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Ion-Molecule Reactions within Molecular Clusters 
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I.  Introduction 
Recently molecular clusters have attracted consid- 

erable attention as model systems for studying the 
physical and chemical properties of molecules in the 
transition from the gas to the condensed phases.'-" 
This new field was both stimulated by the availability 
of new experimental tools and techniques and also by 
a growing interest in more complex and weakly coupled 
molecular systems. Supersonic beams allow the syn- 
thesisofotherwisescarceand fragilemolecularclusters 
in reasonable quantities. New light sources such as 
lasers and synchrotron radiation facilities allow char- 
acterization of theirenergetics, dynamics, and structure 
with hitherto unknown versatility and precision. 

For the physicist, clusters are ideal model systems 
for investigating many electronic properties which 
contrast the transition from single particles to the bulk 
material.'* Typical examples studied recently with 
atomic clusters are, among many others, the transition 
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from single particle excitation to excitons13 and the 
development of metallic behavior with nonmetallic 
atoms." 

For the physicalchemist, however, molecular clusters 
are of great interest as model systems to study the 
reactivity of molecules embedded in a 'microsolution". 
In the past two decades gas-phase studies on chemical 
reactions have tried to unravel the intrinsic structural 
factors responsible for molecular reactivitywith respect 
to different pathways. As a consequence many of the 
effects seen in condensed-phase reactions were attrih- 
uted to s~lvation.'~ Therefore it is relevant to address 
the chemistry of solvation again. This time however, 
it is possible to define the experimental conditions 
precisely by theuseoftailor-madevander Waals (vdW) 
complexes comprising molecules of varying number and 
composition. In some cases one may also control the 
amount of energy deposited in the chemically activated 
species. Thus, the main issue of cluster research is to 
disentangle the intra- and intermolecular factors gov- 
erning chemical reactivity and to obtain an insight into 
reaction mechanisms from microsolvent effects. 

Typical processes which may he investigated from 
the point of view of clusters are (1) energy and charge 
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transfer in weakly coupled systems and (2) chemical 
reactions involving microsolvation or homogeneous 
catalysis.8 

This review will focus on the ion chemistry in 
molecular clusters studied with new laser techniques. 
The chemistry of organic radical cations is relevant with 
respect to both their possible use in organic synthesis 
and for a theoretical analysis of their reactivity. Radical 
cations are important intermediates in electrochemi- 
cally initiated or photostimulated substitution reactions 
as well as in many redox processes. They possess a rich 
and varied chemistry due to their ability to react as 
radicals, ions and/or as electron-transfer reagents. In 
solution they are difficult to control in mechanistic 
studies due to their high oxidation potentials and large 
reactivity. Hence the detailed study of these species 
in both a collisional (gas-phase) and collision-free 
(microsolvated cluster) environment represents a major 
challenge to both theoretical and experimental chem- 
ists. While gas-phase reactions have been studied over 
the past two decades, the study of reactions in clusters 
is still a virgin field, particularly of those that are well 
characterized in size and structure by spectroscopic 
techniques. 

Several review articles, dedicated to the energetics 
and reaction dynamics of ionized molecular clusters 
have been published during the last few years;3y4J0J1J6J7 
hence no attempt is made for a complete overview of 
the whole field of ion-molecule reactions in molecular 
clusters. 

For mainly two reasons the emphasis of this article 
is placed on studies with new laser ionization tech- 
niques: (1) No review has appeared up to now dealing 
with this rather new field. (2) Laser spectroscopic 
techniques allow a hitherto unobtainable precision in 
the characterization of the size and structure of small 
molecular clusters. 
In comparison to other ionization techniques such as 

photoionization with tunable synchrotron radiation, 
tunable lasers excel in their ultra-high resolution 
capability and their superb intensity, both of which 
enable the study of clusters by multiphoton ionization 
spectroscopy. This new method combines optical 
spectroscopy with mass spectrometry. As the following 
shows, a new wealth of information concerning reactions 
in cluster systems may be deduced. 

Typical questions to be addressed in the context of 
intracluster ion chemistry are the following: 

How does the formation of a cluster change the 
energetics of its constituents, and how does it depend 
on its structure? 

Which processes occur with an ionized molecule in 
a well-characterized solvent environment as a function 
of stepwise solvation? 

Is the observed reaction behavior mainly determined 
by energetics or dynamics? 

Are small clusters suitable species for modeling the 
reaction behavior in the condensed phase? 

What are the fundamental differences of reactions 
in bimolecular ion-molecule collisions and in bound 
ionized clusters? 

Can one unravel the microscopic roots of homoge- 
neous solvation catalysis? 

Of course, cluster studies do not give complete 
answers to all of these questions and often the results 
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have only an indirect relevance to tackling chemical 
problems of bulk systems. For example of the ion- 
molecule reactions investigated by optical spectroscopy, 
only small clusters consisting of ions solvated with a 
maximum of four solvent molecules have been studied 
up to now. With larger complexes spectral congestion 
sets in. Contrary to this limitation many fundamental 
features in condensed-phase chemistry such as caging, 
heterolysis of bonds, and the appearance of multiply 
charged ions should only be observable in relatively 
large clusters. However, since the reactivity of an 
ionized molecule mainly depends on its nearest neigh- 
bors, studies of small clusters may be a feasible approach 
to understanding many of the microscopic steps of 
complex reaction behavior encountered in condensed- 
phase chemistry. Previous studies on gas-phase ion- 
molecule reactions15J8 have revealed that only a small 
number of neighboring solvent molecules are respon- 
sible for most of the behavior of ions in solution and 
that this behavior is mimicked quite well by a few 
molecules in the gas phase. It was also found that the 
first solvent molecules produce the largest effect on 
the acid-base properties of any species. Very recently 
specific condensed-phase effects have been found to 
appear at an early stage of aggregation. For example 
Lineberger et al.19 observed caging effects for clusters 
with only 16 molecules. Therefore in spite of the size 
limitation small clusters are believed to describe 
condensed-phase reactivity better than pure gas-phase 
experiments do. 

In the following sections, after an overview of the 
methods and experimental setups used, the main 
differences of ion-molecule reactions in the gas phase 
and in clusters will be briefly discussed from a more 
general point of view. The experimental results pre- 
sented will contain some recent work from the author’s 
group. Some elementary reactions will be discussed. 
Special emphasis will be placed on new features 
characteristic for cluster reactions and on a comparison 
with similar ion-molecule reactions in the gas phase. 

Since in general molecular clusters are fragmented 
by nearly all ionization techniquesFO studies of intra- 
cluster ion-molecule reactions are often handicapped 
by a poor definition of the initial size of the reacting 
complex. For many systems fragmentation can only 
be excluded very near to the ionization threshold. 
Valuable information on the ionization energetics of 
clusters may be derived from the appearance energies 
in their photoion yield curves as measured by high- 
resolution photoionization (PI) spectroi3copy.3J1J6 How- 
ever, as will be shown in the following section, frag- 
mentation by ion-molecule reactions often occurs close 
to the onset of ionization. Hence these highly reactive 
ion-molecule cluster systems require new tools and 
techniques for their characterization. 

Since the scope of this review covers only cationic 
intracluster reactions, readers interested in the reactions 
of anions are referred to the article of E. Illenberger 
also in this volume. 

I I .  Methods 

A. Methods of Cluster Production 
Nowadays clusters are mainly produced in supersonic 

expansions. Since the latter are widely used for 
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Figure 1. Mixing station of a continuous supersonic beam 
used for production of solute-solvent clusters of type AB,. 

producing both cold molecules and molecular aggre- 
gates, several review articles already exist, which 
describe the basic principles of adiabatic ~oo l ing .~ l -~~  
Hence no detailed discussion of the properties of 
supersonic beams will be given here. However some 
aspects relevant to the cluster work described later 
should be pointed out. 

Clusters from supersonic beams are not produced in 
a single size but with a size distribution. The width of 
the distribution can be changed extensively by varying 
the expansion parameters such as the stagnation 
pressure, the temperature of the beam source or-in 
the case of mixed clusters-the mixing ratio of the 
components. Thus very different types of clusters may 
be synthesized. 

Cold expansions of molecules with only a few degrees 
of freedom can be obtained using the pure component 
only, those with many degrees of freedom have to be 
expanded by the "seeded-beam technique", in which 
the molecules are dissolved at a few volume 5% in a seed 
gas such as helium or argon.22 At typical stagnation 
pressures of 2-3 bar and nozzle diameters of 5W30 pm, 
the molecules cool very efficiently during expansion 
through the nozzle into the vacuum, resulting in 
translational temperatures of typically a few kelvins. 
At a certain stage of the expansion the gas oversaturates 
and spontaneous formation of clusters sets in. The 
seed gas acts as a heat bath and most of these atoms 
are scattered out of the beam before reaching the 
skimmer. 

In the case of mixed expansions of gaseous samples 
one may either premix the sample gases or more 
preferably mix them in real time using flow meters. In 
the latter case the gas handling is more flexible and the 
cluster distribution may be optimized to the size 
required. Liquid samples can be studied using a 
temperature-controlled bubbling device. Here the seed 
gas is introduced into a vessel containing a sample and 
passes through the vapor phase above the liquid. The 
resulting mixture then enters the mixing station. Figure 
1 shows such a device designed for producing clusters 
with two molecular components. By adjusting the flow 
of "doped" seed gas in each line, the size distribution 
can be changed over a wide range from purely homo- 
geneous to heterogeneous cluster distributions, as 
illustrated in Figure 2. In the case of spectroscopic 
studies, one is interested in producing mainly small 
clusters (AB, with n < 5 )  to minimize the problems of 
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Figure 2. Cluster ion mass spectrum after R2P1, measured 
for an expansion of fluorobenzene with deuteromethanol in 
He for (a) a large relative concentration (typical clusters 1:n) 
and (b) a low relative concentration (typical clusters n:O, n:l) 
of the solvent. The laser wavelength was tuned into the 
"reactive- band 5 of the anisole cation (AN) (see Figure 25). 

cluster fragmentation, as discussed in more detail below. 
Larger clusters are suppressed by increasing the degree 
of dilution. Optimization of the beam parameters which 
determine the cluster size distribution is often crucial 
to obtain a reasonable signal to noise (S/N) ratio. 

As a general rule, when the ionization source is 
continuous, then the supersonic beam should also be 
continuous; with a pulsed source the molecular beam 
is preferably pulsed too in order to reduce the necessary 
pumping speed of the vacuum system. In particular 
when using low repetition rate lasers and expensive 
sample material, pulsed nozzles are mandatory. In 
addition they also permit some limited control over the 
temperature and size distribution of the clusters.24 This 
can be done with nanosecond ionizing pulses, e.g. from 
pulsed lasers, by sampling different points in the gas 
pulse. While clusters at the very beginning of the gas 
pulse are small and relatively hot, those from slightly 
later stages are much cooler and appear in considerably 
broader size distributions. 

The main drawback in using pulsed supersonic beams 
is the slow response time of the system when optimizing 
the cluster distribution. Therefore in studies with 
mixed beams continuous sources are still advantageous 
even with pulsed ionization sources. 

B. Methods of Cluster Size Separation 
Since in a supersonic beam all particles have a 

practically common velocity parallel to the beam axis, 
the neutral clusters may not be size selected by velocity 
analyzers. Therefore the assignment of the size of a 
neutral cluster is usually carried out using ionization 
combined with mass analysis. As will be discussed 
below, the clusters are often intra- and intermolecularly 
vibrationally excited after ionization. They may then 
distribute this excess energy into the weak intermo- 
lecular bonds and fragment by the evaporation of 
molecular subunits, a relaxation process termed "vdW 
fragmentation". Thus an ionic cluster distribution as 
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nonresonant absorption of a second photon then takes 
the molecule into the ionization continuum. Due to 
the resonant nature of the initial excitation step, 
selective ionization of a particular molecular system is 
possible using this resonance-enhanced two photon 
ionization scheme (R2PI). The technique of two-color 
R2PI (2C-R2PI) uses two tunable lasers, allowing the 
energy of both transitions to be chosen with great 
specificity. In an experiment with only one-color R2PI 
(lC-R2PI), the absorption spectrum of a neutral 
chromophore can be observed indirectly through mea- 
surement of the ion yield curve as a function of the 
scanning laser wavelength. It is henceforth termed 
R2PI spectrum. In the corresponding 2C-R2PI tech- 
nique a fiied-frequency laser pumps a specific molecular 
transition while a second tunable laser promotes the 
molecule into the ionization continuum. By scanning 
the ionizing laser through the threshold region, very 
accurate ionization potentials (IPS) may be deduced. 

Since in very cold molecules the absorption spectra 
often consist of discrete bands, a molecule may be 
selectively ionized out of an ensemble of different 
absorber systems, even if their spectra are very similar 
like for example in the case of solvated chromophores. 

In addition the vibrational state of the molecular ions 
may often be selectively populated by 1C- or 2C-R2PI. 
Particularly for aromatic molecules a more or less strict 
selection rule for ionizing transitions with Au = 0 
e~ists.3013~ Hence, by exciting a specific vibrational level 
of the intermediate excited state there is also a large 
propensity for exciting the same vibration in the ion. 
Thus, not only the type but also the internal energy of 
the ions can often be defined due to the superb energy 
resolution and intensity of tunable lasers. 

If a chromophore is surrounded by solvent molecules 
its transition energies are perturbed in a characteristic 
way. The bands are shifted relative to that of the free 
unperturbed molecule and are often split due to the 
existence of structural isomers or the excitation of 
intermolecular vdW vibrations. The shift of the bands 
is caused by the difference in the stabilization energy 
of the excited and the ground state of the chromophore 
induced by the solvent. 

Thus the spectra of small clusters represent discrete 
optical "fingerprints", allowing characterization of their 
size and also in an indirect way of their structure. Of 
course, this method is not free of problems. Detection 
of ions which are generated via cluster fragmentation 
can produce false resonances in the fingerprint spectra. 
Particularly with larger clusters, the spectra can also 
be congested by the larger number of vdW modes or 
isomers. The size selectivity of larger clusters is 
therefore dramatically decreased. 

The structural information contained in these size- 
specific optical fingerprints is best illustrated by the 
spectra of some very simple clusters. Figure 4 shows 
the R2PI spectra of fluorobenzene (FBZ) surrounded 
by up to three argon atoms.32 The dominant band in 
the spectrum of the bare molecule (Figure 4a) corre- 
sponds to the vibrationless origin band 0; of the Sp-SO 
transition. For mixed clusters with only one argon atom 
(Figure 4b), this band is red shifted by 23 cm-l; however 
with two argon atoms (Figure 4c) it is shifted by 46 
cm-l. With three atoms (Figure 4d) the band has a 
small blue shift of 5 cm-l. The red shift is typical for 
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Figure 3. Schematic energy diagram for RBPI: 1C- and 2C- 
R2PI. Scheme on the left side shows the diagram for the free 
chromophore, and the right side, for the solvated chro- 
mophore. 

compared to that of a neutral one is often heavily 
distorted by evaporative cooling of the beam.20 In 
studying ion-molecule reactions in microscopic clusters 
the major problem is the assignment of the original size 
and structure of the parent cluster of a specific product 
ion. Particularly for systems with a rich ion chemistry, 
this requirement can rarely be met without the help of 
additional size-selection techniques. Apart from some 
special systems then, microscopic reaction studies in 
clusters are not in the realm of pure mass spectrometric 
methods. This problem hampered progress in this field 
for quite a while. 

To solve this problem various methods have been 
devised. Buck et for example, scatter the cluster 
beam elastically with a He beam and achieve size 
selectivity by combined angular- and velocity-resolved 
cluster detection. Though applicable to all kinds of 
molecules, this elegant and very productive method may 
only be applied to a selection of relatively small cluster 
sizes with widely differing masses and often requires 
deconvolution of the spectra. However the main 
drawback of this method is the loss of several orders 
of particle density due to the scattering process. 
Nevertheless it represents a very useful method for size 
selection of clusters. Grover et al.26 have recently 
suggested a photoionization method for the quantitative 
analysis of the neutral products of free jet expansions. 
However, this method requires a tunable W V  light 
source and depends on a relatively complicated eval- 
uation procedure which is not applicable for clusters 
undergoing fast reactions at the ionization threshold. 

None of these methods are structure selective. As 
wil l  be shown,the knowledge of the structure of a cluster 
may be crucial in the understanding of solvation effects 
in intracluster reaction dynamics. The most promising 
method for detailed studies with small clusters seems 
to be high-resolution multiphoton ionization mass 
spectrometry. 

1. Laser-Induced Resonant Multiphoton Ionization 

In the past several years laser-induced, resonance 
enhanced multiphoton ionization (REMPI) has devel- 
oped into an extremely versatile and sensitive method 
for ionizing atoms and molecules.2"-29*23 Since it com- 
bines the advantages of optical and mass spectroscopy 
it was also called "optical mass spectroscopy" (Figure 
3). The simplest version uses a two photon ionization 
process. In this, the molecule is first promoted to an 
electronically excited state via a resonant absorption 
step. This state normally lies halfway between the 
neutral ground state and the ionization limit. A further 
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Figure 4. RBPI spectra measured for mixed clusters FBZ 
(Ar), (n = 0-3). vw equal vibrationless SI-% transition in 
fluorobenzene (FBZ) (YW = 37816 cm-1). The shaded areas 
are due to vdW fragmentation; * vdW stretching mode (SA 

mixed clusters with nonpolar solvent molecules and 
may be readily rationalized by an increased polariz- 
ability of the SI state of FBZ relative to the SO. The 
additivity of the shift for the 1:2 cluster (i.e. one 
chromophore and two solvent molecules) indicates that 
both atoms are located on geometrically equivalent sites. 
Calculations using a pair potential modeP3 predict the 
two Ar atoms to lie above and below the aromatic ring 
at a distance of 3.5 A and displaced slightly with respect 
to the ring axis. 

Information about the intermolecular vibrations can 
also be deduced from these spectra. An example is 
shown in the 1:l cluster spectrum (Figure 4b) in which 
a feature is seen at 40 cm-I away from the origin band. 
This can be assigned to a vdW stretching vibration in 
the SI state, with the argon atom oscillating along an 
axis perpendicular to the ring plane. Analysis of this 
vibration has been performed by using molecular 
dynamic (MD)  calculation^.^^ If accurate model cal- 
culations are available to support the spectroscopic data, 
measurements of vdW modes provide further infor- 
mation about the intermolecular force field in the 
cluster. 

The shaded satellite bands in each spectrum are 
assigned as fragmentation bands of larger clusters. The 
possibility to distinguish between parent clusters and 
their fragments is one of the main advantages of RBPI 
as compared with one-photon ionization (PI). If a 
primarily formed cluster ion decays into various product 
ions, their RBPI spectra exhibit the fingerprint bands 
of the parent cluster. Thus, by this "bar code analysis", 
assignment of the size and even the structure of a 
reacting precursor is often possible from a straight- 
forward comparison of the different spectra. However 

problems arise if a precursor decays quantitatively into 
various product channels. Then, due to the missing 
"master spectra", an unambiguous assignment is no 
longer possible and ancillary measurements are re- 
quired, as wil l  be discussed below. 

Another problem with molecular clusters is the 
possible existence of structural isomers. These cannot 
be distinguished using scattering techniques but only 
by spectroscopic methods. The existence of isomeric 
forms may be deduced from the appearance of several 
groups of fingerprint features in the RBPI spectrum of 
a fixed-cluster size, each group exhibiting different 
spectral features. For an unambiguous assignment 
however, additional spectroscopic evidence is neceamry. 
This can be derived from double-resonance experi- 
ments, from fluorescence spectroscopy or high-reso- 
lution band contour analysis, or by pressure-dependent 
measurements. Accurate model calculations are also 
helpful, but cannot substitute for experimental evi- 
dence. 

Knowledge of the structure of a cluster may be crucial 
for the understanding of its ion chemistry. In the case 
of a 1:4 cluster for example, the four solvent molecules 
may be associated as a tetramer due to relatively strong 
intersolvent bonding, or they may be distributed over 
the chromophore's surface interconnected by weak 
bonds. The first type of structure is expeded for mixed 
clusters with H-bridged polar molecules. This is 
because the strength of the solvent-solvent interaction 
is rather large and frequently exceeds that with the 
chromophore. By comparison a "diffuse" solvent 
structure should be typical for nonpolar molecules. The 
aggregation of solvent molecules into "subclusters" 
corresponds to a microscopic immiscibility. The for- 
mation of subclusters entails particular energetics and 
dynamics. Therefore they should play an important 
role in reactions, which is very different from that of 
weakly interacting nonpolar solvents. In the latter case 
the changes in reactivity are expected to be less 
dependent on the size of the solvent moiety than with 
polar molecules. 

2. Anciikry Spectroscopic Methods 

a. Dispersed Fluorescence Spectroscopy. Often 
additional spectroscopic information about the elec- 
tronically excited (S,) or the ground state (So) is 
necessary in order to assign the sizes and structures of 
clusters. In some cases one has to examine whether 
the observed products are from reactions in the ionized 
or electronically excited state. In particular, fluores- 
cence spectroscopy may provide valuable information, 
if fast processes occur in the intermediate state, but for 
these purposes the cluster size-specific fmgerprints have 
to be known. Therefore results from fluorescence 
spectroscopy without the precursor assignments derived 
from RBPI are often ambiguous. With size specific 
dispersed fluorescence spectroscopy the ground state 
of the cluster can be probed and structural information 
derived. It should however be pointed out that mass 
selective ion-dip spectroscopy using stimulated emis- 
siona is fast becoming a more promising method for 
cluster studies. 

b. IRIR2PI Depletion Spectroscopy. If mixed 
clusters react quantitatively, the assignment of the 
clusters by R2PI fingerprints alone is not possible. For 
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mixed clusters containing polar solvent molecules 
associated as subclusters, a novel spectroscopy may be 
applied, that of IR/R2PI depletion spectroscopy. 

In this method, recently reported for the first time 
by Riehn et al.,35 the cluster beam is irradiated by 
tunable IR laser light which excites intramolecular 
vibrations in a molecular subunit. After absorption of 
one or two vibrational quanta the cluster generally 
fragments by loss of one subunit. This IR vibrational 
predissociation spectroscopy (VPS) of clusters was 
pioneered a decade ago by Scoles and Mille$ and by 
Lee's respectively. Its theoretical description 
was given by Beswick and Jortner.% It has subsequently 
been applied by several groups using various techniques 
to detect the depletion of the absorber. Buck et al.39 
and Huisken et al."measured the IR absorption spectra 
of several clusters of polar molecules by the depletion 
of clusters, selected in size by the beam scattering 
technique. 

If the cluster intensity is probed with R2P1, a 
predissociative absorption is signaled by the depletion 
of the intensity of the absorber-cluster ion and its 
reaction products. The depletion spectra for free polar 
clusters, measured by scanning the IR laser, contain 
information on the size and structure of the cluster. 
Withamethanoldimer for example, the C-O stretching 
mode is split due to the nonequivalence of the two 
absorbers. Clusters of 3-5 molecules exhibit only single 
bands however, indicating the presence of equivalent 
molecular absorbers-probably aggregated into planar 
rings. Similar IR spectra are reported for clusters of 
ethylene, ammonia, and water.39.'0.37 

Size selection of mixed clusters is also achieved by 
R2PI. The IR depletion spectrum of a specific ion 
reflects the IR fingerprint of its precursor. If a solvent 
subcluster associated with the chromophore is the 
absorber, one may compare its spectrum with that of 
the free solvent cluster. Thus an unambiguous struc- 
tural assignment is often possible. 

It isobvious, from this discussion, that for microscopic 
studies of ion-molecule reactions in molecular clusters, 
modern laser Spectroscopy provides a much more 
detaileddescription of the reactingclustersystem, than 
traditional one-photon ionization mass spectrometry 
(PIMS). 

C. Experimental Setups 

1. Resonant Two-photon Ionization 

A typical experimental setup for R2P1, as used by 
our group,"' is shown in Figure 5. A continuous, 
supersonic and skimmed molecular beam is crossed at  
right angles by the ionizing laser(s). The laser system 
consists of two pulsed excimer-pumped and frequency- 
doubled dye lasers. With typical pulse lengths of 10- 
15 ns, energies of some microjoules per pulse, the 
intensity of an unfocused beam is about 1 MW/cm2. 
Under these conditions the absorption of additional 
photons by the ions is avoided. At  higher laser 
intensities multiphoton absorption sets in and is clearly 
visible from the appearance of chemical fragment ions 
in the mass spectra.42 

The ions produced by R2PI are accelerated at  right 
angles to both beams into a TOF mass spectrometer. 
For high mass resolution (mlAm ii: 1000) and analysis 
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Figure 5. Experimental setup used for R2PI (SHG stands 
for second harmonic generator crystals): nozzle diameter, d 
= 80 rm; He stagnation pressure, po = 2-3 bar (see text). 

probe/ 4 
laser U 

RETOF 

Figure 6. Experimental setup used for IR/R2PI depletion 
spectroscopy: IV, ionization volume: NaC1, NaCI window: 
RETOF, reflectron TOF mass spectrometer. 

of metastable ions a reflectron TOF spectrometer 
(RETOF)43 is mandatory. Since in general up to several 
thousand ions are produced by one laser shot, the 
transient current waveform is stored in a boxcar 
integrator or a fast wave digitizer (transient recorder). 
For each laser shot a mass spectrum is recorded and 
stored for subsequent computer averaging. A typical 
R2PI spectrum is measured by integrating within 
several time windows of the TOF spectrum for some 
hundred laser shots and different laser wavelengths. In 
order to normalize the ion signal to laser intensity 
fluctuations the light signal is measured with a suitable 
detector, normally of the pyroelectric type (pyro 
detector). 

2. Dispersed Fluorescence Spectroscopy 

Since in highly diluted expansions the concentration 
of clusters is very low, a very efficient photon collection 
system is compulsory for measuring dispersed fluores- 
cence spectra.23 To increase the detection sensitivity, 
high-speed spectrographs with optical multichannel 
analysers (OMA) are normally used. 

3. IR/R2PI Depletion Spectroscopy 

In such a pump and probe experiment, the cluster 
beam is irradiated with weakly focused light from a 
pulsed, tunable IR laser as shown schematically in 
Figure 6. To excite the C-0 stretching mode of 
methanol for example, a pulsed COz laser may be used. 
In order to generate radiation in the region of the 0-H 
or C-H modes (3OOC-3500 cm-l), several groups use 
optical parametric oscillators (OPOS).~~~'" For a mildly 
focused IR laser beam using a multireflection device,36* 
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typical intensities of several millijoules per pulse are 
necessary for sufficient attenuation of the cluster beam. 
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Table I. Ionization Potentials and Dissociation 
Energies for Some Molecular Clusters as Determined by 
2C-R2PIg6 or One-Photon Ionization Spectroscopys1" 

n IPvelt, eV "DO: meV nDg+,b meV 

2 8.65 IO 660 
3 8.58 200 270 
4 8.55 100 130 
5 8.50 60 a 1 0  

2 8.1 160 lo00 
3 I .9 360 500 

2 9,19 120 740 
3 8,95 150 200 
4 8.95 220 150 
5 8.85 220 

a "DO = energy to dissociate B, to Bn-l. 

(C6Hdn96 1 9.24 

(CH3NH2)n51 1 8.91 

(NH3)n53 1 10,16 

"DO+ = energy to 
dissociate B,+ to Bn-l+. 

I I I .  General Conslderaflons 

A. Characteristic Diff erences between 
Ion-Molecule Reactions wlthin Ionlzed Clusters 
and Ionic Collision Complexes 

Several excellent review papers have appeared over 
the past two decades concerning gas-phase ion-molecule 
 reaction^.^-^^ Compared with cluster ion studies a 
tremendous amount of knowledge has been accumu- 
lated in this field. Bohme et a l . , 1 8 3 4 9  and very recently 
Henchman et al.,m have studied ion-molecule reactions 
in the gas phase with solvated reagents in an attempt 
to track the role of the solvent in promoting or 
quenching a reaction. Generally however, only bimo- 
lecular collisions of the solvated ions with other 
molecules have been studied. On the other hand ionic 
reactions induced by photoionization in bound clusters, 
which may be viewed as "chemistry at the minimum",50 
are still relatively scarce. Therefore it is certainly too 
early for a summary of the main differences between 
reactions in gas-phase collisions and in bound ion- 
molecule complexes. However some basic facts and 
ideas should be kept in mind before delving more deeply 
into a discussion of the results on cluster ion chemistry. 

After ionization a heterogeneous cluster is normally 
bound, i.e. the cation formed initially is trapped, mainly 
by electrostatic forces in ita solvent environment. 
However, due to differences in the binding energy and 
equilibrium distance of the neutral and the ionized 
complex, a cluster ion produced via a vertical ionization 
transition is often intermolecularly vibrationally ex- 
cited. Therefore the reaction system is both vibra- 
tionally "hot" and bound. In contrast, a collision 
complex is usually not bound or at least is short-lived 
due to back dissociation. The lifetime of the complex 
often corresponds to the collision time, i.e. is in the 
range of picoseconds. The lifetimes of cluster ions in 
comparison are usually many orders of magnitude 
longer. Hence the efficiencies of exothermic intracluster 
reactions are expected to be considerably larger than 
those of the "chemistry in the translational continu- 
um".w In the collision complex the angular momentum 
and kinetic energy are generally much larger than in an 
ionized cluster. A collision complex may only be 
stabilized by radiative energy loss or by collisions with 
other molecules. Since both processes are not very 
efficient, particularly at low pressures, stabilization of 
the collision complexes is rare. Cluster ions may cool 
down locally by dissipation of any internal energy into 
the heat bath of cluster modes. In strongly exothermic 
reactions this excess energy may be dispersed via 
evaporative cooling. Short-lived intermediates, may 
also be stabilized by the presence of a third body (when 
n > 3). Hence in clusters termolecular processes as 
well as bimolecular reactions play a role and should be 
evident from the product distributions. 

B. Energetics of Cluster Ions 
Before discussing the results, it is advantageous to 

make some general remarks on the energetics of ionized 
clusters as this is important in the understanding of 

Table 11. Absolute Proton Affinities of Small Clusters 
of Polar Molecules Determined by PI Mass 
Spectrometrys1 or by Ion-Molecule Equilibrium 
MeasurementssT (* = fO.16, eV) 

~ 

n PAvelt PA''I~Iaot-tisr 

2 7.45 
3 8.15 

2 9.95 
3 10.0 

2 10.26 
3 10.31 

(H20)n9s 1 1.21 

(CH3NH2)n51v* 1 9.64 9.53 

((CH~)ZNH),'~** 1 9.89 9.89 

the reaction dynamics. First of all it should be 
remembered that the ionization potential (IP) of a 
molecular cluster decreases with ita size; the change 

Table I illustrates this trend in the size dependence of 
the IPS of some homogeneous clusters. While in 
heterogeneous systems the additional stabilization of 
the ion is due to polarization forces, in homogeneous 
clusters charge exchange or delocalization forces come 
into play. Recently Greer et al." proposed a Hiickel- 
type model for the size dependence of the IPS of the 
NzO cluster system. This was based on a hole hopping 
mechanism similar to the small polaron model. 

Besides vdW fragmentation and direct ionization, 
the clusters rearrange in the ionized state via chemical 
reactions. For polar molecules, particularly those with 
hydrogen bonds (H bonds); a dominant relaxation 
process in the ionized cluster is proton transfer (PT). 
In a pioneering work, the group of Lee55 has studied PT 
in clusters for the first time using photoionization mass 
spectrometry. From the appearance potentials of 
protonated and unprotonated product ions, lower 
bounds to the absolute proton affinities of clusters may 
be derived. With these values it is then possible to 
gauge the rather uncertain absolute PA ladder from 
relative PAvalues derived from PT gas-phase equilibria. 
As illustrated by the examples presented in Table I1 
the absolute PA values of homogeneous aggregates 
decrease with the number of molecules they contain. 
This increase in the PA with cluster size may be 
explained 'by an increased stabilization of the proton 
by polarization forces. It plays a crucial role in the 

being more pronounced for smaller clusters. 3 9 4 1 8 1 51-53 
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cluster size dependence of PT reactions in mixed 
clusters, as will be discussed below. 

so 

I K Ion-Molecule Reectlons wlthln Mlxed 
Clusters 

The typical cluster systems studied up to now with 
R2PI consist of benzene derivatives as chromophore 
combined with polar solvent molecules such as am- 
monia, alcohols, and water. Aromatic chromophores 
are chosen for mainly two reasons: first their chemistry 
is rich and widely studied in the liquid phase and of 
fundamental importance for many reactions in organic 
chemistry or biochemistry; second with ionization 
potentials below 10 eV and S1 states lying halfway to 
the ionization continuum, they are ideal candidates for 
one-color R2PI. On exciting the vibrationless S1 state 
at low laser intensity the excess energy in the ion is 
generally less than a few hundred millielectronvolta. 
Therefore the ionization is "soft", i.e. without chemical 
fragmentation. However, vdW fragmentation is gen- 
erally not negligible, typically setting in at an energy 
above the IP corresponding to the binding energy of 
one molecule in the neutral cluster, i.e. at  100-200 meV 
excess energy. With 2C-R2PI this can be drastically 
reduced or even avoided, however the clusters often 
fragment close to the ionization threshold, particularly 
if the vertical transition is far from the adiabatic one. 

One important restriction has to be considered in 
R2PI applications. This is that the intermediate states 
must not decay via fast processes during the period of 
the laser pulse (nanosecond), otherwise state prepa- 
ration of the primary ion will be destroyed. This may 
be examined by measuring the fluorescence spectra. If 
the ion yield and the LIF excitation spectra are identical, 
one may assume that the intermediate state is not 
"chemically active" and does not decay very quickly 
into other states.41 

Different types of intracluster reactions have been 
studied up to now6sps as summarized below: 
(1) Dissociative electron transfer (dET) from the 

solvent to the cation: 

(1) 
When thermochemically allowed this redox reaction is 
very important in clusters. 

(2) Dissociative proton transfer (dPT) from a cationic 
acid to the solvent moiety: 

(2) 
This acid-base reaction is very dominant when allowed 
by proton solvation energetica and when competing dET 
reactions do not exist. It may also occur in the solvent 
moiety following ita ionization by dET. This is a very 
common process3J6 for homogeneous cluster cations 
formed with polar, H-bonded solvents. 

(3) Nucleophilic ipso substitution (SN2) reactions 
between radical cations of halobenzenes and polar 
molecules of the type: 

(3) 

A+.D, - D,+ + A 

A+-B, - (A-H)' + B,H+ 

C6H5X+*NU + C6H5(NU)+ + x' 

The mechanisms of both of these s N 2  reactions are 

AtD, 

I 

relative distance 

Figure 7. Schematic picture of the potential diagram as 
function of the intermolecular distance as relevant to U T  
in an ionized solutesolvent system. 

expected to be very dependent on the type of leaving 
group. These types of chemical reactions are very 
interesting, since in the condensed phase they often 
show only a small yield. 

All of these processes will now be discussed in more 
detail. 

A. Dlssoclatlve Electron Transfer (dET) 
It has been found that this type of reaction is very 

dominant when exothermic. For it to take place the 
following conditions have to be fulfilled: 
(1) W(A) 2 IP(Dn) 
(2) Energy resonance of reactant and product channel 
(3) Overlap of orbitals involved in the dET 
(4) Non-zero Franck-Condon factors for Dn - Dn+* 

transitions(?) 
The reaction enthalpy of dET is negative if the 

asymptotic neutralization energy of A+ (= IP(A)) is 
larger than the IP(D,) (see Figure 7) (condition 1). It 
has been suggested57 that an important condition for 
ET is resonance between the energy of the ingoing and 
the outgoing channel (condition 2). This necessitates 
a resonant crossing region. In large polyatomic mol- 
ecules the high density of states ensures that this energy 
resonance requirement is easily met. Since ET is 
understood to be a vertical process, the transition 
between Dn and Dn+* should have favorable Franck- 
Condon factors. However this restriction has been 
shown to be unimportant in several gas-phase reactions 
of triatomic molecules68 (condition 4). 

The simplified potential diagram in Figure 7 may 
serve as an illustration of the essentials of dET. 

In the simplest case, one may choose the intermo- 
lecular distance between the neutral donor and the 
cationic acceptor as the reaction coordinate. Before 
ionization the neutral cluster is bound by a flat vdW 
potential minimum at typical distances of 3-4 A, i.e. in 
the range of the s u m  of the vdW radii. After excitation 
of the chromophore to the S1 state, the complex is 
ionized by the absorption of a second photon. Since 
the intermolecular binding energy of the ionized cluster 
is generally considerably larger than of the neutral (see 
Table I), the donor and acceptor should vibrate along 
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Figure 8. 1GR2PI spectra of some ions from an expansion 
of fluorobenzene/l,4-dioxane/helium, measured by scanning 
the laser near the vibrationless Sl-So transition of fluo- 
robenzene (vw). 
the reaction coordinate. The two interacting config- 
urations are those of the reactants (A+ + D,) and the 
products (A + D,+). If the two curves intersect each 
other along the reaction profile, real or avoided crossings 
may result. The general rule governing the nature of 
the crossing is that real crossings may always occur 
between curves of different spin or spatial symmetry. 
However if at  some point along the reaction profile the 
symmetry element which differentiates between the 
two curves is destroyed, the crossing becomes avoided. 
In the latter case the width of the splitting is 28 with 
b' being proportional to the overlap between the atomic 
orbitals involved in the electron transfer. If both are 
orthogonal to each other then (3 ii 0, and the extent of 
mixing will be slight (condition 3). 

If the solvated ion is initially trapped in the attractive 
adduct potential well (A+ + D"), there is plenty of time 
for a nonadiabatic Landau-Zener transition in the 
crossing region of the vibrating complex. After such 
transitions the system may end up on the product 
configuration potential which then dissociates because 
of condition 1. 

With R2PI the ion state is not defined very precisely 
since the energy of the emitted photoelectrons is not 
known. Therefore it is desirable for the future to 
combine ionwithphotoelectronspectroscopy. Without 
exact definition of the ion state a deeper insight into 
the dynamics of this intracluster charge transfer is not 
possible. 

Figure 8 shows an example of dET measured with 
clusters of 1,4-dioxaneM and the fluorobenzene cation 

Figure 9. Minimum energy structure of fluorobenzene-l,4- 
dioxane as calcdatedfromtheScheragamodelpotentialusing 
a fluorobenzene charge density from ab initio calculations 
(SCF, RHF Gamess). With MNDO charges the binding 
energy is slightly lower. 

(FBZ+). Instead of the single 0-0 band at uw of the 
bare molecule (Figure 8a), the.l:l complex (Figure 8b) 
exhibits a progression of bands (bands 2-6) with a 
spacing of 18 cm-' attributed to an intermolecular 
vibration of the cluster. Model calculations predict a 
sandwichlike structure of the complex with an inter- 
molecular binding energy of 16 kJ/mol (Figure 9) and 
a vibrational mode of 23 cm-'. One also observes the 
1,4-dioxane cation (DX+ m/e = 88) as product ion 
(Figure 8c), which isobviously produced in the following 
dET reaction: 

FBZ+.DX - FBZ + DX+ (5) 
Since theIPsofFBZandDXarenearlyequal,condition 
1 of dET is fulfilled. The fingerprint in the DX+ 
spectrum is identical to that of the 1:1+ complex, 
providing evidence that the latter decays with a chance 
of40% into thedETchanne1. Ohviouslytheringether, 
whichvihrateson topofthechromophore,isanefficient 
electron donor, with one of its oxygen lone pair HOMOS 
overlapping strongly with the singly occupied *-orbital 
of the cation. 

The additional bands 7-9, further toward the blue, 
are due to ions of mass m/z = 87, measured together 
with DX+ (mlz = 88) at  poormass resolution. Although 
not shown in Figure 8 similar fingerprints appear in 
the spectrum (1) of the 1:2 ionic complex, (2) of DX2+, 
and (3) of a product with m/z = 133.59 The ion with 
mlz = 87 is assigned to a hydrogen abstraction reaction 
taking place in a 1:2+ parent cluster. It is not observed 
in the unimolecular decay of DX+ at comparable 
ionization energies.@' The product with m/z = 133 is 
assigned to a neutral solvent molecule associated with 
an ionic fragment of mlz = 45 (CzH,O+). Although 
several structural isomers of this ion are discussed in 
the literature:' it is tentatively assigned to protonated 
ethylene oxide. Both fragment masses are clearly due 
to an intracluster ion-molecule reaction. Since they 
are also observed with the chlorobenzene cation 
(CIBZ+),Sg where dET is only exothermic in a k2 
complex, these ions are independent of the primary 
ion, i.e. the reaction should occur in the DX2+ precursor. 
Hence they are produced following a preceding dET 
step. Although the structure of the product ions and 
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cluster B,. Methylbenzene cations are known to be 
relatively strong acids. For example the toluene cation 
(TO+) has a pka value in the liquid phase of -11. 
Compared to the much lower pka value for BZ+ of -3, 
such an extremely high difference partly reflects the 
differences in the stability of the corresponding phenyl 
and benzyl bases (Ph. and Bz'). While the former is 
a a-radical the latter is a resonance stabilized r-system. 
In the liquid phase, proton transfer with toluene cations 
is very important for the oxidation of hydrocarbons 
and also takes place in very acidic solutions.wl'3'j 

With mixed clusters of TO+ and a solvent subcluster 
B, proton transfer occurs according to the following 
scheme: 

TO+*B, - [Bz'-(B),H+]* - Bz' + (B),H+ (6) 
To be observable, the following energetic condition has 
to be fulfilled: 

I 

400 

200 

0 
0 50 100 150 200 

1 relative energy (cm- ) 
Figure 10. 1C-RSPI spectra of the dominant ions from an 
expansion of fluorobenzene/helium, with methyl- (b,c); di- 
methyl- (d), and trimethylamine (e) measured near the 
vibrationless Sl+S0 transition of fluorobenzene (a) (YO& 
the reaction mechanism is not yet clear, it is evident 
that ring opening of the cyclic ether must occur. 

When the thermochemistry allows, dET reactions 
seem to be very common in clusters. Figure 10 shows 
the spectra of mixed clusters of FBZ and methylamines. 
Here the dET reaction is semi quantitative for meth- 
ylamine and quantitative for di- and trimethylamine, 
with "quantitative" meaning in the chemist's language 
a 100% reaction efficiency. In the same way the 
respective energy difference between the donor and the 
acceptor IP increases from 0.23 eV and 0.98 eV to 1.38 
eV. Only from the "bar code" in the R2PI spectra of 
the products can dET in the 1:l precursor be identified. 

Other examples of dET have been reported by the 
group of Castleman62 for thep-xylene/trimethylamine6b 
and phenylacetylene/ammonia62b*c systems. 

Among the different secondary reactions initiated 
by dET, proton transfer in clusters of polar molecules 
is common. For example Zwier et al.63 report the 
appearance of protonated and unprotonated methanol 
clusters in the benzene cation (BZ+)-(methanol), system 
which exhibits the fingerprints of mixed cluster pre- 
cursors. 

In summary, redox reactions seem to be as common 
in mixed molecular clusters as in the liquid phase.@*= 
As the ionization potential decreases with the size of 
the cluster (see for example Table I), there is a minimum 
cluster size where dET becomes prominent. The 
dominance of this process is illustrated by the fact that 
dET has been observed for nearly all mixed cluster 
systems studied for which condition 1 is fulfilled. 

B. Dboclatlve Proton Transfer (dPT) 
The proton transfer in eq 2 is initiated by a cationic 

acid, produced by R2PI and associated with a solvent 

PA(Bz')-PA@,) + D(Bz*-(B),H+) < 0 (7) 
where D(Bz*-(B),H+) is the energy necessary to dis- 
sociate the ionic cluster and PA(X) is the proton affinity 
of a species X. 

In eqs 6 and 7 it was assumed that n polar solvent 
molecules (B) form subclusters (B), with a proton 
affinity which increases with n. If only energetics (eq 
7) control this process, it should be observable for all 
clusters larger than a minimum size. 

Figure 11 shows the R2PI spectra of some ions 
observed for the TO*(D20), cluster system. The 
fingerprint band 16 (Figure 11) is common to both the 
ionic 1:3 (Figure l ld),  the 1:2 (Figure llc), and the 1:l 
complexes (Figure l lb )  and also for (D20)3H+ (Figure 
llf), but not to larger complexes. Hence it is assigned 
to a 1:3 parent which may decay by dPT or fragment 
by evaporative loss to smaller clusters. 

A protonated tetramer however exhibits two bands, 
17 and 18, which also appear in the spectra of the 1:3 
complex and which are assigned to a 1:4 precursor. From 
the relative intensities of these different product ions 
it is clear that dPT in the 1:4 cluster is much more 
efficient than in the 1:3 complex. In the latter case the 
dPT channel just opens up and is weakly exothermic. 

According to this assignment, a trimer is the minimum 
cluster size for dPT to be observable with water clusters. 
From the energetics discussed in detail elBewhere!'this 
minimum size is controlled by the relative proton 
affinity of (D2O)n and of the Bz' conjugate base (eq 7). 
Since protonated but no deuterated species are ob- 
served, the donor molecule must be the toluene cation 
and hydrogen scrambling may be excluded. 

In order to fully rationalize the spectra in terms of 
the fragmentation pattern and energetics, solvent 
subcluster B, must be formed. As will be shown below, 
the assumption of a networklike solvent substructure 
was necessary not only to understand the size depen- 
dence of dissociative proton and electron transfer but 
also to understand the nucleophilic substitution reac- 
tions with polar molecules. Recent results on mixed 
clusters of benzene with watersS and methanol,s3 studied 
by Zwier et al. support this assumption. Breen et al.82 
however found differences in the spectroscopic finger- 
prints of 1:n clusters of phenylacetylene (PhA) and 
ammonia if produced by either solute-solvent coex- 
pansion or by pickup of preformed ammonia clusters 
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Table 111. Minimum Cluster Size B. Necessary for dPT 
with TO+ 

B n 

EL I 

I 

dl 16 

0 
0 5G 100 150 200 

relative frequency ( cm-'1 
Figure 11. 1C-RSPI spectra of some ions from an expansion 
of toluene/DzO/He, measured by scanning the laser near the 
vibrationlese SI-& transition of fluorobenzene (um) (see text). 

in an effusive beam of PM. Although the temperatures 
were different for the l:n complexes produced by these 
two methods, the clusters exhibited similar spectral 
shifts for n = 1-3 and different shifts for n > 3. These 
differences may possibly depend on the beam conditions 
in mixed expansions. If the solute is highly diluted in 
the solvent, an initial formation of solvent clusters seems 
very likely. Table I11 summarizes the minimum cluster 
sizes at which dPT occurs for different solvents. These 
may be rationalized by the proton solvation energetic@ 
according to which no large activation barriers for dPT 
may be derived. 

This type of reaction is typical for all methylbenzenes 
measured so far, like TO+, p-XY+ @-xylene 
or ClTO+.69 

NH3 1 
CH3OH 2 
Dz0 3 
CHsOOH 2 

The examples demonstrate the size dependence of 
proton solvolysis of cationic acids in the "microsolution" 
of a mixed cluster. Other examples of dPT have been 
reported by Mikami et a lq70  for phenol/trimethylamine 
and by Syage et alq71 (with picosecond time resolution) 
for phenol with both ammonia and trimethylamine. 

It is not possible to rationalize all experiments done 
so far with dPT using only energetics arguments.6g For 
example from the proton affinity of the Ph+ (PA = 883 
kJ/mol)@ BZ+ should undergo dPT reactions with 
solvents like dimethylamine (DMA) (PA(DMA) = 955 
k J / m ~ l ) ~ l  or molecules of even larger proton affinity 
(eq 7). For DMA this is not the case. Indeed (DMA)- 
H+ appears in the mass spectrum of the cluster system 
BZ-(DMA),, but with a perdeuterated chromophore 
only protonated products are found. Obviously there- 
fore, the exothermic dPT reaction is too slow in 
comparison to the corresponding dET reaction followed 
by an intrasolvent dPT. Hence the dynamics favor a 
redox reaction. If one tries to study dPT from a cationic 
acid with a high IP and a high PA value for its conjugate 
base, the experiments are often hampered by a scarcity 
of suitable compounds. This is because as a rule in the 
necessary region of the proton affinity scale molecules 
with high PA values very often have low IPS. 

C. Nucleophilic Substitution Reactions ( Sn2) 
The reactivity of radical cations in the condensed 

phase toward nucleophiles presents some puzzling 
effects which have so far eluded rational explanation. 
There are two types of competing reactions namely 
electron-transfer oxidation of the nucleophile (ET) and 
nucleophilic attack upon the radical cation.&" As 
E b e r ~ o n ~ ~  has pointed out, radical cations are in many 
cases surprisingly resistant to nucleophilic attack in 
contrast to closed-shell carbocation. This is at  first 
glance contraintuitive as one would expect an instan- 
taneous reaction of electron-deficient organic radical 
cations with electron-rich nucleophiles, resulting in a 
"hole catalysis" of nucleophilic reactions.73 

Displacement reactions ( S N ~ )  with unsaturated or 
aromatic hydrocarbons are often bimolecular and of 
second order, i.e. proceed via an addition-elimination 
scheme. With neutral molecules they have to be 
activated, for example by electron-withdrawing groups. 
Therefore with radical cations the central question is: 
Can a nucleophile attack a radical cation? 

Shaik and Pross (SP), who are known for a qualitative 
valence bond approach to organic reactivity," have 
predicted that displacement reactions with radical 
cations should have larger activation barriers than those 
with carbenium ions with the same redox properties. 
The basis for this conclusion is the curve crossing model 
(configuration mixing model (CM)) which postulates 
that a displacement reaction is started by a single- 
electron shift (ES) from the nucleophilic donor to the 
electrophilic acceptor. This contradicts the conven- 
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semiquantitative way the activation energy E. of the 
transition state. 

1. hk&enzene Catlons with Ammonia or Amines 
a. Chlorobenzene. Several experiments have been 

performed recently to shed some light on these ques- 
tions. From the view point of gas-phase ion-molecule 
reactions ThBlmann and Griitzmacher (TG)76. have 
investigated several reactions with halobenzene cations 
and ammonia. With the chlorobenzene cation (ClBZ+) 
the only observed reaction channel was the following 

ClBZ' + NH, --+ BZNH,' + Cl' (8) 

The alternative system involving neutral ClBZ and an 
ammonia cation did not react. From both the kinetics 
of this reaction and MNDO calculations TG postulated 
a triple-well reaction profile depided in Figure 14. They 
assigned the fist minimum to formation of an ionic 
adduct with no covalent bond (r-complex) and the 
second to an addition intermediate of the nucleophile 
and the cation (u-complex). Both minima are separated 
by a rate-determining barrier. Since in the product 
ion the charge is localized on the nucleophilic group 
and not in the r-system of the ring, the occurrence of 
a charge transfer is manifest. The barrier therefore 
was rationalized in terms of an avoided curve 
as postulated in the CM model of SP (Figure 13). One 
calculates a value of about 450 kJ/mol for the energy 
gap A& of this system. Values of -158 kJ/moP7 and 
of -56 k J / m ~ l ~ ~ ~  for the reaction enthalpy AHr for the 
formation of a u-complex are predicted using ab initio 
and MNDO calculations respectively. Therefore for 
the barrier to be small the resonance parameter has to 
be rather large. 

The chemistry of clusters is both similar to and 
different from that observed in gas phase collisions.* 
The reaction of ClBZ+ with ammonia has been studied 
using R2PI by Eggert et al?8 and by Mikami et al.78 and 
with one-photon ionization mass spectrometry very 
recently by Grover et 

The R2PI spectra of the ClBZ-NH, cluster system 
are shown in Figure 15. The low intensity, blueshifted 
fingerprint band of the 1:l cluster (band 2) (Figure 15b) 
also appears in the spectrum of a very intense product 
ion with the same m/z as protonated aniline (ANI)H+ 
(Figure 15c). Therefore the reaction in the bound 
cluster is similar to that in the gas phase (eq 8). 

If one integrates over the fingerprint bands of a 
product ion, assigned to a certain parent cluster, the 
result is proportional to the efficiency of the latter for 
decaying into this product channel. If one normalizes 
this value with the s u m  of the integrals over identical 
fingerprints of all alternative decay channels, one gets 
the reaction efficiency or probability. This evaluation 
procedure assumes, that all decay channels are ionic 
with equal detection probabilities of the product ions. 

By this procedure one calculates for the ionized 
ClB%NHs cluster a reaction efficiency of about 98%. 
For the CIBZ+/NH, collision complex, Griitzmacher 
and ThBlmann, however, calculated an efficiency of 
only 13 % . 

The appearance energies (AE) of the ions meaeured 
both with 2C-R2PI and with one-photon ionization are 
summarized in Table IV. As Figure 16 shows, the oneet 
of the 2C-R2PI ion yield curve of B Z N H S + ~  in the 

Figure 12. Simple valence bond description of nucleophilic 
attack of a cation according to the argumenta of Shaik and 
Prow (a) with closed-shell cations, (b) with radical cations. 
If no additional electron excitation occure in b electron transfer 
ia the only possible reaction. 

Figure 13. Description of the addition step of the S N ~  
reaction 8 according to the curve croseing model of S. Shaik 
and A. Prow (see text), with D = NHs; A = ClBZ. 
tional view which classifies an S N ~  reaction as a two- 
electron process. 
As seen from the simple valence bond (VB) picture 

diaplayed in Figure 12 case a, an ES enables the 
formation of a covalent bond between a nucleophile 
and a closed shell cation. With a cation radical however 
(Figure 12 case b), an ES corresponds to an electron- 
transfer (redox) reaction, leaving the nucleophile in its 
oxidized form with no coupling of the electrons, which 
is neceseary for a covaient bond with the ionized 
nucleophile. Only in the case in which the unpaired 
electron of the acceptor is promoted to an unoccupied 
excited state-the lowest one being a triplet state-is 
bond formation possible. Hence in addition to a single 
electron shift, the neutralized acceptor has to undergo 
at least a singlet-triplet excitation, and this results in 
large activation barriers for 8 ~ 2  reactions. Very recently 
however, evidence has appeared suggesting that certain 
catSon radical reactions with nucleophiles are fast and 
in some casea are even nearly free of barriers?6 Recently 
SP have reevaluated the factors determining the height 
of the activation barriers7k*e by a semiquantitative 
analysis. According to their considerations, the acti- 
vation barrier for a sN2 reaction is due to an avoided 
curve crossing of the reactant configuration (A+ + D) 
with the electronically excited product configuration 
(A* + D+) (Figure 13). The latter arises from charge 
exchange and decoupling of an electron pair. Depend- 
ing on the asymptotic energy gap between both the 
configurations hE,, the resonance parameter 8, and 
the reaction enthalpy AHr, one may evaluate in a 
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14. Triple-well potential of the reaction of chlorobenzene radical cation with ammonia; energies and geometries 
calculation (ref 75a; copyright 1989 Elsevier). 
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Figure 16. 1C-RSPI spectra of some ions from an expansion 
of ClBZ/NHs/He, measured by scanning the h e r  near the 
vibrationleas S-SO transition of chlorobenzene (YW = 37 063 
cm-9. 
threshold region of the 1:l complex is very slow as 
compared to that of ClBZ+. This indicates that the 
transition is considerably nonadiabatic. In the geom- 
etry of the neutzal complex, calculated using semiem- 
pirical atom-pair potentialsFl the dipole moment of 
ammonia is vertically oriented toward the easily po- 
larized r-electron system. After an ionization transition 
a poaitive charge is produced, which is delocalized over 
the r-electron ring. This puts the solvent dipole in a 

from 

Table IV. Appearance Energies (AE) in Electronvolts 
of Several Ions from w Expanrlon of ClBZ/NHdHe, 
FBZ/CH,OH/He, or FBZ/NHdHe Measured with 
2C-R2PI or One-Photon Ioniaationw (ANI = aniline) 

A E B '  AE?B" AE 
clBz+ 
BZNHz+ 
FBZ+ 
(FB%CHaOH)+ 
FB%(CHaOH)Z - (FB%CHaOH)+ 
ANI+ 
(FBZ*NHs)+ 
FBZ.(NH&, 
4 (FB%NHs)+ 
ANI+ 

NH3+ 
(NH3)2+ 

9.071 f 0.005 
8.962 f 0.01 8.88 * 0.002 8.926" 
9.200 f 0.005 9.201 
9.057 f 0.01 

9.251 f 0.01 
9.112 f 0.01 

8.94 

9.28 
9.06 

10.1669 
9 . W  

very unstable position. To get into its minimum energy 
position it has to turn around, thereby gaining stabi- 
lization energy. The system should therefore have a 
considerable amount of excess energy in the ionic state. 
A Haber-Born cycle allows an upper limit of the barrier 
to be estimated from the adiabatic AEs of the product 
ion and its adduct precursor. Since the adiabatic AE 
of the latter may not be measured by a vertical 
transition, one has to calculate its binding energy. With 
a value of 40 kJ/molB for the ionic adduct and a value 
of 12 kJ/mol81 for the neutral (1:l) precursor, one 
calculates an upper limit for the barrier height of 20 
kJ/mol. The vertical value derived is 5 kJ/mol. The 
difference between both values should be mainly due 
to the stabilization energy of the dipole. The relatively 
low reaction efficiency of a collision complex as com- 
pared to that in the 1:l cluster ion is then mainly due 
to the possibility of back-dissociation. 

The reaction of methylamine with CBZ+ in a cluster 
is similar to that with ammonia, i.e. C1 is quantitatively 
abstracted (efficiency > 99 '3% The corresponding 
gas-phase reaction measured by TG has an efficiency 
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Figure 16. 2C-R2PI ion-yield curve of some ions from an 
expansion of ClBZ/NHdHe: (a) for protonated aniline ( h e r  
1 in band 2 of Figure 151, (b) for ClBZ+ (laser 1 at YW). 

of 53 7%. With dimethylamine and trimethylaminee2 
dET is the only reacticm chdnnel (Figure 17) of the 
clusters. Therefore dET seems to dominate the dy- 
namics of nucleophiles with smaller IPS. 

b. 1 ,n-Chlorofluorobenzene. A common method of 
learning something about reaction mechanisms in 
chemistry is to study the effect of additional substit- 
uents on the reaction behavior. Gas-phase reactions of 
1,n-chlorofluorobenzene cations (ClFBZ+) with am- 
monia as a solvent have recently been studied by 
Griitzmacher and Th6lman."3 They found that C1 
abstraction and formation of protonated fluoroaniline 
was an exclusive reaction channel. They further 
observed that the substitution efficiency decreases in 
order of decreasing dipole moment of the neutral 
aromatic, i.e. ortho > meta >> para (see also Table V). 
This decrease was rationalized in the framework of the 
configuration mixing model of SP by the dependence 
of AEg on the difference in the solvation energies of the 
twomixing configurations. Since the IPS of the different 
1,n-isomers are very similar, this should depend mainly 
on the difference in the interaction energies of the 
excited CT configuration, i.e. of 1,n-ClFBZ chro- 
mophore in the TI state with NHs+, and the reactant 
configuration, i.e. of 1,n-ClFBZ+ with ammonia. 

This difference is determined from the ion-dipole 
interaction in the CT product configuration because 
the different dipole moments are very effective there. 
With a decreasing dipole moment of the chromophore, 
i.e. with increasing energy gap, the barrier height should 
increase. 

Reactions in the analogous 1:l clusters show a similar 
dependence on the position of the fluorine substituent.a 
However, the efficiency of the C1 abstraction channel 
is about a factor of 6 larger than in the gas-phase 
reactions (see Table V). Surprisingly, in 1:l clusters 
an additional channel opens up which has not been 
observed hitherto in bimolecular collisions. This chan- 
nel produces a fluoroaniline cation [F(NH2)BZ+l ac- 
cording to the following substitution reaction: 

(9) ClFBZ+*NH3 - F(NH2)BZ+ + HCl 
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Figure 17. 1C-R2PI spectra of the dominant ions from an 
expansion of ClBZ/He with dimethyl- (b,c) and trimeth- 
ylamine (d,e), measured near the vibrationless Sp-h tran- 
sition of ClBZ (a). As the 1:l precursor with TMA decays 
quantitatively into the dET channel the spectra in e are due 
to fragmentation of larger cluster. 

m- 0-CLFBZ 
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Figure 18. Efficiencies for the C1 and HCl production 
channels in the reaction of 1,n-ClFBZ+ isomers with ammonia 
as function of the dipole moment of the chromophore (see 
text). 
It should be pointed out that this cluster specific channel 
is not observable in 1:l complexes with 0-ClFBZ+ 
probably due to the high efficiency of -the competing 
C1 abstraction reaction. However, ita efficiency in- 
creases with decreasing efficiency of the latter as 
illustrated in Figure 18. In the case of p-ClFBZ+ the 
efficiency of this reaction is quite large but the product 
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Table V. Some Data To Describe Substitution 
Reactions in 1:l Complexes of (14-Chlorofluorobenzene 
(ClFBZ)-ammonia) Clusterso 

eff, % -- 
IP, 1:l AHOR, 

chromophore r , D  eV bimol* c l  kJmol-* channel 
ClBZ 1.69 9.06 13 99 -18 Cl' 

nr nr -130 HCI 

nr nr -151 HF 
FBZ 1.48 9.20 nr nr +93 F' 

1,241FBZ 2.41 9.1 15 88 -35 Cl' 
nr nr -117 HC1 

nr 11 -104 HCI 
1,3-ClFBZ 1.49 9.21 10 72 -30 Cl' 

~~ .~ 

1,4-C1FBZ 0.0 9.01 2.8 7 -9 cl' 
nr 36 -92 HCl(**) 

NHr 1.47 10.16 
a nr = no reaction; * = ref 76; ** = metastable. More references 

in 8 and 83. 

a .s 

{ metastable fragment 
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Figure 19. TOF mass spectrum of an expansion ofp-ClFBZl 
NHdHe. The wavelength of the laser is tuned into resonance 
2 of the spectrum in Figure 20. 

is now metastable, i.e. appears on a microsecond time 
scale. 

To illustrate this switching of reactivity between the 
two channels Figure 19 shows the TOF mass spectrum 
of the p-ClFBZlammonia cluster system. Besides 
several sharp mass peaks, each assignable to either a 
precursor or a product ion, a broad metastable product 
appears at mlz = 116. Ita mass, derived from an analysis 
of ita energy loss,@ corresponds to that of F(NHz)BZ+. 

Figure 20 shows the R2PI spectra of some of these 
ions. The fingerprint bands 1 and 2 are assigned to the 
1:l complex (Figure 20d) and the band 4 to the 1:2 
complex. From this assignment it is evident that in 
the 1:l complex the metastable HClabstraction channel 
(Figure 208) k dominant, and the C1-abstraction channel 
(Figure 20c) has only a very low efficiency. In 1:2 
complexes however, the dominant channels correspond 
to HCl or HF abstraction, with the efficiency of the 
latter being 3 times larger then of the former (Table V). 

c. Fluorobenzene. The TOF mass spectrum for a 
cluster system with fluorobenzene (FBZ) as chro- 
mophore and ammonia as solvent, depicted in Figure 
21, shows the presence of protonated and unprotonated 
homogeneous ammonia clusters as product ions as well 
as (NH2)BZ+. Since the former are only produced using 
mixed expansions, an intracluster dET may rationalize 
the appearance of these products. The R2PI spectra 
of some of these ions are shown in Figure 22. While the 
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Figure 20. lC-R2PI spectra of some ions from an expansion 
of p-ClFBZINHdHe, measured by scanning the laser near 
the vibrationless SI+&, transition of p-ClFBZ (YOO = 36 275 
cm-l). 

1:l complex shows one dominant blue-shifted finger- 
print (band 2), the product ion with the same mlz as 
(NH2)BZ+ exhibits another fingerprint (band 3) (Figure 
22c). This reappears in both the spectrum of an 
ammonia dimer cation (Figure 22d) and also as tiny 
band in the spectrum of the 1:l cluster (Figure 22b). 
In assigning this fingerprint to a 1:2 precursor, three 
different product channels can be derived: 

(1) vdW fragmentation 

9% 
FBZ+D(NH~)~ -+ FBZ+*(NH3) + NH3 (10) 

(2) nucleophilic substitution 

(3) dissociative electron transfer 

FBZ+*(NH3)2 2 FBZ + (NH,); (12) 

Larger l:n clusters, with n > 2, may be excluded as 
precursor for the dET reaction in eq 12 by considering 
the energetics of the ammonia cluster ion system,M 
determined by Kamke et al.S3 A similar dET reaction 
with corresponding fingerprints has also been measured 
with m-ClFBZ+ and Evidence for dET is 
also visible in the TOF spectra with 0- and p-ClFBZ+, 
but is too weak to be determined properly with a good 
S/N ratio. 

Very recently there was a controversy in the literature 
about the origin of these ureactive" bands as Mikami 
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Figure 21. TOF mass spectrum of an expansion of FBZ/ 
NHdHe. The wavelength of the laser is tuned into reaonance 
3 of the spectrum in Figure 22. ANI = aniline cation. 

et al.= have proposed a different assignment. They 
assumed that the “reactive” precursor should be a 
special isomer of the 1:l cluster. This assignment clearly 
contradicts both the observation of dET with a dimer 
cation as product, and also the existence of comparable 
reactions in other 1:2 clusters as discussed below. 
Mikami et al. also determined the AEs of the different 
ions of the FBZ/NH3 system (Table IV). 

To summarize these results, two cluster specific 
reaction channels are given here: 

(1) The substitution of a fluorine atom with the 
formation of HF takes place only with an ammonia 
dimer. Although exothermic by -151 kJ/mol, a bimo- 
lecular sN2 reaction with formation of HF, is neither 
observed in 1:l clusters (Table V) nor in a gas-phase 
reaction, as reported by GrQtzmacher and Th6lmann.’6 
Hence, this reaction must be solvent catalyzed. 

(2) With chlorofluorobenzene cations a reaction with 
HC1 formation is thermochemically allowed and is also 
observed in 1:l clusters if the C1-elimination channel 
is kinetically hindered. In gae-phase ion-molecule 
reactions this is not observed. In 1:2 complexes HC1 
formation is also observed but is generally less efficient 
than formation of HF. 

d. o-Chlorotoluene. Intracluster reactions of am- 
monia with o-chlorotoluene cations (0-ClTO+) are very 
interesting since the reaction behavior of the cation is 
determined by both an acidic methyl and an electro- 
philic halogen s u b ~ t i t u e n t . ~ ~  Figure 23 shows the most 
interesting section of the TOF mass spectrum and the 
fingerprinta of some product ions are summarized in 
Figure 24. Bands 2-4 and 5,6 in the spectrum of the 
1:l complex (Figure 24b) are assigned as the fingerprints 
of two different isomers of the 1:l complex. About 80% 
of the 1:l clusters decay by dPT with formation of 
ammonium (Figure 2442). With deuterated ammonia 
the corresponding product ion is (NDs)H+, providing 
evidence that the methyl group is the proton donor. An 
SN reaction with formation of [(CHs)(NH2)BZ]H+ is 
not observed (i.e. no C1 channel). It should be weakly 
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Figure 22. 1C-RBPI spectra of some ions from an expansion 
of FBZ/NHs/He, measured by scanning the laser near the 
vibrationleas SI+& transition of fluorobenzene (YO,& 

mass (am) 
Figure 23. TOF maw spectrum of an expaneion of o-ClTO/ 
NHdHe. The wavelength of the laser ia tuned into the vicinity 
of the vibrationleas S l 4 0  transition of the chromophore. 
endothermic. The occurrence of a nucleophilic sub- 
stitution reaction with HCl abstraction maybe deduced 
from the tiny fingerprints in the spectrum of the 
methylaniline cation [(CHs)(NHz)BZ+] (Figure 24d). 
Ita extremely low efficiency may be rationalized by the 
presence of a much faster competing dPT reaction, 
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rel. energy (cm”) 
Figure 24. 1C-RPPI spectra of some ions from an expansion 
of o-CITO/NHs/He, measured by scanning the Iaser near the 
vibrationless SI+& transition of o-chlorotoluene (UOO = 36 873 
cm-1). 
expected from a comparison of a similar reaction with 
TO+. One also observes a protonated ammonia dimer 
in the TOF-spectrum, exhibiting three bands (bands 
7-9) in ita R2PI spectrum all assigned to a (1:dimer) 
precursor. After 1C-R2PI this obviously decays either 
(1) by vdW fragmentation to the 1:l complex (Figure 
24b), (2) by dPT (Figure 24e), or (3) by a SN reaction 
giving o-(CH,)(NHz)BZ+ and HC1 (Figure 24d). It 
should be pointed out that in the 1:2 precursor the 
efficiency of the SN reaction is slightly larger than that 
for dPT, while it is very small in the 1:l complex. 
Therefore the relative increase in efficiency due to the 
second solvent molecule should be at least 2-3 orders 
of magnitude. Again the reaction of the 1:2 complex 
is quantitative. 

If one gauges the efficiency (ESNZ) of the sN2 reaction 
in the 1:2 complex with the efficiency (EdpT) of the 
competing dPT, the ratio ESNdEdPT allows a weak 
isotope effect to register provided the dPT reaction is 
isotope neutral. This may be justified by the fact that 
the chromophore is the proton donor and the rate of 
dPT should be independent of the deuteration of the 
solvent. With nondeuterated ammonia, the above ratio 
is about a factor of 1.2-1.5 larger than with deuterated 
ammonia. 

2. Mbbenzene Cations witt, Methanol 
a. Chlorobenzene. In 1:l clusters of chlorobenzene 

with methanol no 8N2 reaction producing an anisole 
cation (AN+) is observed. Since the IP of methanol is 
about 600 meV larger than that of ammonia, one expects 
a slightly larger activation barrier using the CM model 
due to the larger energy gap for CT. A reaction in a 1:2 
complex is also very inefficient and only small amounts 
of the anisole cation are observed. 

b. Fluorobenzene. With the fluorobenzene cation 
and methanol, substitution of fluorine to give proto- 
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Figure 25. 1C-RBPI spectra of some ions from an expansion 
of FBZ/methanol/He, measured by scanning the laser near 
the vibrationless Sl+So transition of fluorobenzene (UOO). 
nated anisole (AN)H+ is endothermic by 120 kJ/mol. 
The AN+ channel however, corresponding to HF 
abstraction is exothermic by 100 kJ/mol. Despite these 
energetics the latter reaction product has never been 
observed in a 1:l cluster nor in an ion-molecule 
reaction86 In larger clusters however, this product ion 
is formed very efficiently1 and was the first intracluster 
ion-molecule reaction observed with R2PIqS6 Figure 
25 shows some R2PI spectra of ions formed in clusters 
of fluorobenzene with deuterated methanol. The 
Tigerprint of the 1:l complex (Figure 25b), is blue 
shifted relative to the transition in the free monomer 
(Figure 25a) and consists of two groups. While the 
bands 2 and 3 appear as fragment bands in the monomer 
spectrum-obviously due to evaporative loss of one 
subunit-the bands 4-6 do not. In contrast, the 
spectrum of AN+ exhibits identical fingerprints (Figure 
25c) plus additional bands further to the blue (bands 
8 and 9). The latter reappear in the spectra of a 1:2 
cluster (Figure 25e) and of solvated AN+ and are 
assigned to a 1:3 complex, which decays completely after 
R2PI into 3 different channels. Due to the pronounced 
increase of bands 4-6 relative to the bands 2 and 3 at 
higher concentrations of the solvent, these bands have 
been assigned to a 1:2 complex which decays by either 
vdW fragmentation to the 1:l complex or by the 
following nucleophilic substitution reaction: 

FBZ+*(CD,OD), - AN+ + DF-(CD,OD) 
The efficiency of this reaction also exhibits a pro- 
nounced isotope effect if it is compared with the 
efficiency of the isotope-neutral vdW fragmentation 
EvdWfi 1:2+ - 1:1+. With nondeuterated methanol the 
ratio ES2N/Evdwr is a factor of 3 larger than with the 
deuterated isotope. This indicates that proton transfer 
is a rate-determining step. 
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Riehn et aLal have measured the appearance energies 
of some ions from Figure 25 with 2C-R2PI. These 
experimental values are summarized in Table IV. Using 
these values and a neutral binding energy of 15 kJ/mol 
as calculated by model potentials, one may determine 
a lower bound to the binding energy of the FBZ+CH3- 
OH complex of 31 kJ/mol. The association energy of 
a second methanol molecule in the neutral 1:2 as 
determined from the FAP (1:2+ -. kl+) is 18.7 kJ/mol. 
For comparison the dissociation energy of a methanol 
dimer alone is 13.5 kJ/mo1.87 

A similar reaction was observed with the p-difluo- 
robenzene as the chr~mophore.~~ 

3. IRIR2PI Depletlon Spectroscopy 

The last example also illustrates the problems one 
encounters in trying to assign fingerprints to precursor 
clusters which decay quantitatively into different 
channels leaving no “parent clusters”. 

For an unambiguous assignment one has to use 
ancillary methods. The simplest of these, but also the 
most ambiguous and hence least convincing, is the 
measurement of the pressure dependence of the in- 
tensity of the fingerprint bands. For a more general 
solution of such problems Riehn et  al.35 have used IR/ 
R2PI-depletion spectroscopy for the first time, as 
described above in the experimental section. Since the 
depletion spectrum of a product ion reveals the dis- 
sociative IR absorption spectrum of its precursor, the 
structure of the absorber cluster may be derived. For 
example, with a 1:n cluster, in which the solvent 
molecules form strongly bound subclusters [(solvent),l 
which are only weakly bound to the chromophore, the 
depletion spectrum should be very similar to that of 
the free (solvent). cluster. If this is a general phe- 
nomenon, one may use chromophores as carriers for 
size selecting solvent clusters by R2PI spectroscopy. 

To illustrate this new method Figure 26a shows the 
depletion spectrum of the FBZ+.(CH30H) cluster 
probed via the fingerprint band 3 and measured by 
scanning the CO? laser in the vicinity of the Us C-0 
stretching mode of methanol at  1033 cm-I. The 
spectrum contains two very narrow bands. The red- 
shifted one (band I) is assigned to an absorption band 
of the chromophore while the second one (band II), 
which is blue shifted by 7 cm-I relative to us, is assigned 
to the solvent molecule. The small shift is probably 
caused by a weak H-bond interaction with the *-electron 
system. Probing AN+ by exciting the “reactive” band 
5 (Figure 25c) results in a depletion spectrum consisting 
of two relatively broad bands (A and D) (Figure 26b). 
These look very similar to those measured by Huisken 
et for the free methanol dimer (Figure 26c). The 
appearance of the two bands in a hydrogen-bridged 
dimer may be readily understood by imagining two 
different absorbers, one being the donor and one the 
acceptormoleculeinthelinearH bridge. Themethanol 
donor is shifted by 8 cm-I to the blue and the acceptor 
by 18 cm-I to the red side of the monomer frequency 
as discussed in the literature.8a For comparison, a free 
trimer, due to its ringlike structure, would only show 
a single band shifted by 7 cm-I. In summary, the 
spectrum of the precursor of AN+ looks very similar to 
that of the free dimer, justifying the assignment of a 
(1:dimer) structure. Some spectroscopic details are 
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Figure 26. IR/R2PI depletion spectrum of (a) the fluo- 
robenzenemethanol cation intensity excited via band 3 in 
Figure 25 (see text); (b) the anisole cation intensity excited 
via band 5 in Figure 25; (c) depletion spectrum of the free 
methanol dimer as measured for a size selected beam by 
Huisken and Stemmler.” A = acceptor band. D = donor 
band. 

BINDING ENERGY 23.00 kJ/mol 
Figure 27. Minimum energy structure of FBZGH30H)z as 
calculated from the Scheraga model potential using an FBZ 
charge density from ab initio calculations (SCF, RHF 
Gamess). 

noteworthy. The acceptor band in the associated dimer 
is blue shifted by 4 cm-’ relative to the bands of the free 
dimer, while the donor band is unshifted. A weak H 
bond between the acceptor molecule and the r-electron 
system could be responsible for the acceptor band shift. 
This would be in accordance with the structure cal- 
culated from the model potentials (Figure 27). The 
decrease of the intensity of the A band relative to the 
D band may also be due to a donor interaction of the 
acceptor molecule with the chromophore. 

The structure of any small mixed cluster may be 
investigated using this pump and probe depletion 
spectroscopy if polar solvents always associate in solvent 
networks and if the depletion spectra of the size-selected 
free solvent clusters are known. A conclusive assess- 
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This transition state is an example of the enforced 
concertedness" of proton transfer and heavy atom bond 
formation, and one therefore expects an activation 
barrier. Due to a strongly reduced density of states for 
this tight TS, C1 abstraction via a u-complex should 
normally dominate. It could explain why the HC1 
reaction is not observed in a bimolecular collision 
complex with a considerable amount of kinetic energy, 
thereby favoring the back-dissociation. In contrast, in 
a l:n complex with the solvent associated as n-mer (n  
= 2-4) the proton may be transferred more easily along 
the solvent cluster due to the amphoteric nature of polar 
molecules. This kind of enhancement by solvation is 
usually called bifunctional general acid-base catalysis 
and has been studied theoretically for carbonyladdition 
reactions.go A similar change in reactivity by solvent 
catalysis has been reported in the past by Bohme and 
Youngg1 and by Fukuda and M c I ~ e r . ~ ~  

This catalytic loose TS is shown schematically in 
Figure 28b. The action of the second molecule may be 
considered in terms of passive catalysis, i.e. facilitation 
without profound changes in chemistry. The isotope 
effect for this type of reaction, particularly pronounced 
with methanol, indicates that the proton transfer may 
be rate determining. 

What conclusion may be drawn from this proposed 
mechanism? 

(1) Since the proton transfer is activated by an 
electron shift, i.e. evolves in concert with the formation 
of the C-N (C-0) bond, the ionization potential of the 
nucleophile or of a subcluster of nucleophiles should 
also be rate determining. Hence the reaction efficiency 
should depend on the IP of the solvent cluster and 
decrease with its size. For HF substitution in fluori- 
nated benzene cations two ammonia or two methanol 
molecules are necessary, both of which have comparable 
IPS. With water however, as shown by Jouvet et al.,9% 
three molecules are necessary. In the framework of 
the proposed mechanism this increase of the minimum 
reactive cluster size could be due to the higher IP of 
water as compared to ammonia and methanol. 

The reason why HCl but not HF is formed in a 1:l 
clusterwith ClFBZ+andammonia (TableV) is possibly 
due to a larger binding energy of the C-F versus the 
C-Cl bond thus making the elongation of the bond more 
energy consuming. 

In this mechanism the positive hole is not shifted 
from the *-ring to the nucleophile and back again as 
would be the case if the reaction evolves via the 
formation of a u-complex, as in the case of C1 elimination 
(Figure 14). 

Up to now the reaction products observed have been 
solvated by one solvent molecule at  best. This could 
indicate that the reactions take place only in 1:2 and 
1:3 clusters or that some of the neutral solvent molecules 
are boiled off due to the reaction enthalpy. On the 
other hand, in the case of ammonia, methylamine, or 
methanol acting as nucleophile, dET is clearly a 
competing channel. Since it may evolve by a transfer 
of an electron into the hole in the 1-electron system, 
this reaction should dominate if condition 1 for dET 
is fulfilled. Therefore the decreasing IP of the solvent 
subcluster with an increasing size may be favorable for 
the dET reaction in l:n clusters with n > 3. Using the 
TOF spectrum of the FBZ/NH3 (Figure 22) illustrates 

4 b) 
Figure 28. Proposed transition states (TS) for nucleophilic 
substitution with HC1 abstraction in (a) ClFBZ+.NH3 and 

F 

(b) ClFBZ+.(NH&. 

Figure 29. Contour map of the difference in the total 
molecular charge in neutral and ionized FBZ, calculated by 
ab initio methods on an SCF level. Solid lines show positive 
partial charge, and dashed lines show negative partial charge. 

ment of the general applicability of this method is not 
yet possible however. With high resolution and tunable 
IR lasers, more size specific fine structure is expected 
from these spectra, allowing the unambiguous assign- 
ment of much larger solvent clusters. 

4. Mchanisms of the S d  Reacthms 

From the kinetics of HC1 versus C1 formation in 
complexes of 1,n-chlorofluorobenzene cations with 
ammonia (Figure IS), it is clear that the reaction profile 
for HC1 production does not include the same u-complex 
as postulated for the C1 channel but evolves along an 
altemative pathway. Since this channel is not observed 
in the corresponding ion-molecule collisions, it has to 
be handicapped in comparison to the back-reaction by 
entropy factors. Tentative transition states are shown 
in Figure 28. In the ionic chromophore C, and Ca have 
the largest positive partial charges as illustrated in 
Figure 29 for FBZ. This positive partial charge may 
attract the lone pair orbital of the nucleophile (Figure 
28a). If one of these electrons is delocalized along the 
C-C1 bond, an increased negative polarization of the 
halogen and a larger C-C1 bond length is expected. At 
a certain stage of this electron shift a proton may be 
transferred to the negatively polarized halogen atom 
creating HC1 and F(NH2)BZf. In a 1:l complex the 
nucleophile will probably be oriented in such a fashion 
as to enable one of its lone pairs to align roughly along 
the newly formed C-N bond. Proton transfer on the 
other hand is handicapped since the N-H bond does 
not point into the direction of a chlorine lone pair 
orbital. 
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the situat,ion, where all kinds of dET products appear 
but only ANI+ and ANI+*NH3 as products from an SN 
reaction. Therefore with increasing solvent moiety, the 
reaction mechanism may switch from a substitution to 
a redox reaction. However it should be admitted that 
there is still not much known about the size region where 
SN reactions may be quenched by dET. Further studies 
are necessary to give a complete description. 
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V. Surnmav and concluson 

This survey on intracluster ion-molecule reactions 
studied by multiphoton ionization spectroscopy with 
tunable lasers has mainly focused on size specific effects 
in ion chemistry. Because of this self-confinement some 
very interesting work, e.g. that of the fragmentation 
dynamics of clustersN and ion-molecule reactions 
studied with one-photon ionization52 had to be omitted. 
From the early pure mass spectrometric studies of the 
ion production in clusters, new spectroscopic methods 
have been developed allowing better characterization 
of the intracluster processes occurring after ionization. 
In the results presented, the reaction dynamics of small 
mixed organic clusters, which have been characterized 
in size and partially in structure by RBPI, have revealed 
a rich ion chemistry. The appearance of products from 
intracluster reactions, that are not found with gas-phase 
ion chemistry have been studied. They are either 
formed due to the longer interaction time of the 
reactants which are trapped in a complex or are 
catalyzed by the solvent. Therefore these different 
reactions provide evidence that (1) the ion chemistry 
in aggregates may be different from that in analogous 
bimolecular collisions, (2) the probable reaction mech- 
anism may be dedxed from the influence of the solvent 
on reaction efficiency, and (3) the structure of a cluster 
plays a crucial role in its reaction dynamics. It should 
be pointed out that an ion changes its reaction behavior 
along the solvation coordinate several times, highlight- 
ing the complexity of ion chemistry in microclusters. 
Thus, the well-known complexity of condensed-phase 
chemistry is also found on a microscopic level. 

Although we are still at a very early stage in the 
development of this exciting new field, the future 
perspectives seem to be rather promising. For example, 
it may be possible to study proton-catalyzed or elec- 
trophilic reactions in a microsolvation environment. 
Further insight into the relationship of intra- and 
intermolecular factors in reaction behavior can be 
deduced. In the near future high repetition rate lasers 
will allow even better definition of the energy distri- 
bution in the cation by the use of photoelectron- 
photoion coincidence measurements. This will then 
facilitate the study of cluster reactions with state 
selectivity. 

It should be pointed out that these spectroscopic 
methods are not confined to the study of ion-molecule 
reactions alone, but have also been successfully applied 
to studies of photoreactions of electronically excited 
chromophores in a m i c r o ~ o l u t i o n . ~ ~ ~ ~ ~ ~ ~ ~  Therefore 
mixed clusters, when interrogated by laser spectroscopy 
may serve as “microscopic test tubes” thereby allowing 
some insight into the very first steps of chemistry under 
solvation and hopefully into some of the riddles of 
condensed-phase chemistry as well. 
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