds to a two-field TOF spectrometer, consisting 
of a draw-out region (€1 = 4 V cm-9, an acceleration 
region (€2 = 30 V cm-l), and the quadrupole mass filter 
which acts as the drift tube (c = 0). This allow space 
focusing by adjusting 4 c 2  to a certain ~alue.~J '~ Since 
the quadrupole guarantees the mass separation, one 
can use a low draw-out field (4 V cm-l) in order to 
visualize excess translational energies on the time scale. 

Ions formed with low kinetic energy (e.g., thermal 
ions) exhibit one peak in the TOF spectrum while ions 
generated with considerable kinetic energy produce two 
peaks due to "direct" and "turn around" ions. In the 
latter case discrimination against velocity components 
perpendicular to the flight tube axis results in a 
separation (in time) of ions ejected parallel (direct) or 
antiparallel (turn around) to the axis. The turn around 
ions are decelerated, reversed, and then accelerated and 
reach the detector by some time delay (AT) with respect 
to the direct ions (Figure 3). From the experimentally 
determined flight time difference (AT), the initial 
kinetic energy release of the product ion can be 
calculated as 

where cl is the draw-out field introduced above, q the 
elementary charge, and mi the mass of the ion. 

Conversely, for ions with low kinetic energy (<0.1 eV 
for the present configuration) there is no discrimination 
against perpendicular velocity components and all ions 
are transmitted to the quadrupole. For a Maxwell- 
Boltzmann velocity distribution, the corresponding 
TOF peak has a Gaussian shape. Ita width AT112 (fwhm) 
is related to the average kinetic energy& (= 3/2kTl by 

Internuclear Separation - 
Figure 4. Potential energy curves of O2 and 02- relevant in 
electron scattering from gaseous 02. 

(14) 

Recording of the flight times is performed by a time- 
to-pulse height converter (TPHC) followed by A/D 
conversion with the plug in board mentioned above, 
now operating in the pulse height analysis mode (Figure 
3). 

I I I .  Reeults and Otscusdon 

A. Oxyyn Cluden. Vlolatlon of the s.kctlon 
Rule E 4 E+ In Electron Attachment. The Role 
of Inelastic Scatterlng In the F o r "  of (02),,- 

We shall begin with the diatomic system 0 2  where 
some essential features concerning electron capture by 
isolated molecules and the corresponding van der Waals 
clusters can clearly be observed. 

Figure 4 shows potential energy curves relevant in 
resonant electron scattering from gaseous oxygen 
molecules.1*2**102 It  is well established that the adi- 
abatic electron affinity of the oxygen molecule is 
positive, namely 0.440 eV.103 

Capture of low-energy electrons, i.e., a Franck- 
Condon transition from 0 2  (32,) + e-to 02-!211r) forms 
the anion in its electronic ground state, but vlbrationally 
excited (u 1 4). Due to the absence of operative 
stabilization mechanisms, 02- thus formed has a finite 
lifetime with respect to autodetachment (W2 to 10-lo 
s1@+106) far beyond the scale for a maai spectrometric 
detection. In a high pressure environment, the ion can 
be stabilized in a three-body process to a vibrational 
level (u < 4) where autodetachment is no longer possible 
(Bloch-Bradbury mechanismlo7). 

A further Franck-Condon transition at higher elec- 
tron energies generates the anion in a repulsive, 
electronically excited state, OZ*- (l7ru-I, ~ T , ~ ) ~ I I , .  In 
this case, the incoming electron simultaneously excites 
an electron in the target molecule resulting in a state 
with one hole in the lr, MO (assigned as 17ru-l) and two 
additional electrons in the lrg MO (assigned as l?r,2). 
We have thus a twoparticle-one hole (2p-lh) resonance 
as mentioned in the introduction. 

Figure 5 shows the experimental result obtained with 
our "effusive beam apparatus"2138 where the electron 
beam collides with the molecular beam effusing from 
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Pigum 5. Ion-yield curve of 0- from O2 (top) and TOF spectra 
of 0- recorded at different electron energies (below). 

a capillary under single collision conditions. As in 
earlier experiments,lolJM only 0- is observable arising 
from a broad resonance between 4.5 and 10 eV. The 
continuous increase of the 0- signal above 17 eV is due 
to the (nonresonant) ion-pair formation process 

e- + 02- 02** + e- 
l 

which has an energetic threshold of 17.2 eV. 
The shape of the resonance profile of 0- is explained 

by the reflection principlelW which states that the 
Franck-Condon factors as a function of energy simply 
reflect the probability density of the ground vibrational 
State. 

Strictly speaking, autodetachment competes with 
diesociation. Autodetachment is possible until the two 
dissociating particles reach RT, the crossing point 
between the neutral and ionic potential energy curve. 
For R > RT the evolution of the system into the two 
individual fragments, 0 + 0-, has proceeded to such an 
extent that autodetachment is no longer possible. 
Dissociative attachment to oxygen shows a strong 
variation with temperaturel10 which was indeed ex- 
plained by the strong competition between these two 
channels.111 

Figure 5 also shows the TOF spectra of 0- recorded 
at different electron energies. The flight time scale 
refers to an ion with zero kinetic energy. Direct ions 
have thus negative and turn around ions positive values. 
As expected, the separation of the TOF doublet 
increases with primary electron energy. 

1 -  AH0 / I 
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Figure 6. Kinetic excess energy of 0- va primary electron 
energy calculated from eq 13. 
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Figure 7. 0- and 02- formation following electron attachment 
in the molecular beam at different stagnation pressures. 

Electron Energy (eV) 

In Figure 6 the kinetic energy of 0- calculated 
according to eq 13 is plotted yielding a straight line 
with a slope of 0.5 since the translational energy is 
released in equal amounts to 0 and 0-. Extrapolation 
of the line to E; = 0 yields the energetic threshold for 
the reaction, in good agreement with the established 
thermodynamic value, A H 0  = 3.60 eV. 

We wil l  now replace single oxygen molecules by 
oxygen clusters. This is established by expanding pure 
oxygen through the nozzle which is kept at -80 "C. 

In agreement with previous experiments on 02 
clusters by Mkk, Stamatovic, and co-workersa we 
observe the two homologous series ( 0 2 ) n -  and ( 0 2 ) n * O - .  
Figure 7 presents the ion yield curves of 0- and 02- at 
different stagnation pressures. The shape of the 0- 
signal recorded at 1 bar is similar to that under effusive 
conditions (Figure 5).  On proceeding to a higher 
stagnation pressure (3.5 bar) we observe the evolution 
of two distinct new features at =8.3 eV and -14.5 eV. 
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Interestingly, the new feature is even more pro- 
nounced in the 0 2 -  profile at a comparatively low 
stagnation pressure (1.5 bar). Formation of (0~)~- at 
very low energies has clearly been demonstrated in the 
previous work of Miirk et al.;a it is an illustrative 
example of the "built in" many body stabilization 
mechanism in a cluster. As will be shown below, 
formation of ions of the form (02)n- and (O2)n.O- at 
energies above 4 eV is likely to originate from completely 
different mechanisms. 

For the explanation of the additional features at 8.3 
eV and 14.5 eV in the channels (Oz),,*O- we refer to 
recent experiments on electron stimulated desorption 
(ESD) of 0- from 02 multilayer films performed by 
Sanche et al.112-116 (see also section IV) and to a study 
of dissociative electron attachment to singlet oxygen, 
02 (1Ag).116J17 Analysis of the 0- ion yield between 4 
and 15 eV in the electron stimulated desorption study 
can be explained by considering the negative ion states 
02- lying below 15 eV.118J19 Although a variety of 02- 
states can be formed from 0 and 0- 124 states, e.g., 
from ground state O(3P) and O-(2P)!l only few of these 
possess the proper characteristics for dissociative 
electron attachment. Molecular orbital analysis12o of 
the states joining the two lowest limits indicates that 
only the 2nu, 2Zg+, and 2Zu+ states are relevant for 
dissociative attachment. (They must be repulsive in 
the Franck-Condon region, and spin conservation 
requires a doublet or quartet state.) 

Out of these states the Z+ configurations cannot be 
formed in elect . clttachment to isolated 02 from the 
32,  ground state. Since in the single-electron-molecule 
frame of reference a one-electron wave function must 
principally be u+, transitions from Z- to Z+ and vice 
versa are forbidden (u--selection rule).37 This selection 
rule holds in electron attachment and autoionization. 
The electron stimulated desorption experiments, along 
with the theoretical analysis, lead to the conclusion 
that the excited negative ion states, 2Zg+ and 2Zu+, are 
responsible for the 0- yield observed near 8 and 14 eV, 
respectively. This was considered the fiist experimental 
evidence for the violation of the a-selection rule in 
electron attachment. 

In light of these findings we conclude that the 
structures appearing near 8.3 and 14 eV in the channels 
(02),*0- are also due to electron attachment via the 
symmetry forbidden states 02*- (3~;' l?r,2) 2Eg+ and 
02*- (2~;' llr,2)2ZU+, The existence of an additional 
state between 8 and 9 eV is further supported by our 
recent dissociative attachment study to 02 ( l A g P 6  
(Figure 8). In this experiment, part of the oxygen 
molecules were excited into the long-lived singlet state 
(excitation energy 0.98 eV) in a microwave discharge. 
The three contributions in Figure 8 were ascribed to 
dissociative electron attachment from (1) ground-state 
0 2  (3ZJ and (2) singlet 02 (la,) oxygen via the 02*- 
(211u) negative ion state and (3) from 02 ('Ag) via the 
02*- (2Eg+) state. The latter contribution peaks at 7.5 
eV corresponding to an energy of 8.5 eV with respect 
to ground state 02 (32,-). 

Figure 9 shows a schematic of the associated potential 
energy curves. From analysis of the kinetic energy 
re lea~e ,"~J~~ it is established that the 02*- (28,+) state 
predominantly decomposes into the second dissociation 
limit, O-(2P) + O(lD). We thus conclude that all odd 

Ilbnberger 

Electron Energy (eV) 

Figure 8. Cross section for dissociative electron attachment 
to ground-state 02 P2,) and singlet-state 0 2  (14) oxygen 
molecules. 

- Internuclear Separation - 
Figure 9. Potential energy diagram of 02 and 02-. Only 
those negative-ion states are shown which are considered 
relevant in dissociative electron attachment (see text). 

number cluster anions (02),-0- have 0- as precureor 
which is formed via dissociative electron attachment 
to the repulsive nu, Zg+, and Z,+ states. 

The question now arises on the mechanism of (O2)n- 
formation at energies above 4 eV. While it is clear that 
at low energies these anions are formed through the 
electronic ground state 02- (2%) and subsequent 
collisional stabilization, it is rather unlikely to establish 
a reasonable mechanism to explain formation of (02)n- 
through the initial population of the strongly repulsive 
nu, Z,+, and E,+ states. In large clusters, on the other 
hand, cage effects may indeed prevent the dissociation 
of the pair 0- + 0 ultimately leading to (02),,-. The 
experimental observation is that the relative intensities 
in the (02), , -  yield are virtually independent of stag- 
nation pressure121 (i.e. the average cluster size in the 
beam) while this is not the case for (02)n*O-. As an 
example Figure 10 shows the ( 0 2 ) e O -  yield at increasing 
stagnation pressure indicating the enhanced contri- 
bution of the symmetry forbidden transitions as the 
average size of the cluster increases. 

In light of this we interpret (O2)n- formation at 
electron energies above 4 eV as a result of a secondary 
reaction: the incoming electron is inelastically scattered 
(through direct and resonant scattering, the latter 
involving the 02*- resonances) in the cluster and the 
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Figure 10. Yield of 02.0-for different stagnation pressures 
showing the enhanced contribution of the symmetry forbidden 
transitions as the cluster size increases. 

slowed down electron is captured forming (Odn-. This 
picture is supported by the threshold excitation spec- 
trum of oxygen which exhibits pronounced maxima at 
6 and 8.3 eV.lZ2 A threshold excitation spectrum is 
obtained when the primary energy is scanned and only 
those electrons are recorded which have lost their total 
energy. Recent studies on mixed clusters by Miirk et 
al.laJU and our own laboratory121J2s have further shown 
the role of inelastic scattering for anion formation in 
mixed clusters. It appears that these secondary pro- 
cesses contribute considerably to anion formation when 
one component of the system possesses a low-energy 
resonance which is generally associated with a high 
capture cross section. As an example, Figure 11 shows 
the result when a mixture of oxygen and nitrogen 
(mixingratio 1:lO) is expanded. The dominant feature 
in the 04- channel is now a contribution near 2.3 eV 
which arises from resonant inelastic scattering via the 
N2- (2n,) negative ion state. This clearly demonstrates 
the strong contribution of inelastic scattering (in the 
present case through a resonance of a nonattaching 
molecule) to negative ion formation in clusters. 

We were not ablelB to detect any signal corresponding 
to mle = 48, 80, 112, .... near 0 eV electron energy as 
previously reported.127 This signal was interpreted to 
arise from the formation of doubly charged ions (OZ)~*-, 
n = 3,5,7, .... in electron attachment to oxygen clusters. 

We have also performed TOF experiments in order 
to get information on the excess kinetic energy release 
of the product ions. Figure 12 shows some results for 
the channel 0-. At low stagnation pressure and t = 6.2 
eV we observe essentially the feature known from the 
isolated molecule. A t  3.5 bar there is some contribution 
of signal between the TOF doublet caused by ions 

f 
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Figure 11. 04- formation from mixed NdO2 clusters: (a) 
(O2I2-from pure oxygen; (b) (0212-  from Nd02 clusters (101). 
The strong contribution at 2.3 eV is due to inelastic scattering 
of the primary electron via the N2- (2II,) resonance. 
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Figure 12. TOF distribution of 0- at different stagnation 
pressures and electron energies. 

ejected with comparatively low kinetic energy. Al- 
though we do not know the exact ratio between 
monomers and clusters in the beam at 3.5 bar, the 
intensity ratio 0-:02-:03- = 1:0.6:2 (at 6.2 eV) and the 
fact that the intensity of 0 2 -  and 04- from the low- 
energy peak is more than 1 magnitude larger than 0- 
at 6.2 eV indicate that at -80 "C and 3.5 bar we have 
considerably more clusters in the beam than monomers. 

Figure 13 additionally shows the negative-ion mass 
spectrum recorded from the low-energy peak at 3.5 bar. 
Although from the above discussion it is clear that such 
a mass spectrum (even when recorded near 0 eV and 
regardless of experimental effects such as discrimination 
against large masses in a quadrupole) is the result of 
fragmentation processes following electron capture, it 
clearly indicates that there are clusters of considerable 
size in the beam at that stagnation pressure. 
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Rigure 13. Negative-ion maas spectra recorded from the low- 
energy resonance. 

In any case, the TOF distribution of 0- recorded at 
6.2 eV is quite surprising since it indicates that 0- 
ejection from clusters is essentially the same as for 
monomers. This is a definitely different behavior from 
what we know from clusters composed of larger mol- 
ecules, see below. On going to higher electron energies 
(population of the 22,+ state), a broad and unstructured 
TOF distribution appears which remains the only 
feature at  9.2 eV. This broad TOF distribution reflects 
a structureless kinetic energy distribution ranging from 
0 eV to -1.5 eV. 

An explanation for this behavior is that the 0 2 * -  PIIJ 
state is predominantly formed at the 'surface" of the 
target cluster where 0- is emitted with an energy 
comparable to that in the isolated 02 molecule. 

Conversely, the 02*- ( 2 X g + )  state is created without 
positional preference in the target cluster and emission 
of 0- is generally associated with a multiple scattering 
process within the cluster, resulting in the broad 
distribution of kinetic energy. 

The formation of (Oz)"-, on the other hand, is always 
associated with low kinetic energy from any of the 
resonances and independent of stagnation pressurelB 
(not shown here). This supports the secondary mech- 
anism involving attachment by an inelastically scattered 
slow electron. 

Photodetachment studies on the system (0~)~- per- 
formed by Johnson et al." showed a large jump in 
electron binding energy from 0.44 eV for the monomer 
to 1 eV for the dimer with a more gradual, monotonic 
increase for larger n. In connection with recent 
thermochemical work on (02 )" -  l9O it was concluded that 
a cluster ion (02)"- consista of an 04- core surrounded 
by looeely bound 02 ligands. 

In conclusion, it can be seen that negative ion 
formation in oxygen clusters proceeds via different 
processes (i) dissociative electron attachment involving 
the three repulsive states 211u, 2Eg+, and %+, generating 
ions of the form (Oz),,-O-. In single molecules, popu- 
lation of the E+ states is symmetry forbidden, (ii) 
formation of (02),,-at low energies (<2 eV) by associative 
attachment with subsequent collisional stabilization 
thereby evaporating the target cluster ("evaporative 
electron attachment"&), and (iii) inelastic electron 
scattering followed by associative attachment of the 
slowed down electron. 

I CFSCI 

Mass (amu) 

M = CF3CI 

a :  F-  f :  M- k: (M2)- P: (M3)- 
b: CI- g :  (M*F)- 1 : (M2.F) - q : (M3-F)- 
c :  CIF- h :  (M-CI)- m: (MpCI)- r :  (M3CI)- 
d : C F i  i : (M.CIF)- n : (M2.CIF)- s : (M3CIF)- 
e :  CFCI- j :  (M*CF,)- o : (MjCFJ- 

Figure 14. Negative-ion m a  spectrum observed in electron 
attachment to CF&l clusters. 

B. Homogonoom Clusters of Polyatomlc 
Mohulos 

This section presents some recent results obtained 
in homogeneous clusters composed from molecules 
whicharealsowellcharacterizedwithrespecttoelectron 
capture by the isolated compounds in the gas phase. 

1. TrHkKKochlaromethene. Dlstrlibutlon of Excess 
Energy In the Decompos(Mon of Clusters 

CF&l possesses two resonances centered around 1.4 
eV and 4-5 eV.38J31 While the low-energy state ex- 
clusively yields C1-, the electronic state near 4-5 eV 
decomposes into a variety of negatively charged frag- 
menta such as C1-, F, CF3-, eta. The low-energy state 
is interpreted as one particle resonance, with the 
additional electron in the fist virtual MO which has 
a strongly localized a*(C-Cl) antibonding character. 
TOF experiments, in fact, revealed that the temporary 
negative ion decomposes directly into C1- + CFs via 
electronic diesociation along a repulsive potential energy 
surface.97 

On proceeding to clusters, we observe a variety of 
additional, negatively charged complexes. Figure 14 
shows the lower part of the negative-ion mass spectrum 
obtained in electron impact to a cluster beam of CFsC1. 
The beam was generated by adiabatic expansion of 
CF&l seeded in Ar (1:lO) at 2-bar stagnation pressure. 
The diagram is a superposition of two spectra recorded 
at electron energies of 1.4 and 4.5 eV, respectively. For 
a clearer representation, Figure 14 only shows peake 
corresponding to W1. Apart from the fragments known 
from the isolated molecule, one detecta a variety of 
larger charged complexes with the series Mn-, M,,*Cl-, 
M,-F, M,.CF, and M,,.CFg-.s*B8 As pointed out above, 
the product ion intensity distribution doee not directly 
reflect the size distribution of the neutral clusters in 
the beam. 

How do the resonance profiles of these product ions 
behave? Figure 16 shows a few representative ion-yield 
curves taken at  2-bar stagnation pressure. These 
spectra have been recorded with a nonmonochromathd 
electron beam (hairpin filament followed by a series of 
electrodes instead of the electron monochromator, 
Figure 1). In spite of the low-energy resolution for the 



EkctKwcAttachment Readon In Molecular clusters Chemlcal Revkwa, 1992, Vd. 92, No. 7 I&$@ 

(M*CI)' ' I  
'- 

0 1 2 3 4 5 6 7  
Electron Energy [ev] 

Figure 15. Some selected ion-yield curves observed in 
electron attachment to CFSCl clustere. 

present experiment (A€ = 0.7 eV, fwhm), we see that 
all the ions are formed within a low-energy resonance 
and/or a resonance between 4 and 5 eV already known 
from the isolated compound. The shapes and energetic 
positions of these ion-yield curves do not depend on 
the stagnation pressure, at least not to an extent 
observable at the poor resolution. The only significant 
effect is the observation that the relative intensity of 
the low-energy C1- signal with respect to the one at 4.8 
eV increases with stagnation pressure (see below). 

The ions M,- and M,*Cl- are predominantly formed 
from the resonance of low energy, and M,*F is solely 
associated with the second resonance and closely 
resembles the F- ion yield. The shapes of the ion-yield 
curves are virtually independent of n. All products 
appear within a resonance near 1.4 eV and/or a 
resonance of higher energy (4-5 eV) already known in 
the isolated molecule. This indicates that electron 
capture by CF&l clusters proceeds via initial formation 
of an individual anion (CFsCl-) in the aggregate whose 
initial state is not much affected by the surrounding 
constituents of the target cluster. While the isolated 
molecule decomposes into the different fragments, the 
ionized cluster gives rise to the many different product 
ions apparent in the mass spectrum (Figure 14). There 
is no indication of anion formation via inelastic scat- 
tering prior to electron capture. 

We wil l  now restrict the discussion to low-energy 
attachment associated with the electronic ground state 
of CFsCl-. In the isolated molecule this resonance 
decomposes by direct electronic dissociation exclusively 
into C1- + CF3. In the aggregate, we have formation of 
a localized anion in a repulsive state: 

e-(1.4 eV) + (CF3C1), - (CF,Cl-)*(CF,Cl),-, (16) 
which evolves according to 

(CF,Cl-)(CF,Cl),-, - (CF,Cl),- + (CF,Cl),-, (17a) 

+ Cl- + (CF3)-(CF3C1),-, (17b) 

In eqs 17a-c each neutral channel is assigned to consist 
of only one compound. Of course, as in the case of 
oxygen clusters, the reactions wil l  generally release 
enough excesa energy for a further evaporation of the 
target cluster. Channel 17a, m = 1, leaves the parent 
radical anion in its relaxed configuration. This implies 
that the potential energy surface of M- in its electronic 
ground state must possess a minimum as illustrated in 
Figure 16. For the present system, a relaxation energy 
of more than 1.4 eV (at resonance maximum) has to be 
distributed in the target cluster. 

Figure 17 demonstrates how the TOF distribution 
evolves with increasing stagnation pressure and hence 
the average size of clusters in the beam. 

At  low stagnation pressure (0.5 bar, Figure 17a) one 
observes a separated TOF doublet similar to that for 
the isolated system?' At  that pressure there is no 
indication of cluster formation and C1- arises solely from 
electron capture by monomers. The quantitative 
evaluation of the TOF spectrum shows that virtually 
all of the available excess energy is transferred into 
kinetic energy of C1- + CF3. The decomposition of the 
isolated ion is an example of the "rigid radical" limit 
within the impulsive model for dissociation.132J33 In 
the present example, CFs behaves like a rigid radical, 
and the decomposition of the polyatomic molecule is 
analogous to that of a diatomic molecule. It should be 
noted that polyatomic negative ions generally do not 
behave according to the impulsive model. They rather 
decompose by a more or less effective distribution of 
the available excess energy among the different degrees 
of freedom.l"J% 

By increasing the stagnation pressure (1 bar) an 
additional feature near time zero becomes apparent. 
This contribution dominates the spectrum at 3 bar. 
Any further increase in pressure leaves the TOF 
distribution virtually unchanged. 

Figure 17d shows the result of a graphical subtraction 
which indicates that the TOF spectrum consists of two 
components, one due to C1- ions with considerable 
kinetic energy and an additional one yielding low-energy 
ions. 

So far, we have demonstrated that cluster formation 
coincides with the appearance of low-energy C1- ions. 
The question concerning the origin of the high-energy 
component (which is still present in the TOF spectra 
at high stagnation pressures), however, is still open. 
This feature may be due to C1-emission from monomers 
(in the beam or from background gas) or from particular 
clusters. 

If target clusters exist with structures where the F3C- 
C1 axis points away from the other molecules one would 
expect the free emission of C1-ions and, thus, a behavior 
similar to the isolated case. 

On the other hand, for configurations in which the 
F3C-Cl axis of the temporary ion points toward other 
members of the target cluster one expects either the 
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Figure 16. Potential energy diagram illustrating dissociative 
electron attachment to CF&l (see text). 
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Figure 17. Evolution of the Cl-/CF&l TOF spectrum with 
increasing stagnation pressure recorded at the resonance 
maximum (1.4 eV). 

emission of low-energy C1- ions, slowed down by 
scattering events or the ultimate formation of the other 
products observed at that energy (CFsCl-, Mn-, or 
Mn*Cl-). 

TOF experiments with helium as carrier gas have 
shown1@ that the high-energy component is, in fact, 
predominantly due to C1- emission from scattered 
background monomers and only a small amount is due 
to C1- emission from targets in the supersonic beam: 
If helium is used as carrier gas, the velocity of the 
particles in the beam (Le. along the axis of the flight 
tube) is very high and in a TOF spectrum one can easily 
distinguish between C1- emission from particles trav- 
eling with the seeded beam velocity and C1- emission 
from background molecules. The present system thus 
behaves in a different way compared with oxygen 
discussed above: the amount of translational energy 
arising from diesociation of a repulsive electronic state 
is drastically reduced in CFsCl on proceeding to clusters. 
In oxygen, on the other hand, ejection of 0- from the 
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Figure 18. Formation of F and CF4- following electron 
attachment to CF4 clusters. 

02*-(211u) state remains virtually unchanged between 
monomers and clusters. 

The appearance of low-energy C1- ions from CFsCl 
clusters is also responsible for the enhanced C1- intensity 
from the low-energy resonance mentioned above. The 
explanation is that thermal ions are much less dis- 
criminated by the ion draw out configuration than 
energetic ions.98 

The present example demonstrates that intermo- 
lecular energy transfer in the aggregate allows the 
preparation of molecular anions not accessible by other 
techniques. To our knowledge, CFsCl- has not been 
observed in the gas phase before. The effect of 
intermolecular energy transfer becomes much more 
dramatic in the case of CF4 clusters. 

2. Tetrafluoromthane. Observatlon of CF4- 

CF4 captures electrons within a broad resonance 
centered around 7-8 eV which is associated with the 
formation of F and CF3-.38t98 

On proceeding to clusters, we find a variety of 
additional products i.e. F2- and the series Mn-, M,P,  
and MnCF3-. Among these, the appearance of CF4- is 
most surprising. This ion has not been observed before. 

The ion-yield curves show that all products are formed 
within the broad resonance region known from electron 
capture by the monomer.6' Their individual shape, 
however, varies significantly from one product to 
another. All members of the series MnsCF3- virtually 
coincide with the CF3- profile while the maximum of 
the formation probability of CF4- (and the other 
members of the series Mn-) is shifted to significantly 
lower energie~.~' As an example, Figure 18 shows the 
ion yield curves for CF4- compared with F. These 
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Figure 19. Hypothetical potential energy diagram for CF4 
and CF4- (see text). 

spectra are recorded with a monochromatized electron 
beam at a stagnation pressure of 4 bar. 

From experiments on isolated CF4 we know that the 
temporary ion CF4- is formed in a strongly repulsive 
state which immediately decomposes into the channels 
F + CF3 and CF3- + F with considerable release of 
kinetic energy to the fragments. If CF4-is formed within 
an aggregate, we must consider the following reactions: 

-+ (CF4),*CFi + 
F*(CF,),-,-, We) 

Observation of CF4- again implies that its potential 
energy surface must possess a minimum at an energy 
below the lowest dissociation channel, Le., F + CF3, 
which lies 2.26 f 0.13 eV above the neutral ground 
state of CF4 [taking established values for the F3C-F 
bond dissociation energy (5.66 f 0.13 and the 
electron affinity of F (3.399 f 0.003 eV138)l. 

A hypothetical potential energy diagram for CF4 and 
CF4-in their respective electronic ground states is shown 
in Figure 19. If CF4- is ultimately formed in ita 
equilibrium configuration, a relaxation energy of up to 
6 eV has to be distributed among the target aggregate! 
This can only occur by a substantial evaporation of the 
initial cluster. It is not yet established whether or not 
CF4 possesses a positive adiabatic electron affinity. 
Figure 19 illustrates the ion in a metastable state. 
Although the energy of the relaxed ion is above that of 
ground-state CF4 (negative adiabatic electron affinity), 
the Franck-Condon overlap to the ground state is 

extremely poor, preventing the ion from autodetach- 
ment. The diagram further suggests that CF4- repre- 
sents a weakly bound adduct CF3-F (with one bond 
significantly weakened) rather than a tetrahedral CF,. 
We have here a similar situation to the system COZ 
mentioned in the introduction: although it is well 
known that the monomer has a negative EA, electron 
attachment to clusters also yields the metastable 
monomer anion C02-,47@J57 which, due to its bent 
structure, has a poor Franck-Condon overlap to the 
linear ground state. 

Returning to the ion-yield curve (Figure 18), the most 
significant feature here is the asymmetric profile of the 
M--yield curve toward lower energies within the res- 
onance. 

The cross section for the formation of a specific ion 
X- can be written as 

a(X-) = ao*P(x-) 

with a0 the attachment cross section of the target 
compound and P(X-) the probability for the formation 
of X- with respect to other competitive channels, 
including autodetachment. If P(X-) does not depend 
on energy, we can write a(X-) - a0 and the line shape 
of the ion-yield curve will have a Gaussian profile based 
on the reflection principle. For more complex reactions 
P(X-) generally depends on the energy of the precursor 
ion which will influence the peak shape of the ion-yield 
curve. It is plausible that CF4- formed at the lower 
energy side of the resonance has a higher chance of 
being stabilized, since less relaxation energy has to be 
distributed among the target aggregate. This results 
in an ion-yield curve with an asymmetric profile. 
As in the case of CF3C1, a TOF analysis performed 

on CF4 shows that the ejection of F- and CF3- is 
effectively slowed down when proceeding to clusters.s7 

3. Acetonitrile. Formation of Dipole-Bound CH&W 
The interaction of an electron with a stationary dipole 

has been of considerable interest over the past decade 
since it provides the possibility of negative molecular 
ions not accessible with conventional MO type inter- 
action. It has been p r e d i ~ t e d l ~ ~ J ~  that all molecules 
with dipole momenta greater than -2 D are able to 
form a dipole supported state, Le., an electronic state 
in which an extra electron is weakly bound in the field 
of the dipole. For molecules possessing a positive 
electron affinity, a dipole-supported state represents 
an electronically excited state of the anion. Such states 
have been observed in photodetachment spectroscopy 
from enolate and o-benzoquinone anions.141-143 Here, 
transitions from ground state create dipole-supported 
states of finite lifetime (dependent on the rotational 
energy) with respect to detachment of the additional 
electron. 

For acetonitrile, on the other hand, electron-scat- 
tering experiments and MNDO calculations predict a 
negative electron affinity (-2.84 eV).144J46 Its dipole 
moment is 3.92 D and thus well beyond the critical 
value. The experimental evidence for the existence of 
a dipole supported state, however, was rather conflict- 
ing. The thermal electron attachment rate was found 
to be unmeasurably low while in collisions with highly 
excited Rydberg rare gas atoms CHsCN- was ob- 
served.l4+148 In contrast to that, collisional electron 
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Figure 20. Negative ion mass spectrum from clusters of 
CH3CN recorded at 8.5 eV electron energy and at a stagna- 
tion pressure of 1 bar. 

transfer to a distribution of CH3CN clusters (including 
monomers) from Rydberg krypton atoms yielded 
(CHsCN),, n 1 13 but no CH&N-.@ Attempts to 
detect CH3CN- in collisions with fast alkali atoms also 
failed.1'8 

In previous experiments on isolated CH3CN it was 
shown that dissociative electron attachment is char- 
acterized by an unusually low cross 8ecti0n.l~~ Two 
resonances were observed with peak maxima at 3 eV 
and near 8 eV. They decompose into various fragments 

the dominant ion. The low-energy resonance was 
interpreted as a shape resonance due to involvement 
of the TCN* MO and the second one as core excited 
resonance with two electrons in normally unfilled MOs. 
We here discuss the formation of dipole-bound CHsCN- 
through electron attachment to CH3CN clusters. 

Acetonitrile clusters were prepared by flowing Ar 
through a stainless steel vessel containing liquid ace- 
tonitrile and expanding the mixture through the nozzle. 
From clusters we additionally observe ions of the form 
CH2CN-*(CH&N),.7' They are predominantly formed 
at a stagnation pressure near 1 bar and arise within the 
two resonances known from the isolated molecule. In 
addition, there is strong evidence that acetonitrile anion, 
CHsCN- is exclusively formed within the second 
resonance. 

Figure 20 shows the relevant section of the mass 
spectrum obtained at 8.5-eV electron impact to the 
CH&N cluster beam at a stagnation pressure of 1 bar. 
We assign the observed mass numbers to C2N- (381, 

Upon decreasing the stagnation pressure, both the 
CH3CN-signal and the signal due to CH2CN--(CH&N), 
decrease until they disappear. The maas spectrum then 
corresponds to that recorded under effusive gas inlet 
which was provided by a capillary directly connected 
to the reaction chamber. The mass spectrum then still 
contains a small signal at M = 41. Since ita intensity 
is =2% of M = 40 we assign it to 13CH2CN-. 

Figure 21 presenta ion-yield curves of the mass 
numbers 40 and 41 recorded at 1-bar stagnation 
pressure. Cyanomethyl anion (CH&N-) is, like in the 
effusive case, predominantly formed within the low- 
energy resonance. As can be seen from the absolute 
count rate in Figure 21, the M = 41 signal at  3 eV is 

(CHs, CN-, C2N-, CzHN-, and CZH~N-) with C2H2N- 

C2HN- (39), CH2CN- (40), and CH3CN- (41). 

0 1 2  3 4 5 6 7 8 9 10 
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Figure 21. Ion-yield curves of M = 40 amu and M = 41 amu 
recorded at 1-bar stagnation pressure. Note the different 
scale for the ion-count rate. 
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Figure 22. Some selected ion-yield curve8 obtained in 
electron attachment to C2Fd clusters. 

-2 % of M = 40 and must thus be due to cyanomethyl 
anion with one l3C atom. On the other hand, the M = 
41 signal near 8.5 eV is of comparable intensity, 
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show any indication of an M2- signal, and we conclude 
that this ion must be a product of electron capture by 
clusters of perfluoroethylene. 

What is the nature of this new electronic state? It 
is likely that M2- in its relaxed form represents a stable 
cyclobutane anion, but this says nothing about the 
initial state of the excess electron in the target aggregate 
at the instant of the electronic transition. In the present 
system, the response of the charge distribution toward 
the incoming electron obviously changes when pro- 
ceeding from monomer to aggregate. 

As mentioned in the Introduction, the formation of 
a temporary negative ion in an atom or molecule is 
usually described by the long-range interaction between 
the electron and the neutral particle. This interaction 
and thus the vertical attachment energy is largely 
determined by the polarizability of the neutral com- 
pound. If the aggregate or a particular structure in it 
possesses a larger polarizability than the isolated 
compound, there will always be the possibility of 
trapping an excess electron at a lower energy. In a 
somewhat simplified view, one would expect for clusters 
in which the intermolecular distances are large com- 
pared with the bond length in a molecule that the 
incident electron would interact primarily with one 
individual molecule. The localized anion M- is formed 
in an electronic state not significantly perturbed by 
the other molecules. 

Conversely, if particular clusters or structures within 
them exist that allow a more collective response of the 
charge distribution with respect to the incoming 
electron, one would expect electron capture to occur at 
a lower energy. 

The low-energy absorption band shows an intriguing 
pressure dependence when monitoring the Mz- ion-yield 
c~rve.6~J56 By increasing the stagnation pressure, one 
first observes the low-energy absorption band, and only 
at higher stagnation pressures does the 211 resonance 
(shifted to lower energies by 0.5 eV) become apparent. 
The same behavior can be noted for all members of the 
series M,- (n 1 2), with the general trend that the signal 
onset arises at higher stagnation pressures with in- 
creasing n. This suggests that small clusters (probably 
dimers due to their significantly high intensity) rep- 
resent the specific structure that allows low-energy 
electron absorption. 

Although the occurrence of an additional low-energy 
resonance in clusters was observed in various other 
s y s t e m ~ , ~ J ~ ~  it is not clear whether this is a general 
feature in aggregates consisting of larger polyatomics. 
Clusters of perfluoroethanelM or methano1,lW for ex- 
ample, only absorb electrons near the energy known 
from the isolated molecule. Studies in trifluoroethyl- 
ene,I5' on the other hand, also reveal an additional low- 
energy peak associated with M,- (n 1 2). 

consistent with the mass spectrum (Figure 20), and we 
assign it to CHsCN-. Although very weak in intensity 
ita resonance profile is obvious. This indicates that 
CH3CN- formation is in fact a result of electron 
attachment to CHSCN clusters and not due to collisional 
charge transfer with excited species which may also be 
present at that energy. 

It is quite remarkable that only electron capture near 
8.5 eV provides the conditions to generate an observable 
acetonitrile anion. Obviously, the core excited state 
provides the access to form the dipole bound state rather 
than electron-transfer or low-energy electron attach- 
ment to CH3CN. 

It should, however, be noted that one cannot a priori 
rule out the formation of isomers of acetonitrile such 
as the radical anion of aminoacetylene, azirine, or 
vinylnitrene. 

Some of the corresponding neutrals are experimen- 
tally known; their energy is predicted to lie considerably 
above acetonitrile, e.g., 100 kcal in the case of vinylni- 
trene." To our knowledge, however, the existence of 
the anions is not known. From all the experimental 
results presented here it is also clear that electron 
attachment to clusters forms (among other channels) 
the anion in ita energetically lowest configuration. In 
the case of C2H3N- this is dipole bound CH&N-. 

4. Tetrafluoroethylene. Appearance of a Low Lying 
Electronic State in (C#dn-, n 1 2 

It is well known that electron capture in c2F4 gives 
rise to an isolated resonance peaking at 3 eV.151 This 
electronic state is described by accommodation of the 
excess electron into the lowest virtual orbital having ?r* 

character. The C2F4- (211) resonance then decomposes 
into channels yielding F, CF3-, CF2, and CF3-.152J53 

In clusters we observe the expected resonance near 
3 eV yielding all the fragments known from the 
monomer and, additionally, various larger complexes 
such as M,-, M,P,  etc. The ion-yield curves for the 
larger products are shifted by 0.2-0.5 eV toward lower 
energies. 

The most striking feature is the appearance of an 
additional resonance at  low energy. This electronic 
state is coupled exclusively with the formation of M,- 
(n 1 2)! It should be noted that negatively charged 
monomers are readily observed (Figure 22) from the 
3-eV resonance. It is yet not clear whether the 
monomeric anion represents a thermodynamic stable 
ion or a metastable compound comparable to CF4- 
discussed above. Ab initio calculations predict an EA 
near 0 eV.lM Figure 22 gives a few ion-yield curves 
recorded at a stagnation pressure of 2 bar. F formation 
is not expected from the low-energy resonance for simple 
energetic reasons, since the C-F bond energy exceeds 
the electron affinity of F by approximately 1.5 eV. It 
is, however, surprising that the radical anion M- is not 
formed at  low energy although it is clearly seen from 
the higher energy resonance (Figure 22). 

It is also striking that, among all larger compounds, 
M2- is formed with an extraordinarily high intensity 
and one might think that the sample contains some 
impurity of perfluorocyclobutane which, in fact, cap- 
tures low-energy electrons to form a long-lived radical 
anion like other cyclic perfluoro compounds.ls5 How- 
ever, experiments at low stagnation pressure did not 

C. Heterogeneous Clusters 

We shall finally present some results from hetero- 
geneous clusters which are composed of molecules 
possessing resonances at considerably different energies. 
The obvious question then arises as to whether product 
ions composed of both constituents are formed. In 
section IILA we have already presented a result in mixed 
NJO2 clusters. In this case, N2 as a nonattaching 
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Figure 23. Negative-ion mass spectrum recorded at 1.4 eV 
electron energy from heterogeneous clusters composed of H2O 
and CF3C1. 
component considerably contributes to (02)n-formation 
through inelastic scattering of the primary electrons. 

7. CF&I/H@. Formation of Solvated Ions 
As discussed above, trifluorochloromethane exhibits 

two clearly separated resonances near 1.4 eV and 4-5 
eV, while H20 captures electrons within three over- 
lapping resonances between 6.5 and 12 eV which are 
associated with the formation of H-, 0-, and OH-.158J59 
For the channel H- + OH, it has been established that 
most of the excess energy is released as kinetic energy 
to the fragments.'@ 

The heterogeneous clusters are prepared by flowing 
CF&l seeded in Ar (1:lO) at a pressure of 1.8 bar through 
a stainless steel vessel containing liquid water near room 
temperature and expanding the mixture through the 
nozzle as described in Experimental Considerations. 

Although the clusters under consideration are com- 
posed of simple molecules, the assignment of the mass 
spectrum is not in any case straightforward. In the 
0-10 eV region the negative-ion mass spectrum shows 
evidence for the solvated ions [(H20)n*C1- (n 1 11, 
(H20),,*F- (n L l), and (H20),,-OH- (n 1 2)] and all the 
products obtained in electron capture by homogeneous 
CF&l aggregates described above, as well as 0- and 
OH-. We have restricted our experiments to mass 
numbers below 150 so that the possible formation of 
(H2O)n- (n L 11)32 has not been a subject of the present 
investigations. The assignment of the mass spectrum 
is sometimes ambiguous since different possible com- 
pounds have identical mass numbers. For example, 
CF&!l*Cl- (mass numbers 139, 141, and 143) overlaps 
with (H20)&1- (143/145), (H20)7-OH- (143), and 
(H2O)T-F- (145). They can, however, sometimes be 
distinguished by their different energy dependences. 

Figure 23 shows the lower part of a mass spectrum 
recorded at 1.4 eV electron energy. Only peaks due to 
35Cl are shown. We ascribe the mass numbers 53,71, 
89,107,125, and 143 to (H20)n*35Cl-(n = 1-6, see below). 

In Figure 24 we have recorded the ion yields corre- 
sponding to mass numbers 35, 53, 55, and 19 in the 
energy range 0-12 eV. Above 11 eV, one observes a 
continuously rising signal which cannot be discrimi- 
nated by mass filter or any electrostatic potential. This 
signal is easily identified as arising from electronically 
excited carrier gas atoms in their well-known metastable 
states, Ar* (3P2, 11.55eV), Ar* (3P0, 11.72 eV),ls1 causing 
electron emission at the first dynode of the electron 
multiplier. 
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Figure 24. Selected ion-yield curves obtained in electron 
attachment to clusters composed of H20 and CF&1 (see text). 

Figure 24a gives the 35Cl- yield which is similar to 
that obtained from homogeneous CF&l clusters (Figure 
15). In the ion-yield curve recorded for M = 53 (Figure 
24b) we assign the signals near 1.4 and 4.5 eV to 
H z o ~ ~ ~ C l -  and the weak contribution above 7 eV to 
(H20)2*OH-. Solvated hydroxyl ions (H20),,*OH- (n L 
2) have also been detected between 7 and 10 eV in 
electron impact to H20 clusters.32 As expected, the ion 
yield recorded at M = 55 (Figure 24c) gives no 
contribution near 7 eV; the intensity ratio between the 
two low-energy resonances, however, differs substan- 
tially from that in Figure 24b. We interpret the signal 
near 4-5 eV as being composed of (H20)*37Cl- and 
(H20)2*F. Solvated ions of the type (H20)n-F (n 2 1) 
can, in fact, be observed in clusters composed of H2O 
and perfluorinated compounds arising at energies close 
to that of F formation. For comparison, Figure 24d 
shows the F yield. 

The present example illustrates that the formation 
of the solvated ions (H20),,Cl- proceeds predominantly 
through the low-energy resonance of CF&l at 1.4 eV. 
From the results presented above, we know that this 
molecular anion is generated in a strongly repulsive 
C-C1- electronic state. 

2. CF2c!2/02. Chemical Reactions Induced by Slow 
Electrons 

Single difluorodichloromethane captures electrons 
at low energies (<1 eV) and also within a resonance 
near 3-4 eV.2~389~31 Low-energy electron attachment is 
exclusively associated with dissociative attachment into 
C1- + CFzCl which is by far the dominant reaction. On 
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Figure 28. Energy profiles of ion formation in pure and 
mixed clusters, M=CF&12: (a) C1- formation; (b) M- 
formation from pure CF2Clp clusters; (c) M C -  formation from 
clusters containing 0 2  and CF2Cl2 (see text). 
proceeding to CF2Cl2 clusters, one observes a variety of 
negatively charged product ions, among them the 
homologous series Mn-, M,C-, and MnR.  Figure 25a,b 
shows the channels C1- and M- observed from pure 
CF2Cl2 clusters. When a mixture of CFzClz and O2 is 
expanded, we observe product ions composed of both 
cluster constituents. In addition, for most of the 
product ions formed, there is now a significant con- 
tribution to the ion signal for primary electron energies 
above 5 eV. In Figures 25c and 26a-c the energy 
dependences of some product ions are plotted. These 
spectra were recorded with a mixture of CFzC12:02 = 
1:lOO at 2-bar stagnation pressure and a nozzle tem- 
perature of -40 OC. Both M-C1-and Mo02-show marked 
resonances near 0.7, 1.8, and =3 eV and some broad 
and overlapping structure near 6 and 8 eV. Processes 
induced near 0.7 eV may either proceed via initial 
electron attachment to an 0 2  or CF2Cl2 molecule within 
the target clusters. However, at 3 eV it is likely that 
the primary step is formation of a CF2C12- ion and, 
accordingly, at 6 and 8 eV the formation of 02*- (2n,) 
and 02*- (2E,+), respectively. Generation of M-C1- at 
6 and 8 eV is thus expected to proceed via electron 
capture by 0 2  and subsequent electron transfer ulti- 
mately releasing M-Cl-. 

The product C10-, on the other hand, is formed 
considerably above 1 eV. Although weak in intensity, 
a resonancelike profile near 3,6, and 8 eV is obvious. 
It is the result of a complex reaction associated with 
the cleavage of two chemical bonds and the formation 
of a new molecule. The weak intensity does not allow 
one to measure a reliable pressure dependence of its 
signal, so we cannot definitely conclude that C10- is 
the result of a reaction within one isolated cluster. The 
energy profile, however, suggests that the reaction can 
either be induced through electron capture by O2 or by 
C F 2 C 12. 
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Figure 26. Energy profiles of ion formation from clusters 
containing 0 2  and CF2C12. 

The C10, compounds play a particular role in the 
chemistry of the Earth's atmo~phere,'6~J63 and their 
thermochemistry is well characterized.1eq The energetic 
threshold of C10- formation from isolated O2 and 
CFzCl2 can be estimated as A H 0  = 3.4 eV, taking 
D(CF2Cl-Cl) = 3.3 eV, D(0-0) = 5.12 eV, D(C1-0) = 
2.75 eV1e5 and EA(C10) = 2.25 eve1% In clusters this 
value may be lowered to some degree due to possible 
reaction pathways with energetically favorable neutral 
products. The experimentally observed threshold is 
near 2 eV (Figure 26b). 

The product ions arising from mixed clusters also 
exhibit a significant structure at 1.8 eV which does 
neither appear from pure oxygen clusters nor from CF2- 
Cl2 clusters. This peak may be a result of a particular, 
inelastic scattering process in the target cluster followed 
by low-energy electron capture; it may also be due to 
an electronic state which is established by the collective 
response of 0 2  and CF2C12 toward the incoming electron. 

IV.  Relatlon to the Condensed Phase 

As mentioned in the Introduction, clusters represent 
a link between matter in its gaseous and condensed 
form. 

Electron scattering experiments from "condensed" 
matter have been performed in many different ways, 
from molecules adsorbed in submonolayer on certain 
surfaces to multilayer molecular (more or less ordered) 
films. 

One may divide such studies into two main categories, 
namely those where the energy loss of the backscattered 
electrons (and eventually the angular dependence) is 
r e ~ o r d e d ' ~ ~ - l ~ ~  or others where the reaction products of 
the scattering process are identified.169-170 The last 
category includes desorption induced by electronic 
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Figure 27. Electron stimulated 0- desorption yield from 0 2  
and Ar/O2 films: (a,b) 3 monolayers 0 2 ;  VR is a potential 
retarding the desorbing ions before entering the mass filter; 
(c,d) 20 monolayer Ar film containing 10% and 2% volume 
02, respectively; (e) gas-phase 0- yield (from ref 114). 

transitions (DIET) which has increasingly been studied 
within the last decade.171-174 In the case of electron 
impact induced reactions, the vast majority of exper- 
iments were performed in the energy range above 20 
eV. The study of processes at energies below 20 eV is 
virtually restricted to the work of Sanche et al. (for 
reviews, see refs 114,115, and 176). It was shown that 
elastic scattering can only be explained in terms of solid- 
state concepts while inelastic interactions are inter- 
preted by invoking resonant scattering at a molecular 
site. 

In the discussion of oxygen clusters we have referred 
to the work of electron scattering from multilayer 
oxygen films, where resonances-similar to those in 
clusters-could be observed by measuring the desorbed 
negatively charged 0- fragment. Further studies in- 
volving desorption of negative ions have been carried 
out for condensed molecules of NO and N20,178 C12,17’ 
CO,112 H20,178 and a series of hydrocarbons.179 

Figure 27 shows the ion-yield curves of 0- from 
condensed oxygen performed by Sanche et al.l14 The 
desorption yield is measured for a three monolayer 02 
film (a and b) and a 20 monolayer Ar film containing 
10% (c) and 2% volume 02 (d). For comparison, 0- 
formation from gaseous 02 is plotted in Figure 27e (see 
also Figure 5). The molecules are condensed on a clean, 
electrically isolated polycrystalline platinum (Pt) ribbon 
press fitted on the cold tip of a closed-cycle refrigerated 
cryostat. All components (sample, electron gun, and 
mass spectrometer) are housed in an ultrahigh vacuum 
(UHV) chamber reaching pressures below 5 X 
mbar. 

Curve b in Figure 27 was recorded by retarding the 
ions with a potential of -1.5 eV prior to entering the 
mass spectrometer. As the concentration of 0 2  mol- 
eculea increases (the molecules are then less isolated 
from each other), additional features near 8 and 14 eV 
appear which are ascribed to the symmetry forbidden 
transitions discussed in section 1I.A. 
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Figure 28. Electron-stimulated desorption of fragment ions 
from a multilayer of condensed CFzClz (see text). 

This was the first experimental evidence for the 
violation of the d selection rule. The result also 
demonstrates that electron scattering from condensed 
molecules is reasonably described in terms of potential 
energy diagrams at a molecular site. 

Figure 28 shows a recent result of electron-stimulated 
desorption from condensed CF2C12 observed in our 
laboratory,lW and for comparison, negative-ion forma- 
tion from the isolated molecule (Figure 29). The gas- 
phase spectrum shows a resonance at  0.8 eV and near 
3-4 eV; the resonance at low energy is exclusively 
coupled with C1- formation. No significant ion signal 
is observed above 5 eV in the gas phase. Similarly, 
electron capture by clusters of CF2Clz yields ions also 
near 0.8 and 3-4 eV (see Figure 26a). Electron- 
stimulated desorption from condensed CF2Cl2, on the 
other hand, gives an additional “resonance like” con- 
tribution shifted by 6 4 . 5  eV with respect to the gas- 
phase resonance. In the C1- yield the width and 
energetic position closely resembles the first absorption 
band of neutral CF2C12.181-1M We therefore suggest that 
the first electronically excited state is involved in the 
quasi-resonant contribution at higher energies. This 
can proceed either by inelastic scattering of the 
incoming electron at  a molecule on or near the surface. 
The scattered slow electron is then resonantly captured 
by a second molecule which decomposes, giving $e 
desorbed fragment ions. Another possibility is inelastw 
scattering followed by a further interaction of the slow 
electron with the excited molecule. In contrast to the 
gas phase, the scattered electron can be backscattered 
and subjected to an additional interaction with the 
excited molecule during its short lifetime. As men- 
tioned above, such interactions can have enormous cross 
sections. However, to elucidate the reaction mechanism 
of this second contribution, more sophisticated exper- 
iments have to be carried out. From the scale factors 
in Figures 28 and 29 it can be seen, that in the gas- 
phase formation of C1- is the dominant channel while 
it is F in the condensed phase. 

The present examples demonstrate that low-energy 
electrons can also be reactive when they interact with 
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been used for infrared predissociation experiments on 
size-selected van der Waals clustersl*lM [ (CZH,),, 
(CsHs),, (SFs),, n = 2-6, and the hydrogen-bonded 
systems (NH3)n and (CH3OH)J. The obtained spectra 
contain valuable structural information on the corre- 
sponding clusters. 

To our knowledge, for the systems treated in this 
article, no structural information is available from 
spectroscopic data. 

Although sophisticated ab initio calculations allow 
reliable information on small elemental clusters (Na,,, 
K,, Li,, etc., including their cations and anions; for a 
review, see BonaEibKouteck$ et al.lW), and probably 
small clusters composed from diatomic or triatomic 
molecules, these methods are no longer adequate to 
treat larger van der Waals clusters of organic molecules. 
A reasonable method to theoretically investigate such 
systems may emerge from the use of intermolecular 
pair potentials which were determined for some halo- 
genated methanes from ab initio and experimental 
dataelm 

The results presented here were obtained on clusters 
composed from molecules in their electronic ground 
states. To date, only a few experiments on electron 
scattering from excited targets have been performed. 
Electron capture by singlet oxygen (Figure 8) is one of 
the rare examples. On the other hand, in many 
processes, e.g., in discharges or, generally, when elec- 
tromagnetic radiation interacts with matter, (slow) 
electrons and excited molecules may concomitantly be 
present. From the rare experimental material it is 
known that the electron-attachment cross section is 
strongly enhanced, when the target is in an excited state. 
In singlet oxygen (Figure 8, excitation energy 0.98 eV) 
the enhancement factor is about 5. Electron-swarm 
e ~ p e r i m e n t s l ~ l - ~ ~ ~  indicate enhancements of more than 
6 orders of magnitude, when larger molecules are excited 
into the f i i t  (or higher) electronic states! The relevance 
of such processes in any environment is obvious where 
slow electrons and excited molecules are present. 

It seems therefore a challenging issue to study such 
reactions in beam experiments, where the energetics 
and reaction pathways can explicitly be followed. 
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Figure 29. Negative-ion formation from isolated CFzClz 
under single collision conditions. 

condensed matter: injection of low-energy electrons 
into a multilayer film results in the ejection of fragment 
ions into vacuum. 

V. Conclusions and Further Prospects 

From the results presented here, it can be seen that 
the study of electron-attachment reactions to molecular 
aggregates allows new insight into fundamental prob- 
lems concerning low-energy interactions with matter. 
With respect to the primary step of electron attachment 
we have shown that (1) the cluster environment can 
facilitate the population of negative ion states which 
are not accessible in the single electron-molecule frame 
of reference and (2) the collective response of the 
molecules representing the cluster can provide the 
condition to trap the excess charge at energies for which 
the isolated molecule is transparent. If the excess 
charge is localized by forming an individual temporary 
anion in the cluster, the euolution of the molecular ion 
proceeds via multiple scattering events involving inter- 
and intramolecular charge and energy transfer. Among 
these are many-body stabilization processes leaving the 
molecular anion in its energetically lowest state. In 
heterogeneous clusters, more complex processes result 
in the formation of solvated ions or new ions composed 
from both cluster components. It was further shown 
that in clusters composed of molecules having the ability 
to capture electrons near 0 eV, inelastic scattering 
processes prior to attachment can significantly con- 
tribute to negative-ion formation. 

These studies suffer from two essential shortcom- 
ings: (a) lack of direct information on the exact size of 
the cluster from which the product is observed and (b) 
lack of structural information on the target aggregate. 

The first shortcoming can principally be overcome 
by subjecting the neutral cluster beam to a scattering 
process with a rare gae beam as introduced by Buck et 
al.18(J85 Due to momentum transfer in the scattering 
process, the clusters in the beam are dispersed according 
to their size, i.e. light clusters are scattered into large 
scattering angles and vice versa. This technique has 
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