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/, lnfroducfion 
In this review a number of complexes and clusters 

will be considered that have been studied by a new, 
high-resolution variant of photoelectron spectroscopy. 
Complexes considered include van der Waals species 
and hydrogen-bonded species. Photodetachment of 
an electron from a negative complex or cluster is 
another important area and has also been reviewed. 

One of the most important areas where complex- 
ation and clustering occurs is in hydrogen-bonding 
systems. Hydrogen bonding is a subject that has 
received enormous attention over the years, owing 
to its ubiquity in biological systems.l The detailed 
study of hydrogen bonding in such systems is not 
straightforward, however, and attention has been 
focused on rather small systems in environments that 
are more amenable to interpretation by the chemist. 
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The biggest successes have come from the study of 
1:l bonded complexes in molecular  beam^.^,^ The 
complexes are easily formed in molecular jets by 
coexpanding a rare gas with a small percentage of 
the two monomers that are involved in the hydrogen 
bond. The large number of collisions that take place 
as the gas passes through a small hole and expands 
causes the complexes to  be stabilized as they lose 
most of their internal energy. As well as preventing 
the complexes from dissociating, this cooling also 
serves to  make the absorption spectra simpler. The 
link between gas phase studies and the liquid phase 
has been discussed by Kebarle4 and Castleman and 
K e e ~ e e : ~  the work that has been performed on the 
direct photoelectron emission spectroscopy of aqueous 
solutions has been reviewed by Delahay.6 

As an aid to  understanding intermolecular forces7 
in more detail, van der Waals complexes are also of 
great interest. The simplest complexes are those that 
have a rare gas atom attached to a stable molecule, 
and these are also easily formed in molecular beams. 
Again, recent reviews have been p u b l i ~ h e d ~ ~ ~  on such 
species and the reader is directed to them and the 
references contained therein for further details. 

Although numerous studies have been performed 
on neutral complexes, there are very few studies that 
have concentrated on cationic species. These species 
are of obvious importance as fundamental processes, 
such as solvation, depend on ionic species interacting 
with neutral molecules. The reason why there is a 
paucity of such studies is due to  the difficulty of 
producing significant quantities of ionic complexes 
in the gas phase (although infrared spectroscopy of 
ions is an extremely active fieldlo). The most widely 
applied technique to the study of ionic complexes in 
the gas phase is probably that of ultraviolet photo- 
electron spectroscopy (UVPES). I t  has been used to 
study a large variety of molecular complexes, usually 
using He I radiation, this work has been extensively 
reviewed recentlyl1J2 and so only an outline will be 
given here. It is also noted that X-ray photoelectron 
spectroscopy (XPS)  has been used to probe the core 
levels of some molecular complexes, and this work 
has been reviewed by Hillier.13 

In order to perform a UVPES study, the complex 
is generally in the gas phase, and in sufficient 
quantity to allow an adequate signal-to-noise ratio 
to  be achieved. The formation is achieved in two 
ways: if the complex is strongly bound, then it may 
be possible to form it outside of the apparatus and 
leak it into the ionization volume; in the majority of 
cases, however, it is necessary to form the complex 
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in situ, usually by coexpanding the components into 
the ionization volume. The major problem with a 
nonselective technique such as He I PES is that all 
the components of the reaction mixture contribute 
to the photoelectron spectrum. If the features are 
well separated in energy, then this causes no prob- 
lem; but if the features are heavily overlapped, then 
large problems with interpretation ensue. To over- 
come this problem to some extent, spectral subtrac- 
tion  technique^'^ are used with heavily-overlapped 
features this procedure is obviously difficult to per- 
form completely reliably, especially if the complex's 
features are weak. Another disadvantage of the 
conventional PES technique is that, for the most part, 
the resolution is too poor to separate the individual 
features, characteristic of the intermolecular modes 
leading to broad spectral bands. What would aid 
matters significantly, and increase the accuracy of 
spectroscopic data and ionization energies, would be 
higher resolution. 

Photodetachment spectroscopy (negative ion pho- 
toelectron spectroscopy) is also a very important area 
and has been reviewed by Lineberger and co-work- 
e r ~ . ~ ~  In this technique an electron is photodetached 
from a negative ion, usually making use of a laser. 
This technique thus gives information on the neutral 
species. Since the kinetic energy of the electrons is 
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analyzed in the same way as in photoelectron spec- 
troscopy, the same resolution restraints are present. 
Higher resolution would allow more detailed infor- 
mation to be derived about neutral species (spectro- 
scopic data and electron affinities); many of the 
studied species are difficult to study by other meth- 
ods. 

The aim of this article is to review the large amount 
of work that has been performed recently using the 
technique of zero-kinetic-energy photmlectmn (ZEKE) 
speetroscopy.l6-l8 This technique will be described 



ZEKE Spectroscopy 01 Complexes and Clusters 

in more detail in section 11. In short, it is a form of 
photoelectron spectroscopy that allows an experi- 
mental resolution of less than 1 cm-' to be achieved, 
which, for molecular complexes, means the widths 
of the peaks are only limited by unresolved rotational 
structure. This has allowed a number of workers to 
study intermolecular vibrations when molecular com- 
plexes are photoionized with laser radiation. The 
work has been concentrated in a number of areas and 
these divisions have been used as a basis for this 
review. They are the study of small molecular 
complexes, anionic complexes, organic molecules with 
inert ligands attached, and hydrogen-bonded com- 
plexes- in particular, phenol-containing complexes. 

I/. The ZEKE Technique 
The ZEKE technique was developed in 1984 by 

Muller-Dethlefs et C Z Z . ' ~  and has revolutionized the 
field of photoelectron spectroscopy. The basis of the 
idea, as it was first formulated, was that if a laser 
accesses the ground (ro)vibronic ionization threshold 
of a neutral molecule, then a cation will be produced 
together with an electron with exactly zero kinetic 
energy (ZEKE), i.e. it is not moving. Now, ifthe laser 
is scanned through the higher-lying (ro)vibronic 
thresholds, then either ZEKE electrons will be pro- 
duced, together with a rovibronically-excited ionic 
core, or kinetic electrons may be produced with an 
ion in a lower-energy state-with the proportion of 
each determined by the Franck-Condon factors 
(FCFs) for the ionization. While conventional pho- 
toelectron spectroscopy relies on the detection of the 
energy-analyzed kinetic electrons, the ZEKE tech- 
nique detects the ZEKE electrons. This is achieved 
by using delayed pulsed-electric field extraction of the 
electrons from the ionization chamber, together with 
geometric discrimination. Since the kinetic electrons 
are, by definition, moving, then if a delay is employed 
between the time the laser is fired and when the 
extraction field is applied, the kinetic energy elec- 
trons will have moved away from the ionization 
volume (see Figure la). The ZEKE electrons will not 
have moved however, and if a time-of-flight analysis 
is performed, the ZEKE electrons will arrive at  a 
different time and so may be selectively detected by 
electronic gating; the use of geometric discrimination 
prevents the majority of kinetic energy electrons from 
reaching the detector. This is the method that must 
be used for anions. 

In 1988, Reiser et ~ 1 . 2 ~  discovered that, for neutral 
molecules, very long-lived, high-lying Rydberg states 
exist just below each ionization threshold. When the 
laser is scanned toward a threshold, these high-lying 
Rydberg states become populated and ionize when 
the pulsed electric field is applied (see Figure lb). 
Since the Rydberg states will also not have moved 
from the ionization volume, this implies the electrons 
formed from their ionization will appear a t  the same 
time of flight as the ZEKE electrons. This poses no 
real problem, however, as the spectra obtained are 
very similar to the one that would have been obtained 
from the ZEKE electrons alone-for the purposes of 
this review both types of electrons will be called 
ZEKE electrons. [It should be noted however that 
some intensity effects can be obsenred in rotational 
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Figure 1. Part a shows the original ZEKE scheme. Fort 
= 0, ZEKE electrons (1) and kinetic electrons (2-4) may 
be produced by the laser pulse at the ionization volume 
(N) in a field-free region. A delayed extraction pulse ( t  = 
t d  > 0) extracts all electrons to the detector (MCP). ZEKE 
electrons (1) are detected selectively, and kinetic electrons 
are discriminated against them by time-of-flight gating (2 
and 3) as well as by the steradiancy effect (4). Part b shows 
the pulsed-field ionization scheme. In the presence of an 
electric field F (the dotted and dashed line) the Coulomb 
potential VO (dotted line, here shown for the hydrogen 
atom) is modified by an additional linear potential, result- 
ing in the final potential V (solid line). The field-free 
ionization energy (IE) is lowered by the Stark shift 6, given 
by the formula: 6 = edF. Hence, by applying a delayed 
extraction field F at time td the high-lying, long-lived 
Rydberg states will be field-ionized. (M represents a 
neutral state of a molecule or cluster.) Part c shows a 
REMPI-ZEKE scheme. The first photon ( w d  populates a 
(state and species) selected intermediate level. The photon 
energy of the second laser (wz) is scanned through the ionic 
levels and gives rise to peaks in the ZEKE signal whenever 
an ionic resonance is matched in energy. 

structure, caused by Rydberg-Rydberg state interac- 
tions (for example in N P )  and the work on these has 
been reviewed very re~ently.2~1 The longevity of the 
high-lying Rydberg states (now called ZEKE-Ryd- 
berg states) is presently understood as being due to 
the effeds of small electric fields in the apparatus,22-x 
the presence of ionsz5 andlor effects of higher multi- 
pole moments of the The effects of these 
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Figure 2. Sketch of the structure of (a) the neutral Ar- 
NO complex (geometry taken from ref 30) and (b) the 
neutral (NO12 complex (geometry taken from ref 46). 
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electric fields have also been investigated, for ex- 
ample, by Pratt on the ZEKE spectrum of NO27 
(exciting via the intermediate A2C+ resonant state), 
by Merkt on Ar28 (via a one-photon process), and by 
our group for benzene29 (exciting via the intermediate 
SI state). 

In the majority of the ZEKE studies on neutral 
complexes, the ionization has been achieved in two 
steps (see Figure IC for a diagram of the ionization 
scheme). The first step is the absorption of one 
photon which excites the molecule from its ground 
vibrational state to  a selected (ro)vibronic level in an 
excited electronic state. This selection is not only 
specific to  the energy state of the complex, but also 
to the molecular species, i .e. the complex may be 
spectroscopically selected. This is particularly ad- 
vantageous as it allows a particular complex size (or 
conformer) t o  be chosen. (There may be many 
complexes of different sizes in the molecular beam, 
as well as the parent molecules themselves.) Once 
the selective excitation has occurred, another photon 
is absorbed; it is this second photon energy that is 
scanned in a typical ZEKE experiment. When the 
sum of the two photon energies matches the transi- 
tion energy to  a (ro)vibronic level in the ion, then 
ZEKE electrons will be produced and these will 
appear in the appropriate time gate. The variation 
of this gated signal as a function of the total laser 
energy gives rise to  the ZEKE spectrum. The selec- 
tion of the intermediate state has also been found to 
be advantageous since it allows the variation of the 
FCFs for the ionization step. In some cases, exciting 
through different levels has allowed the observation 
of some intermolecular (as well as intramolecular) 
modes that were not seen when exciting through 
other levels (vide infra).  

Ill. Applications 

a. Small Complexes 
i, Ar-NO 

The ground state neutral Ar-NO complex has been 
studied by a number of workers, with the definitive 
study being that of Howard and co-worker~.~~ In this 
study, microwave and radiofrequency spectroscopy 
were used, which allowed the authors to  derive an 
equilibrium geometry showing the molecule to  be 
T-shaped, with a vibrationally-averaged deviation 
from pure T-shaped of 5.175" with the Ar atom closer 
to  the nitrogen than to the oxygen atom (see Figure 
2a). The vibrationally-averaged bond length-the 
distance between the Ar atom and the center of mass 
of the NO moiety-was derived as 3.711 A. Of 
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Figure 3. ZEKE spectra of NO-Ar via the state with 
zero (a), one (b) and two quanta (c) of the intermolecular 
stretch excited. (Taken from ref 31.) 

particular note is that the orbital angular momentum 
is largely unquenched in the molecule, z.e, A is, by 
and large, a good quantum number, although strictly 
speaking there was a minimum energy orientation 
with the unpaired n-electron in the out-of-plane 
orbital. ZEKE spectra of Ar-NO were recorded in 
1992 by Takahashi and K i m ~ r a . ~ ~ , ~ ~  The ionization 
energy was reached by exciting through the T I  
state33 of Ar-NO. The first laser was fixed on a 
particular vibronic level in the c - X transition and 
the second laser scanned through the ionization 
thresholds. The spectra obtained showed vibrational 
structure that was interpreted in terms of two 
vibrational series: nominally an intermolecular bend 
and an intermolecular stretch. The spectra (shown 
in Figure 3) were obtained when exciting through the 

state with zero, one and two quanta of the 
intermolecular stretch excited. (In the 2 + 1' REMPI 

only the intermolecular stretch is ex- 
~ i t e d . ~ ~ , ~ ~ )  These gave spectra which showed different 
vibrational structure, indicative of the changing FCFs 
for the ionization step. The intermolecular bend 
series was measured to have a spacing of -79 cm-l, 
with that of stretch being measured as -94 cm-l. In 
fact, a more accurate analysis led to  values for the 
harmonic vibrational frequencies of 80.3 and 99.6 
cm-l with anharmonic constants3' of 1.0 and 3.55 
cm-l for the intermolecular bend and stretch, respec- 
tively. Franck-Condon calculations were performed 
in that work which made two significant approxi- 
mations: first, harmonic oscillator potentials were 
used; and second, no account of the Duschinsky 
rotation38 of the normal coordinates was taken. 
Within these assumptions, the intensity of the vi- 
brational components in the 2 + 1' REMPI spectrum 
were used to derive the changes in the geometry of 
the state. Although the signs of these changes 
were not known, it was reasonably assumed that the 
change would be negative, z.e. the bond length 
shortened. For the Ar-N-0 bond angle, since no 
bend structure in the c - X transition was seen, the 
bond angle was assumed not to change. The geo- 
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Table 1. Experimental Geometries of the 
States of Ar-NO 

e, and X+ 

Chemical Reviews, 1994, Vol. 94, No. 7 1849 

Ar-NO XzIl 1.15077“ 3.7064b 85.6Bb 
Ar-NO C!Il 1.062“ 2.93 85.7c 
Ar-NO+ X + ’ F  1.06322d 2.68 74.38 or 96.9gd 

a Huber, J. R.; Herzberg, G. Molecular Spectra and  Molecu- 
lar  S truc ture  N: Constants  of Diatomic Molecules; van Nos- 
trand Reinhold: New York,-1979. From ref 30. Assumed to 
be the same as that of the X217 state since there was no bend 
vibration seen in the (2fl’) REMPI spectrum. (See ref 31.) 

In ref 31 a negative decrease of the bond angle was assumed; 
the results of ref 39 suggest an increase of the bond angle on 
ionization and hence support the higher value. 

metric parameters for the c state were then used, 
together with the experimental intensities in the 
ZEKE spectrum, to  derive geometric parameters for 
the ground cationic state. Again, since the absolute 
values of the changes could not be determined, the 
change in the bond length was assumed (again 
reasonably) to  be negative. At this point it is neces- 
sary to  point out that some errors in the use of the 
complex geometry occurred in ref 31-these errors 
have been outlined and corrected.39 The ground state 
geometry and the derived geometries of the and 
X+ states are given in Table 1. [Here, a “+” is 
appended to  the label of the term symbol for a cation 
(the common use ofDo is ambiguous, owing to its use 
for a dissociation energy); for anions a ‘I-” is ap- 
pended.] Two ab initio calculations on the &-NO+ 
complex have been published r e ~ e n t l y . ~ ~ , ~ ~  The first 
of these40 used a so-called “modified CIPSI” approach 
which was size consistent (an important consider- 
ation in dealing with the energies of molecular 
complexe~) .~~ The paper contained contour plots of 
the potential energy surface, which seemed to suggest 
that the minimum energy of the Ar-NO+ complex 
was at a bond angle of ca. 90”-a result in agreement 
with a recent ca l c~ la t ion~~  that used rather large 
basis sets and the MP2 level of theory.42 The 
experimentally-derived bond angle would agree well 
with the calculated values, if the derived change in 
bond angle was taken to be positive rather than 
negative (as was taken in ref 31). The calculated 
bond lengths of the two studies disagreed somewhat, 
however, with the first study0 disagreeing with the 
experimental bond length, whereas the second study9 
supported it. A summary of the experimentally- 
derived geometries of the different states of Ar-NO 
are given in Table 1. 

The difference between the ionization energy of the 
Ar-NO complex and the NO molecule is equal to  the 
difference between the DO values of the neutral and 
cationic Ar-NO ground states. The ionization en- 
ergy of NO+ is known very accurately from both 
Rydberg series  extrapolation^^^ and ZEKE spectro- 
scopic studies.20 The Do value for the ion was 
r e e v a l ~ a t e d ~ ~  as 920 f 20 cm-l using the adiabatic 
ionization energy of Ar-N031 (73869 f 6 cm-l). 
(Note that the ionization energy from the ZEKE 
study was higher than that obtained via the REMPI- 
PES but this was attributed to instrumental 
effects present in the earlier study.) 

I I 

100 i 6’ 
I 

20 

0 .  
35200 35300 35400 35500 35600 35700 

photon energy [cm -’ ] 
Figure 4. Nonresonant one-color, two-photon ZEKE spec- 
trum of the NO dimer. The inset shows a high accuracy 
scan of the rotationally broadened 61 band. (Taken from 
ref 51.) 

ii. (NO), 

The NO dimer has been the subject of a number of 
experimental studies, and its cation has been de- 
tected in the Earth’s a t m o ~ p h e r e . ~ ~  The geometric 
structure has been determined very accurately from 
electric resonance spectroscopy and microwave stud- 
ies.45146 A complete description of the work prior to  
1981 has been given in ref 45. Both infrared47 and 
Raman48 spectroscopic studies have been performed, 
and very recently, Fourier transform infrared spec- 
troscopy was used to follow the formation of the NO 
dimer, formed from NO diffusing through a nitrogen 
matrix.49 An ab initio study at the configuration 
interaction (CI) level has been performed by Ha,50 in 
which single point calculations were carried out with 
the experimental geometry of the ground state neu- 
tral being employed. The study of direct interest here 
is the one-color, two-photon, nonresonant ZEKE 
spectrum recorded by Fischer et aL51 The spectrum 
(shown in Figure 4) demonstrates a progression of 
three quanta of the Y6 mode which, by comparison 
with the earlier infrared and Raman spectroscopic 
studies, was assigned to a torsional mode (a2 sym- 
metry). This implies that the (Noh+ species has CZ 
symmetry (gauche out-of-plane), in contrast to the CzU 
symmetry of the ground state neutral species (see 
Figure 2b). The v2 mode also appeared in the ZEKE 
spectrum, albeit not as prominently as the Y6 mode; 
the v~ vibration is probably the symmetric bend, 
leading to the conclusion that the molecule either 
closes together in a scissor action, or perhaps opens. 
It would be useful to perform ab initio calculations 
on the cationic species. The N-0 symmetric stretch 
was also seen in the ZEKE study and yielded a value 
of 2090 cm-l (Table 21, a result consistent with the 
expected bond order of the cation of g3/4; thus, the 
charge appears to  be equally shared between the NO 
moieties. 

The adiabatic ionization energy of (Noh was 
measured as 70350 f 5 cm-l which was in close 
agreement with previous determinations, most no- 
tably the value of 8.746 eV obtained by Ng et ~ 1 . ~ ~  
from photoionization efficiency measurements. Again, 
by comparison with the known ionization energy of 
NO and the known binding energy of the neutral 
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Table 2. Vibrational Frequencies of the NO, (NO)z, 
and (Noh+ Ground States 

Muller-Dethlefs et al. 

vibrational qualitative 
symmetry description neutral ion 

NO 
VNO 1876" 2344" 

v,,(asym) 178gb 
Bi { Gmo(asym) 198b 
A2 r 8 8 b  1 1 8 C  

a Huber, J. R.; Herzberg, G. Molecular Spectra a n d  Molecu- 
lar  S truc ture  N: Constants  of Diatomic Molecules; van Nos- 
trand Reinhold: New York, 1979. From the summary pre- 
sented in ref 47. From ref 51. 

(NO12 complex (787 ~ m - l ) , ~ ~  it was possible to  derive 
the binding energy of the ionic complex as 4979 cm-l. 

iii. AI2 
Harrington and Weisshaar applied the technique 

of ZEKE spectroscopy to the aluminum dimer.53 
Aluminum clusters were produced in the throat of a 
molecular expansion by laser ablation of an alumi- 
num target rod. The subsequent expansion (in 
helium) cooled the clusters considerably and A l z  was 
selectively excited by using the (1-0) and (2-0) 
vibrational components of the F3& - X3lI,0 transi- 
tion, previously reported by Cai et ~ 1 . ~ ~  (The parity 
of the F state is not known.55) A second laser was 
scanned through the ionization thresholds of the ions, 
using a delay of 2 ps between the laser pulses and 
the extraction of the electrons by a pulsed electric 
field. This gave rise to  a vibrationally-resolved 
spectrum with 15 cm-l wide peaks (some of the width 
will have been due to unresolved rotational struc- 
ture). The ZEKE spectrum was interpreted in terms 
of a progression of the vibrational frequency of the 
ion. This allowed the determination of an 0, value 
of 178 f 8 cm-l and an 6 , ~  value of 2 f 2 cm-l. The 
first member of the progression was taken as the 
adiabatic ionization energy (ME) and this gave a 
value of 5.989 f 0.002 eV (the same ionization energy 
was obtained from both the (1-0) and (2-0) inter- 
mediate states). There was quite remarkable agree- 
ment of the ab initio results from Sunil and Jordan56 
(AIE = 5.92 eV) and Bauschlicher et ~ 1 . ~ ~  (AIE = 5.90 
eV). The later study also calculated the vibrational 
frequency of the ion as 169 cm-l, in excellent agree- 
ment with experiment. A n  intriguing result from the 
experimental study concerns the relative dissociation 
energies of the neutral and cationic ground states of 
the aluminum dimer. Since the difference in the 
ionization energies of the aluminum atom and the 
aluminum dimer is equal to  the difference in the DO 
values for the neutral and cationic ground states of 
the dimer, and since the ionization energy of alumi- 
num atom is 5.986 eV,58 this means that the cation 
and neutral states have identical binding energies 
t o  within 5 meV.53 The neutral aluminum dimer is 
bound by half a o-bond and half a n-bond with the 
n-electron being lost on ionization. [The outer elec- 
tronic configuration of the neutral dimer is ( 3 ~ 0 , ) ~ -  
(3pn,)'.l This would imply that the n-electron is 

essentially nonbonding: a result contrasted by the 
fact that the vibrational frequency in the neutral:g 
is 278 cm-l with a bond length of 2.701 f 0.002 A, 
cf. the cation vibrational frequency noted above. The 
dissociation energy of the neutral X state was derived 
as 1.34 f 0.06 eV from a high-resolution spectroscopic 

iv. Xe2 
The rare gas dimers have been the subjects of a 

great number of experimental and theoretical stud- 
ies,1,60 mainly because they represent one of the 
simplest van der Waals species. The most recent 
theoretical study by Ma et aL61 calculated the ioniza- 
tion energies of all RIRZ species (R1, R2 = He, Ne, 
Ar, and Kr), using the so-called Gaussian 262 ap- 
proach. The only ZEKE spectroscopic study has come 
from the White In this study, one-photon 
ionization of Xez, formed by supersonic expansion of 
Xe through a 20 pm nozzle, was used. The ionizing 
radiation was produced by four-wave sum mixing.64 
The ZEKE spectrum showed a long progression of the 
internuclear vibration of the Xe2+ A+ state: the 
adiabatic ionization energy was not observed how- 
ever, owing to poor FCFs in that energy region. 
Studies with isotopically-enriched samples were also 
performed. Analysis of the spectrum led to an 
assignment of the vibrational structure, which indi- 
cated that the lowest vibrational feature corre- 
sponded to u' = 56 in the ion. The harmonic 
vibrational frequency 6, was determined as 114.7 
cm-l with We& equal to  0.417 cm-l; the T,  value was 
90312 cm-l. The adiabatic ionization energy was 
derived as 90360 f 70 cm-l, but it was noted that 
this was inconsistent with some previous experi- 
ments: in particular a MPI-PES study by Pratt et 

and a photoionization efficiency measuremenP 
by Ng and co-workers. This discrepancy was at- 
tributed to the poor FCFs in the region of the 
ionization threshold. As suggested,66 exciting via an 
intermediate state in a two-color ZEKE experiment 
could lead to a more unambiguous determination of 
the ionization threshold, since better FCFs can be 
expected by a good choice of the resonant intermedi- 
ate state. Finally, the dissociation energy of the A+ 
state, DO, was determined to be 7660 f 70 cm-'. As 
well as the A+ state, the B+ and C+ states were also 
investigated in the ZEKE study. For the B+ state it 
was not possible to  elucidate completely the vibra- 
tional assignment, but the dissociation energy, DO, 
could be estimated as 21230 cm-l; the vibrational 
frequency 0, was found to be 245 cm-l. For the C+ 
state, no such problem occurred and the dissociation 
energy, DO, was determined as 442 & 2 cm-l; the 
vibrational frequency 0, was determined as 23.1 
cm-l. 

b. Anions 
The study of anions by ZEKE spectroscopy poses 

significant problems since the pulsed-field ionization 
variant of the ZEKE technique shown in Figure l b  
may not be used (since the requisite Rydberg states 
do not exist), and in fact, electrons just above 
threshold within a very small energy range are 
detected (see Figure la). This, in turn, implies that 
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clusters of the selected mass enter the photodetach- 
ment spectrometer. Photodetachment was achieved 
by the fourth harmonic of a Nd:YAG laser (4.66 eV), 
and the photoelectrons were kinetic energy analyzed 
by a magnetic bottle-type ~pectrometer :~~ the resolu- 
tion achieved was 50 meV (ea. 400 cm-l). For the 
1:l complex only two bands were observed in the 
photodetachment spectrum, corresponding to the two 
spin-orbit components of I, shifted slightly owing to 
the complexation. In fact I--(COz), clusters with n 
= 0-7 were studied in this work, giving a picture of 
the changes in binding energy of the cluster as the 
number of solvent molecules increased. In a slightly 
later study, Neumark and c o - ~ o r k e r s ~ ~  again studied 
I--(COz), clusters, n = 1-13. The methods of 
generation, photoionization, and kinetic energy analy- 
sis of these clusters were very similar to  the previous 
study; however, a linear time-of-flight electron ana- 
lyzer was used, giving a resolution of -11 meV (ea. 
90 cm-l). This increase in resolution allowed some 
vibrational structure on each of the spin-orbit 
components in the I--C02 photodetachment spec- 
trum to be achieved (see Figure 5 ,  dotted lines). The 
spacing in this progression was determined to  be 665 
f 90 cm-l and was assigned to the bending mode ( Y Z )  
of the COz moiety. This clearly demonstrated that 
there was a change in LOCO upon photodetachment 
of the anionic cluster. It was reasonably argued that, 
since the van der Waals interaction in the neutral 
state is weak, the distortion of the linear C02 
geometry is in the anion (the I--COz cluster is 
roughly T-shaped with the I- bound to the carbon 
atom: a result consistent with charge transfer from 
I- to  C02). A simple Franck-Condon analysis led 
to  the derivation of a OCO bond angle of ea. 175". 

Owing to the increased resolution of the ZEKE 
spectroscopic (Figure 5 ,  solid lines), a more 
in-depth look at the bonding in the I-COS cluster was 
needed. The neutral cluster is formed by the com- 
bination of I(2P1/2) and COz( bp') or I(2P3/2) and CO, 
( 'El). By analogy with a rare gas-I complex, three 
states are possible, corresponding to Q = l/2 and 3/2 
derived from the lower spin-orbit component of I and 
the Q = l/2 state derived from the upper spin-orbit 
state-they are the X2&2, the &n3/2, and the B2&2 
states. In that these states were denoted X 
V2, I 3/2, and I1 l/z, respectively. The complexes were 
created in the same way as in the previous photo- 
electron study, but this time photodetachment was 
achieved by a tunable dye laser which was scanned 
through the ionization thresholds of interest; the 
ZEKE electrons were detected after a delay of 150- 
200 ns. The resolution achieved in this instrument 
was 0.3 meV (ca. 2.5 cm-l)-obviously a great im- 
provement over the two earlier experiments. The 
spectra (shown in Figure 5 )  show six main features 
labeled A, Ap, B, Bp, C, and D. These features were 
assigned as follows: A, Ap, and C to transitions from 
the ground state of the anion into the ~2 = 0 levels of 
the I(2P3/~)-C02 [X l/2; I 3/21 and U2P1/2) [I1 %I; B, Bp, 
and D to the corresponding transitions with YZ = 1. 
The structure in each of these bands (not resolved 
in the earlier studies, see for example the dotted 
curve in Figure 5) had separations of ca. 30 cm-l and 
this was assigned to a progression of the van der 
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Figure 5. Threshold photodetachment (ZEKE!) spectrum 
of I--CO2 (solid lines) and conventional photodetachment 
spectrum (dotted lines). The arrows indicate the band 
origins. See text for details. (Taken from ref 74.) 

significantly more care must be taken to shield the 
ionization region from stray electric and magnetic 
fields. Neumark and co-workers first applied the 
ZEKE method to photodetachment ~pectroscopy~~ 
and have been very active in this field, successfully 
performing studies on carbon clusters, silicon clus- 
ters, transition-state complexes, and the I--COz 
complex. Each of these applications will be consid- 
ered in the following subsections. The other main 
area of application is to  metal clusters. These have 
been performed in the group of Kaldor and are 
currently also being developed in the Julich 
What is perhaps surprising is the speed of these 
groups in recognizing the utility of the ZEKE tech- 
nique. Photodetachment spectroscopy of anionic 
clusters is a very active field of research. It is a very 
useful technique as mass selection of the (charged) 
clusters may be achieved, and then the information 
gained from the photodetachment spectrum gives 
direct information on the neutral species. 

i. I--COz 

Work using conventional photodetachment spec- 
troscopy has been performed on a number of iodine 
clusters, such as I--(H20),,69770 I--(C02),,71372 and 
I--CH31.73 A ZEKE spectroscopic has been 
performed, and it is on this study that attention will 
be focused here, especially on the gain in information 
that is obtained in the increasing resolution of the 
reported studies on the I--COz ~ o m p l e ~ ~ ~ ~ ~ ~ , ~ ~  (see 
Figure 5). 

In the first conventional photodetachment studyY7l 
clusters were formed by coexpanding COZ with 
halogen-containing compounds, both of which were 
entrained in argon, through a pulsed nozzle. The 
negatively-charged clusters were produced by cross- 
ing the molecular expansion with a 1000 eV electron 
beam; the clusters are then mass separated and 
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Waals C-I stretching mode (denoted ~ 3 ) .  Analysis 
of the hot band structure gave a value of 64 cm-l for 
the same vibration in the anionic complex. 

ii. Metallic Clusters 
A number of metallic anionic clusters have been 

s t ~ d i e d ~ ~ - ~ ~  by Gantefor et al. They produce the 
metal clusters by laser vaporization of a metal target 
in the throat of a molecular expansion, and the 
mixture of anions, cations and neutrals pass through 
a skimmer. The anions are accelerated and this 
results in the separation of clusters of different mass. 
A particular mass is then irradiated in a ZEKE 
photodetachment experiment. The first study looked 
at the gold dimer and the silver trimer.76 For Au2- 
the results showed a progression in the vibrational 
frequency of the neutral, leading to its determination 
as 146 cm-l. There were also hot bands in the 
spectrum which led to the derivation of the ground 
state anionic vibrational frequency as ca. 188 cm-'. 
The 0-0 band in the ZEKE spectrum was taken as 
the electron affinity and led to a value of 1.9400 f 
0.0005 eV. A FCF analysis led to  the derivation of 
the vibrational temperature of the sample gas as 165 
f 30 K. For Ag3- only one peak was observed in the 
ZEKE spectrum.77 At first sight this may be a little 
surprising as the geometry of Ag3- is linear, whereas 
the geometry of Ag3 is an equilateral triangle. How- 
ever, there is a linear state of Ag3 that lies 0.05 eV 
above the triangular state,79 and it is detachment to  
this state that was thought to  be responsible for the 
ZEKE spectrum. The gold hexamer (Aug-) was also 
studied78 and the ZEKE spectrum showed a progres- 
sion of a vibration of 107 cm-l which was also present 
in the electron total yield spectrum. These studies 
demonstrate that fundamental information on metal 
clusters can be accurately determined from the ZEKE 
photodetachment spectra-the mass selectivity pos- 
sible for the anions, together with the sensitivity of 
the ZEKE scheme combine to provide a powerful tool 
for the gaining of information on the neutral species, 
which is difficult to  obtain by other means. 

iii. Carbon and Silicon Clusfers 
The large bulk of information on metal and semi- 

conductor clusters has been comprehensively re- 
viewed recently by a number of authors,s0 as has the 
chemistry of carbon clusters.81 

Carbon Clusters. There has been a huge amount 
of work performed on carbon clusters. A recent 
reviews1 details the work up until April 1989. For 
good overviews of the work performed until mid 1992, 
the reader is referred to the introductions of the two 
papers by Neumark and ~ o - w o r k e r s . ~ ~ , ~ ~  High- 
resolution infrared spectra of the neutral species have 
been recorded by Saykally, Amano, and Bernarth and 
their co-workers-see references quoted in ref 83. In 
recent photodetachment studies, carbon clusters were 
produced by laser vaporization of graphite in the 
throat of a molecular expansion. These were then 
collided with electrons downstream to obtain the 
negative clusters. Mass selection can then be per- 
formed before the experiment is carried out. The size 
of clusters can be controlled to some extent by 
varying the power and the wavelength of the ablating 
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laser source.84 The most recent conventional photo- 
detachment spectroscopy of carbon clusters has been 
from the groups of Smalley and Neumark. The 
studies by Yang et aZ.85,86 used photodetachment by 
ArF and F2 excimer lasers. The resolution in these 
studies was rather poor. However, they did have the 
advantage that a large range of negative carbon 
clusters could easily be studied: C,- (n = 2-84). A 
slightly later study,s2 obtained a significantly better 
resolution of ca. 10 meV (80 cm-l) in a study which 
concentrated on the C,- (n  = 2-11) clusters. Pho- 
todetachment was performed with the third and 
fourth harmonics of a Nd:YAG laser. Accurate 
electron affinities were obtained in this work and 
compared with a b  initio results, where they were 
available. The agreement in the majority of cases 
was quite good; as was the agreement with previous 
results. 

In the rest of this subsection, attention will be 
focused upon the C5- and c.5- clusters. An important 
point to  note here is that the photodetachment 
spectra, if well enough resolved, can lead to  observa- 
tion of vibrational structure attributable to  totally 
symmetric modes, these are not observable using the 
technique of high-resolution infrared absorption, 
mentioned above. The (linear) C5- spectras2 (noted 
as corresponding to the XIZl - X-'Z+ photodetach- 
ment, but this assignment is altered in the ZEKE 
spectroscopic study, vide infra) were interpreted in 
terms of both totally and non-totally symmetric 
vibrations and the assignment was based on a b  initio 
results. For CS-, the structure is thought to be linear, 
but the ground state geometry for the neutral cluster 
is a point of controversy; it is certainly true to say 
that there are two structures very close in energy. 
By assuming that the detachment process is from 
linear to  linear structures, then the interpretation 
of the photodetachment spectrum was made, again 
by comparison with a b  initio results. For both C5- 
and CS-, "tails" in the spectra were suggested as 
being due to transitions from cyclic states of the C5- 
and c6- species. For the two specific clusters men- 
tioned, ZEKE photodetachment experiments have 
also been performed by Neumark and co-workers, 
with resolutions of 110 cm-l and these will now be 
reviewed. 

For C5-, a very clear vibrational structure was 
obtained.87 The dominance of an intense peak at 
threshold (also seen in the lower resolution studys2) 
indicated that the change in geometry between the 
anion and the resulting neutral cluster was small. 
Thus, since C5 was known to be linear, this result 
implied that the ground state of the Cg- anion was 
also linear. This intense peak at threshold was found 
to be split by 22 cm-l into a doublet, and this was 
interpreted in terms of spin-orbit splitting in the 
X-211, ground state. The electron affinity was ac- 
curately determined to be 2.853 =k 0.001 eV. Four 
vibrational fundamentals were identified, and these 
were assigned by comparison with (scaled) harmonic 
frequencies calculated by Raghavachari and Bin- 
kley.88 The broader structure in the spectrum, to 
higher energy, was assigned to an excited electronic 
state of C5. Considering the electronic configuration 
of C5- as ag20u2ng4nu1 and the interesting point that 
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only s-wave electrons can be seen in a photodetach- 
ment then, since it has been showng0 that 
s waves can only occur (under D,h symmetry) when 
an electron is photodetached from a nu or 0, orbital, 
it was concluded that the excited state must arise 
from the removal of the a, orbital, giving a 311g state. 
The broadness of the spectrum was interpreted in 
terms of unresolved spin-orbit structure. It was 
noted, however, that some detailed (multireference 
configuration interaction) ab initio calculations had 
predicted a 311g state at 2.56 eV,9l significantly higher 
than the experimentally-determined separation of 
0.26 eV. The possibility that this higher-energy 
feature was due to autodetachment from a meta- 
stable state of Cg- was considered but discounted as 
kinetic electrons originating from autodetaching 
levels should have been discriminated against by the 
ZEKE detection scheme. Additionally when a total 
electron distribution was recorded no additional 
features owing to  this complex could be seen: this 
discrepancy remains unresolved. 

the resolution had been in- 
creased even further to 3 cm-l. The spectrum (as for 
C5-) was dominated by an intense peak at threshold, 
again indicating that the geometries of the anion and 
neutral states are similar. The doublet structure in 
the spectrum was interpreted as being due to the 
spin-orbit splitting in the anion: the anionic elec- 
tronic state is 211u, whereas the ground state of the 
neutral is 'Xi. Hence, the splitting of 29 cm-l is 
attributable to  the anion. The electron affinity of CS- 
(taken as being the first peak in the ZEKE spectrum) 
was derived as 4.180 f 0.001 eV. The interpretation 
of the vibrational structure was in terms of three 
symmetric vibrations (two of whose values were in 
poor agreement with the ab initio results of Martin 
et U Z . , ~ ~  whose calculations were performed at  the 
MP2/6-31G* level of theory). The observation of 
three totally symmetric modes also argued against 
a cyclic geometry (suggested previously)s8 for these 
states, since this geometry would only be expected 
to have two totally symmetric modes. A simple 
Franck-Condon analysis was performed in order to  
ascertain the geometry change on going from the 
anion to the neutral. This analysis only assumed 
geometry changes along the totally symmetric coor- 
dinates and the simulated spectrum fitted the ex- 
perimental spectrum well. Although the magnitudes 
of the changes in geometry along the particular 
normal coordinates could be derived, the absolute 
sign could not. An absolute geometry was obtained 
by comparison with ab initio calculations of the 
geometries of the neutral and anionic states. Auto- 
detaching levels were also found in this works3 (Le. 
excited anionic levels that are above the neutral 
ground state), but this will not be discussed here, 
except to note that the origin of this state is 43 cm-l 
below the photodetachment threshold, with the au- 
todetachment occurring from vibrationally excited 
levels. 

Silicon Clusters. Siz-. The smallest anionic 
silicon cluster, the Si2- species, has been studied by 
photodetachment spectroscopy by a number of groups. 
The first such study was that of Nimlos et U Z . , ~ ~  where 
silicon clusters were produced by a dc electric dis- 

For the CS- 
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charge through a mixture of silane and ammonia. 
Mass selection was performed with a Wien filter and 
the Si2- ions were photodetached with an Ar ion laser 
operating at either 488 or 457.9 nm. Electron kinetic 
energy analysis was performed by hemispherical 
electrostatic analyzers with a resolution of ca. 20 
meV, with calibration of the energy scale being 
achieved by photodetachment spectroscopy of OH-. 
The silicon dimer has an outer configuration of 
(nul2 which gives rise to '5, lAg, and electronic 
states, but there are low-lyng electronic states aris- 
ing from the configurations (0,)YxJ3 L3ll, and ln,l 
and ( ~ , ) ~ ( n , ) ~  [ 'X:]. The anion has a (0,)~(7c,)~ outer 
configuration, giving rise to a C electronic state, 
with a low-lying 211u state arising from the ( ~ , ) ~ ( x . , ) ~  
configuration. This ordering of the electronic states 
was confirmed by MCSCF+CI cal~ulat ions.~~ The 
assignment of angularly-resolved photodetachment 
spectra obtained in that workg3 was based on the 
results of these calculations (energy separations and 
vibrational frequencies) to a large extent. The ground 
state of the neutral molecule is the X 3 X  state as 
had been determined earlier by Douglasg8and later 
confirmed by ESR spectros~opy.~~ The photodetach- 
ment spectra in the work of Nimlos et ~ 1 . ~ ~  were 
recorded at angles of 0" and 90" and these gave rise 
to  significantly different intensity patterns in the 
spectra for the four peaks seen. These two spectra 
were used to determine the anisotropy parameter /3 
for each of the three peaks and this in turn was used 
to infer the nature of the orbital to which each peak 
corresponded. Some of the assignments of the peaks 
in the spectrum were not clear, but further use of ab 
initio calculations clarified the situation to give a 
consistent interpretation. The electron affinity was 
derived as 2.199 f 0.012 eV and attributed to the 
Si2 ( X 3 5 )  + e- - Siz- (211,) photodetachment. The 
separation between the Si2 (A311,) and the Si2 
(X3Ci) states was derived as 0.053 f 0.015 eV and 
the separation between the Si2- (211,) and the Si2- 
(22i) states was derived as 0.117 f 0.016 eV, with 
the 211u state concluded to be lowerthis is in contrast 
to the most recent ZEKE results (vide infra), where 
the 'C; state is concluded to be the ground state by 
0.025 f 0.010 eV. 

Conventional photodetachment and ZEKE spec- 
troscopic studies were performed on Siz- by Neumark 
and c o - w o r k e r ~ ~ ~ ~ ~ ~  (the second referenceg7 contains 
a reassignment of some of the spectral features 
reported in the first). The conventional photodetach- 
ment spectrum and the corresponding ZEKE spectra 
are compared in Figure 6. (The labeling in the ZEKE 
spectrum has been modified to agree with the recent 
re interpretat i~n) .~~ Considering first the conven- 
tional photodetachment spectrum (Figure 6a), the 
spectrum may be divided into two sections: the 
section with electron kinetic energy ranging from 1.0 
to 1.5 eV and the section from 0.5 to 0.9 eV. The 
higher kinetic energy region is the same region as 
that studied by Nimlos et U Z . , ~ ~  although features e, 
E, and F were not seen owing to the lower energy 
photodetaching radiation used; additionally, features 
d and D were not resolved. The photodetachment 
spectrum was recorded with two different laser 

2 +  
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features in the two spectra under different polariza- 
tion schemes, the different contributions of vibra- 
tional and electronic transitions to  the photodetach- 
ment spectrum could be distinguished. The ZEKE 
spectrum corresponding to the high kinetic energy 
region of the conventional photodetachment spectrum 
(shown in Figure 6b) showed it to  consist of the 
transitions to  the triplet neutral states. It is impor- 
tant to note here that (as with photoelectron spectra) 
only photodetachment (ionization) that involves one- 
electron processes can occur, in general. Thus, the 
transition from the 'Xi anionic state to  the X3X, 
state of the neutral molecule, is forbidden. Also, only 
s waves are observable in the ZEKE spectrum for 
anions (vide supra) and so the transitions seen in the 
ZEKE spectrum here must correspond to nu photo- 
detachment, and a, photodetachment is not observ- 
able (under D,h symmetry). Thus, it was possible for 
Neumark and co-workers to assign the features that 
were present in the conventional photodetachment 
spectrum, but not present in the ZEKE spectrum, to  
nu photodetachment; the features that were present 
in both spectra could be assigned to ag photodetach- 
ment. Thus, the triplets D and E were assigned to 
the following transitions: 

A3n, (u' = 0) - 'Xi 
A3n, (u' = 1) - 'Zi 

D: 

E: 

Peaks d and e (not seen in the ZEKE spectrum in 
Figure 6b) were assigned to the 311u - 'nu transi- 
tions. Peaks B and C, that appear as doublets 
(splitting 122 f 10 cm-') were assigned to the 9% - 211~u (u" = 1) and X3X - 211~u (u" = 0) photode- 
tachment, r e s p e c t i ~ e l y . ~ ~  The very weak feature A 
(doublets not resolved) in the conventional photode- 
tachment spectrum was assigned to the X3Xi + 211~u 
(u" = 2) transition. The low kinetic energy region of 
the conventional photodetachment spectrum in Fig- 
ure 6a (the corresponding ZEKE spectrum is shown 
in Figure 6c) was assigned to transitions to  singlet 
states of the neutral molecule. These were assigned 
by again noting that only one-electron photodetach- 
ment is allowed, only s waves will be detected in the 
ZEKE spectrum, and any doublet peaks that are 
observed must have originated from the anionic 
state. In this way, the series of three sets of double 
peaks (G, H, and M) were assigned to the alAg - 
2 1 1 ~ 1 , 2  photodetachment, with u" = 0, 1, and 2. The 
features J and j are then assigned to the last 
remaining s-wave photodetachment, the blII, - 211u 
transition, with u" = 0 and 1. Finally, peak K was 
tentatively assigned to the p-wave photodetachment 
c'Z+ - 'F;. Peaks F and L remain unassigned, 
altaough it was noted that they probably belong to  
transitions to  different spin multiplets of the same 
electronic state. The state ordering for the anion was 
determined and gave the 'E' as the ground state, 
with the 211u state lying 0.028 f 0.010 eV above it, 
in very good agreement with the relatively high-level 
calculations of Raghavachari and Rohlfingg9 who 
calculated the difference to  be 0.022 eV. 

Si3- and Si*-. Smalley and co-workers have looked 
at the conventional photodetachment spectra of a 
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Figure 6. (a) Photodetachment spectrum of Si2- with laser 
polarization perpendicular to the direction of electron 
detection (the detachment wavelength is 355 nm) (taken 
from ref 97); (b) ZEKE spectrum of Si'- showing transitions 
to the triplet states of Si2 (taken from ref 97); (c) ZEKE 
spectrum of Siz- showing transitions to the singlet states 
of Si2 (taken from ref 97). 

polarizations (parallel and perpendicular to  the elec- 
tron detection direction)-the spectrum in Figure 6a 
is the one with the laser polarization perpendicular 
to the electron detection direction. All features in 
the spectrum shown in Figure 6a are also in the 
photoelectron spectrum with the laser polarization 
parallel to  the electron detection direction (not shown 
here) although there are intensity differences: no- 
tably features D and J are much stronger in the 
spectrum recorded with the laser polarization parallel 
to the electron detection direction, whereas feature 
K is much weaker and features e and d are not 
evident in the parallel laser polarization spectrum. 
By looking at the changes in intensities of various 
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range of silicon (and germanium) clusters, Si,- (n = 
3-12).loo In that work, negative ions were selected 
from the various species present in a molecular beam 
that contained the products of laser vaporization of 
a silicon target. The photodetachment of the (mass- 
selected) negative anions was by the output from an 
ArF laser. Kinetic energy analysis of the photode- 
tached electrons was achieved by a magnetic bottle- 
type analyzer75 (as mentioned above). The spectra 
obtained were rather broad in general (resolution 
-1000 cm-l), but allowed the photodetachment thresh- 
olds to  be determined. Kitsopoulos et d l O 1  obtained 
much higher resolution spectra (-70 cm-l). Clusters 
were produced in a similar way to the previous study, 
but photodetachment was now performed by the third 
and fourth harmonics of a Nd:YAG laser. For the 
spectrum of Si3- (using the 355 nm radiation) two 
bands were seen, the first was sharp (band B), 
whereas the second (band X) was broad and demon- 
strated a progression of nine peaks with a measured 
spacing of 360 f 40 cm-l. When 266 nm radiation 
was used, another weak feature was seen between 
these bands (band A), having five peaks with a 
measured spacing of 480 f 40 cm-l; two other bands 
to  lower electron kinetic energy were seen, the lower 
feature had two peaks separated by 480 cm-l, and 
the other showed irregular structure. Interpretation 
of this spectrum was not performed in any detail 
owing to the lack of consistency of proposed inter- 
pretations with a range of ab initio calculations. For 
Si4-, the situation was more consistent; however 
discussion is left until the discussion of the ZEKE 
results. 

The ZEKE spectrum of the Si3- (see Figure 7) 
complex was recorded by Arnold and Neumarklo2 
with a resolution of 10-15 cm-l. Only the broad, 
higher energy feature (band X) gave rise to  a ZEKE 
spectrum. The structure in this spectrum was domi- 
nated by a progression with a spacing of 337 cm-l. 
There were also weaker features seen in the spec- 
trum, and a peak lying 385 cm-l to  the red of the 
origin of the 337 cm-l progression. 

In order to  discuss the assignment of the spectrum, 
the electronic structure of the Si3 molecule needs to  
be considered. The electronic configuration of the 
first two states (D3h symmetry) is (la1’)2(le’)4(2a1’)2- 
(1a2”)2(2e’)2 giving rise to three electronic states: 3A2‘, 
lE’ and lA1’. The lE’ state can distort owing to the 
Jahn-Teller effect and gives rise to  two states: a IAl 
state and a lB2 state, each arising from the splitting 
of the degeneracy of the e’ orbitals into a1 and b2 
orbitals, under CzV symmetry. Clearly, under D3h 
symmetry, the anion has 2E’ symmetry and is thus 
also subject to  Jahn-Teller distortion-to a 2A1 state 
and a 2B2 state; the 2A1 state is the ground state, 
according to QCISD(T) calculations.99J03 Large cal- 
culated differences in the bond angle between the 
anion and the neutral state led Arnold and Neumark 
to consider the assignment of the 337 cm-l vibration 
to the symmetric bend mode, v2, of the lA1 state. 
However, calculations suggested that this assignment 
could not be correct since the calculated vibrational 
frequency was far too low. Thus, the assignment to  
the 3A2’ state was favored. QCISD(T) and SCF 
calculations gave values that were in poor agreement 
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Figure 7. Part a shows the ZEKE spectrum of Si4- (solid 
lines) is superimposed onto the energy scale of the photo- 
electron spectrum (dotted line). (Taken from ref 105.) Part 
b shows a finer step scan of the A’ band shown in a to show 
more detailed structure of that band. (Taken from ref 105.) 

with the experimental frequency, whereas density 
functional calculations104 were in much better agree- 
ment. For these reasons, the assignment of band X 
was taken to be due to the 3A2‘ - 2A1 photodetach- 
ment, with the 337 cm-l progression being assigned 
to a progression of the v2 vibration of the neutral. 
Some of the weaker features were assigned to com- 
ponents of a v2 progression, each component of which 
was in combination with one quantum of the v1 
vibration, measured at  501 f 10 cm-l. Other fea- 
tures in the spectrum were assigned to hot band 
structure. Simulations were then performed to try 
and understand the spectrum in more detail. The 
best agreement was obtained with a treatment 
including the quadratic Jahn-Teller effect, although 
there were still inconsistencies between the experi- 
mental data and calculations. 
As noted above, the conventional photodetachment 

spectrum of Si4- (see Figure 7a, dotted line) showed 
a large amount of vibrational structure. Assignment 
of this spectrum was tentative, but recent ab initio 
calculations suggested a consistent assignment, and 
this is indicated in Figure 7a. The ZEKE spectral 
scans105 are shown beneath the conventional photo- 
detachment spectrum (Figure 7a, solid line). Band 
X did not give rise to any ZEKE intensity; band A 
gave a rich vibrational structure (marked as A’); only 
part of band B gave rise to  any ZEKE structure 
(marked as B’); and band C gave rise to  the structure 
labeled as C’. Band A is shown enlarged in Figure 
7b, as may be seen it shows additional resolved 
structure on the individual vibrational components 
(which have a spacing of 312 cm-l). That the 
intensities of the weak features to  either side of the 
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most intense feature varied with the molecular 
expansion conditions, indicated that they were due 
t o  hot band features arising from vibrational excita- 
tion in the anion. The weaker features to  the blue 
of the intense peaks were separated into two progres- 
sions of ea. 50 and 30 cm-l; the two features to  the 
red had spacings of ea. 25 and 53 cm-l. Band A was 
assignable to  the 3B3u - 2Bzg photodetachment by 
considering the a b  initio calculation,103 with regard 
to energy and to vibrational frequency (the YZ mode 
was calculated to have a harmonic frequency of 306 
cm-l for the 3B3u state), and expectations based upon 
the changes in geometry between the neutral and 
anionic states. Locating the origin of this progression 
proved difficult owing to  low intensity at the onset 
of the band. Franck-Condon simulations together 
with the a b  initio data led to the conclusion that band 
0 marked in Figure 7b was indeed the origin of the 
band. The weak features were assigned by further 
FC calculations and by comparison with the a b  initio 
calculations. 

Band B' again showed a main progression flanked 
by weaker features, the main progression had a 
frequency of 300 f 6 cm-l. The assignment of this 
band was based upon the fact that the only state 
calculatedlo3 to be in this energy region, which also 
could be formed by s-wave photodetachment from the 
anionic state, was the ~ B Q ~  state. The irregular 
vibrational structure of the weaker features was 
postulated as being due to vibronic coupling between 
the electronic states that were calculated to lie within 
the range of band B in Figure 7a, but that could not 
be formed by photodetachment of an s wave. 

Band C' was rather broad owing to the use of only 
a partial discrimination against higher kinetic energy 
electrons (with a view to increasing the intensity of 
the rather weak feature). The structure consisted of 
a progression of ea. 430 cm-'. The assignment to  the 
3Blu - 2Bzg photodetachment transitionlo3 was deemed 
the most likely. 

iv. Transition States 
During the hydrogen-exchange reaction A + HB - AH + B, there is a transition state formed that 

has the hydrogen partway between the A and B 
moieties.lo6 These complexes have been probed over 
the last five years or so by Neumark and co- 
w o r k e r ~ ~ ~ ~ - ~ ~ ~  by looking at photodetachment from 
the AHB- complex. The complexes ClHC1-, BrHBr-, 
and IHI- have been studied by conventional photo- 
detachment spectroscopy, as has the related complex, 
H2F-.110 Ab initio calculations have been performed 
on these species, with the work up until the begin- 
ning of 1993 having been summarized by Klepeis et 
aZ.lll in their comprehensive a b  initio study of the 
FHC1- complex. Only one experimental study (to 
date) has looked at one of these complexes using 
ZEKE spectroscopy: this is the study of Waller et 
~ 1 . " ~  on IHI-. The latter complex has attracted a 
significant amount of attention recently with an a b  
initio study by Schatz et aZ.l13 being the most recent 
one at  the time this review was written. Only the 
IHI- complex will be considered here. 

In the conventional photodetachment study, Weaver 
et aZ.lo8 looked at IHI- and IDI- stimulated by a 
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number of facts. One was that a matrix isolation 
study of IHI- had been reported by Ellison and 
Au1t,ll4 which had indicated that IHI- was linear and 
centrosymmetric as was expected for the transition 
state of the I + HI - IH + I reaction. Also, 
calculations had predicted that bound states of the 
IHI complex existed.l15 Thus, it was anticipated that 
the vertical (most intense) region of the photodetach- 
ment spectrum of IHI- would give direct information 
on the IHI transition state. In the experiment, HI 
was expanded in argon through a pulsed valve and 
it was then crossed by a 1 keV electron beam. The 
resulting mixture of ions and neutrals then cooled 
in the subsequent expansion. The IHI- species were 
mass selected and the anions then underwent pho- 
todetachment by the fourth harmonic of a Nd:YAG 
laser. The resulting electrons were kinetic-energy 
analyzed: spectral resolution was ca. 8 meV. A 
series of three peaks was seen in the spectrum and 
these were assigned to a progression of double quanta 
of the asymmetric stretch, YQ.  Spectral simulation 
indicated that there should also be symmetric stretch 
quanta associated with each of the transitions in the 
asymmetric mode, but that these were not resolved 
in this experiment. Owing to the poor spectral 
resolution, it was not possible to be certain that any 
of the states of IHI, accessed in the photodetachment, 
were bound; and indeed thermodynamics seemed to  
suggest that all the observed levels were quasi-bound. 
The most likely candidate for a bound state was a 
narrow peak observed in the IDI- spectrum. 

The ZEKE spectrum112 was more definitive, how- 
ever, with 30 cm-' wide peaks being observed. In 
this study, the IHI- ions were produced and selected 
as in the previous experiment, but on this occasion 
they underwent photodetachment by the output of a 
tunable dye laser: the experimental resolution was 
between 1 and 2 meV. In this higher resolution 
experiment, the expected symmetric stretch vibration 
of the IHI complex were resolved for the v3 = 0, 2, 
and 4 transitions. They exhibited significantly dif- 
ferent widths which were taken to be indicative of 
the different lifetimes of the levels in the neutral 
complex's states. For example, in the ~3 = 4 level, 
two components of a symmetric stretch vibrational 
progression were observed (93 f 5 cm-l) and were 
assigned to  v1 = 0 and 1; these demonstrated spectral 
widths that indicated lifetimes of 180 and 120 fs, 
respectively. Hot bands in this latter feature showed 
vibrational structure that basically agreed with the 
matrix isolation data.l14 For the ~3 = 2 feature, the 
peaks were somewhat broader (100 cm-l), and also 
had spacings of ca. 100 cm-l. In contrast, the v3 = 0 
level had shown a series of peaks whose spacing 
varied from 160 to  200 cm-l to higher laser energy. 
However, this was to be expected as calculations had 
suggested that photodetachment to  this level was 
expected only to  access direct scattering wave func- 
tions rather than quasi-bound levels. Interestingly, 
comparison between the ZEKE experiment and the 
calculations showed that only high rotational energy 
levels of the IHI complex had significant intensity 
near to  threshold. Also of note is that both a three- 
dimensional adiabatic model,l16 and the recent a b  
initio calculation113 indicate a sharp feature at thresh- 
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Table 3. Adiabatic Ionization Energies (AIE) and 
Respective Complexation Shifts (hAIE) of Some 
Organic Molecules and Clusters Studied with ZEKE 
Snectrosconv 

I .  P. BENZENE/hRGON 

1 1 

35780  35790 35800 3sa10 

Figure 8. ZEKE spectrum of benzene-& over the ioniza- 
tion energy region. (Taken from ref 117.) 

old that does not appear in the ZEKE spectrum. 

Ionizing Laser Energy icm’l 

c. van der Waals Complexes Containing Organic 
Molecules 
i. Miscellaneous 

The first such ZEKE study was that on the ben- 
zene-Ar complex by Chewter et ~ 1 . ~ ”  in 1987. 
Although only a single band was observed (see Figure 
8 )  it allowed the AIE to be determined as 74383 f 2 
cm-l, giving a lowering in the AIE of 172 cm-l with 
respect to  the value of the AIE of benzene118 which 
was current at  that time (see Table 3). Similarly, 
the AIE and the respective complexation shift of 
p-difluorobenzene-Ar were obtainedl6Jlg and are 
given in Table 3. 

Cockett et aZ.lZ0 studied the p-dimethoxybenzene- 
Ar, (n = 0, 1, and 2) complexes. They used a two- 
step 1 + 1’ ionization scheme for the recording of the 
ZEKE spectra. The first stage in the experiment was 
to ascertain the positions of the origins of the 
p-dimethoxybenzene-A, (p-DMOB-Ar,) S1 - SO 
origins, via a 1 + 1 REMPI experiment. A complica- 
tion arises in that there are two rotational isomers 
ofp-DMOB corresponding to the OCH3 groups being 
cis and trans to  each other. The n = 1 and n = 2 
origins were found to be red shifted from the cis n = 
0 origin (at 33 858 cm-l) by 49 and 78 cm-l and from 
the trans n = 0 origin (at 33 637 cm-l) by 48 and 76 
cm-’, respectively. Assignment of the SI - SO 
features had been made previously by Ito and co- 
workers.121 By appropriate choice of the excitation 
wavelength it was possible to  spectroscopically select 
each of the p-DMOB-Ar, complexes (and their cis 
and trans isomers) in turn, and obtain a ZEKE 
spectrum of each. The ZEKE spectrum of the non- 
complexed cis and trans isomers of p-DMOB each 
showed just one feature in addition to the AIE peak 
in the 0-100 cm-l range, this was a low-energy 
feature at 75 and 69 cm-l to the blue of the respective 
origins; these features were tentatively assigned to 
a methoxy torsional mode. For each of the isomers 
with n = 1, other low-energy features were seen that 
were assigned to the intermolecular stretch and 
intermolecular bending modes. The situation was 
more complicated for the isomers of the n = 2 

species AIE AAIE refls) 
van der Waals-Bonded Species 

benzene 74555 
benzene-Ar 74383 -172 
p-difluorobenzene 73870 
p-difluorobenzene- Ar 73637 -233 
aniline 62281 
aniline-Ar 62168 -113 
aniline-Arz 62061 -220 
aniline - CHI 62112 -169 
p-dimethoxybenzene (cis) 60774 
p-dimethoxybenzene-Ar (cis) 60687 -87 
p-dimethoxybenzene-Ar2 (cis) 60509 -265 
p-dimethoxybenzene (trans) 60563 
p-dimethoxybenzene-Ar (trans) 60479 -84 
p-dimethoxybenzene-Arz (trans) 60295 -268 
styrene 68267 
styrene-Ar 68151 -116 
phenylacetylene 71175 
phenylacetylene-Ar 71027 -148 
toluene 71199 
toluene-& 71033 -166 
toluene- A r z  70871 -328 
phenylsilane 73680 
phenylsilane-Ar 73517 -163 
phenylsilane-Art 73359 -321 
anthracene 59872 
anthracene-Ar 

isomer I (1:O) 59807 -65 
isomer I1 (1:O) 59825 -47 

isomer I (1:l) 59757 -115 
isomer I1 (2:O) 59774 -98 

isomer I (2:l) 59695 -177 

isomer I (3:l) 59660 -212 
isomer I1 (2:2) 59606 -266 

isomer I (3:2) 59565 -307 

anthracene-Ar2 

anthracene-Ars 

anthracene-Ar4 

anthracene-Ara 

Hydrogen-Bonded Species 
phenol 68628 
phenol-water 64027 -4601 
phenol-methanol 63207 -5421 
phenol-ethanol 62901 -5727 
phenol-dimethyl ether 62604 -6024 
phenol dimer 63649 -4980 

118 
117 
16 
16,119 

125 
125 
125 
125,126 
120 
120 
120 
120 
120 
120 
122 
122 
122 
122 
123 
123 
123 
124 
124 
124 
132 
132 

132 

132 

132 

132 

165 
135 
136 
137 
139 
138 

complexes (where the argon atoms are on either side 
of the benzene ring, in a “sandwich” conformation); 
however, a consistent assignment of all features was 
achieved in terms of the various intermolecular 
modes. One interesting point was that although the 
ZEKE spectra that were due to cis and trans isomers 
were quite similar, those due to the n = 2 isomers 
were quite different. The ionization energies and 
their shifts relative to the parent molecule are 
collected in Table 3. 

Dyke et a1.lZ2 studied the ZEKE spectra of the two 
compounds styrene and phenylacetylene and their Ar 
complexes. ZEKE spectra of the parent molecules 
were recorded via different vibrational levels of the 
SI state. The ZEKE spectra of the corresponding Ar 
complexes (recorded only via the vibrationless SI 
origins) were rather broad, but progressions of a 
vibration of 15 cm-l could easily be resolved; this 
vibration was assigned as an a’ intermolecular bend- 
ing vibration in each case, by comparison with known 
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Figure 9. ZEKE spectra of aniline (An) and An-&, 
complexes (n = 1 and 2) via the respective vibrationless SI 
origins. (Taken from ref 125.) 
values of the neutral complex in the SO and S1 states. 
Values for the ionization energies and shifts relative 
to  the respective monomers are given in Table 3. 

Lu et al. in their studies of the internal rotation in 
toluenelZ3 and pheny l~ i l ane ,~~~  also obtained the AIEs 
for the corresponding Ar and A r 2  complexes (although 
no spectra for the complexes were shown in the 
papers). The values of the AIEs and their shifts 
relative to  the parent molecules are given in Table 
3. 
ii. Aniline-Ar, -Ar2, and -CH4 

By far the most detailed ZEKE spectroscopic study 
on van der Waals complexes has come from Knee and 
co-workers using nanosecond and picosecond la- 
s e r ~ . ~ ~ ~ , ~ ~ ~  The study was on the three complexes: 
aniline-&, aniline-Arz, and aniline-CH4. Al- 

though another study on the aniline-&, (n = 0, l, 
and 2 )  c~mplexes'~' and one on aniline alonelZ8 have 
appeared, only the studies by Knee and co-work- 
e r ~ ~ ~ ~ , ~ ~ ~  will be considered explicitly, here. 

The ZEKE spectra of aniline (An) were recorded 
via different vibrational levels of the SI state and an 
accurate value of the ionization energy was obtained 
which was in good agreement with the other two 
ZEKE studies (although there is a 10 cm-l spread in 
the values obtained). There was a small amount of 
vibrational excitation in the REMPI spectra cor- 
responding to the An-Ar, (n = 1, 2 )  van der Waals 
species, and these had been previously assigned to 
intermolecular modes, excited in the SI - SO transi- 
tion by Bieske et ~ 1 . l ~ ~  By choosing each of the 
vibrationless S1 origins for the particular species in 
turn, ZEKE: spectra for each of them could be 
obtained; these are shown in Figure 9. The progres- 
sions assignable to An-Ar and An-Arz were almost 
perfectly harmonic (to within 1 cm-l) and had fre- 
quencies of 15 and 11 cm-l, respectively. Note, that 
only one mode is excited in each case and that the 
assignment is to  the symmetric intermolecular bend 
in the ion (these are the symmetric bends along the 
CZu axis, denoted b,, in the case of An-Arz; in the 

case of An-Ar, the bend is denoted b,). For An-Ar, 
different intermolecular modes were excited in the 
SI state, prior to  ionization-in particular, the bxi 
and the szA transitions were used (s, is the intermo- 
lecular stretch)-and these ZEKE spectra showed a 
different excitation, and in fact the latter excitation 
allowed the intermolecular stretch in the ion to be 
determined as 66 cm-l. 

By exciting through aniline-localized vibrational 
modes and using a variable delay between the 
exciting and ionizing dye lasers, it was possible to  
follow the phenomenon of intermolecular vibrational 
redistribution (IVR) in the An-Ar complex. One 
example of this is shown in Figure 10a where the 
1; vibration has been excited. (The I implies the 
inversion vibration of the NH2 group, and the bar 
indicates that this vibration is located on the com- 
plex; for vibrations that are associated with the An 
monomer, no bar is used.) As the delay time is 
increased, the spectra indicate that the complex is 
dissociating in the SI state and that the 16a: tran- 
sition of the resulting aniline monomer fragment is 
seen in the ZEKE spectrum. What is occurring here 
is that the energy of the I vibration (present in the 
S1 state) causes dissociation of the complex via IVR 
into the manifold of the intermolecular vibrations. 
One dissociation channel leaves the monomer with 
the Y16 vibration excited in the S1 state, as can be 
seen in the ZEKE spectrum (see Figure loa) with the 
indicated 16a: transition. This is a very powerful 
tool for looking at  vibrational redistribution and also 
vibrational predissociation in the intermediate state, 
and is complementary to dispersed fluorescence prob- 
ing. (See for example the work on An-Ar by Nimlos 
et ~ 1 . l ~ ~ )  

A picosecond study of the An-CH4 complex was 
reported very recentlylZ6-various vibrational levels 
of the S1 state131 were used as intermediate reso- 
nances, in order to investigate how the vibrational 
energy is redistributed. One nice example was that 
of the 6ab excitation, the result for which is shown 
in Figure lob. A much shorter time scale for the 
vibrational redistribution, compared to that of the 
An-Ar complex, is evident. The clearly-resolved 
vibrational structure, which is due to the intermo- 
lecular modes of the cationic complex, may be seen 
at  0 ps delay, at 400 ps some broadening is evident, 
and then at 1200 ps, all structure is lost except for 
the appearance of a band at a position corresponding 
to the An moiety itself, Le. the complex has dissoci- 
ated owing to the IVR in the SI state. The time for 
this distribution was measured by sitting on a 
complex ZEKE peak and measuring the decay of this 
feature as a function of time; a value of 350 ps was 
obtained for the l/e lifetime. 

In summary, the time-resolved ZEKE studies of 
Knee and co-workers have shown that the ZEKE 
technique is a very powerful tool of monitoring the 
dynamics in the intermediate state of these species 
(in these cases IVR and dissociation). 

iii. Anthracene-Ar, (n = @-5) 
Cockett and K i m ~ r a l ~ ~  have very recently reported 

their ZEKE study of the anthracene-Ar, (Ant-Arn) 
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Figure 10. ZEKE spectra of aniline (An) complexes to  
monitor the dynamics in the SI state (dissociation and IVR). 
(a) ZEKE spectrum of An-& via the SIT: level (762 cm-l; 
i.e. ca. 300 cm-I above the dissociation energy of the SI 
state) of the complex as a function of the delay time 
between pump and probe laser. The features indicated by 
arrows are product states of the aniline monomer which 
grow with increasing probe delay time. (Taken from ref 
125.) (b) ZEKE spectrum of An-CH4 via the S16: level of 
the complex as a function of the delay time between pump 
and probe laser. The broad structure in the lower trace is 
due to  IVR to the intermolecular van der Waals modes. 
The sharper peak at  late time is the vibrationless aniline 
dissociation product. (Taken from ref 126.) 

complexes. These complexes are of interest since for 
Ant there are a number of different binding sites; also 
as the number of Ar atoms increases, then the 
possibilities for isomerization increases. Studies that 
have looked at  this isomerization for the larger 
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Figure 11. (a) ZEKE spectra of anthracene (top) and the 
most abundant anthracene-Ar isomer (bottom) recorded 
via their respective vibrationless S1 origins. The low ion 
internal energy region of each spectrum is given in the 
insets of the figure. (Taken from ref 132.) (b) ZEKE 
spectra of the more abundant anthracene-& isomer (top) 
and the less abundant anthracene-& isomer (bottom) 
recorded via their respective vibrationless S1 origins. An 
indication of the respective exciting laser energy is given 
in the insets of the figure. (Taken from ref 132.) 

organic polycyclic compounds have been noted in ref 
132. The ZEKE spectra obtained by Cockett and 
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Figure 12. Part a is a sketch of the structure of the ionic 1:l phenol-water complex (C, symmetry, the phenyl plane is 
the symmetry plane). (Geometry taken from ref 158.) Part b shows the six intermolecular normal modes of the phenol- 
water cation radical u is the stretch, t is the torsion, p' and ,!?" are the in-plane and out-of-plane bends, while y' and y" 
are the in-plane and out-of-plane wags. (u, y', and p' have a' symmetry; ,!?", f ' ,  and T have a" symmetry.) (Taken from ref 
158.) 

Kimura for Ant and Ant-Ar are shown in Figure 11. 
The AIE for Ant was determined as 59872 & 5 cm-', 
while that for the An-Ar complex was determined 
as 59807 f 5 cm-'. The low-frequency modes (see 
insert of Figure l l a ,  top) in the Ant ZEKE spectrum 
were not assigned definitively, but it was suggested 
that they were due to  out-of-plane bending modes. 
In the A n - A r  ZEKE spectrum (Figure lla, bottom), 
low-frequency features a t  23 and 52 cm-' were also 
seen and these were assigned to the intermolecular 
modes excited upon ionization. The specific assign- 
ment was to two quanta of the bending mode in the 
z direction (23 cm-') and two in they direction (52 
cm-'1; the latter was also suggested as being possibly 
due to one quantum of the intermolecular stretch. It 
was noted that a weak shoulder appeared on the red 
side of the origin peak in the REMPI spectrum under 
certain jet conditions, and it was thought that this 
could be due to another isomer of An-Ar, with the 
Ar atom on one of the end rings of the Ant molecule, 
rather than on the central ring, as in the more stable 
isomer. To test this hypothesis, the laser was tuned 
to the red of the center of the peak, and indeed the 
ZEKE spectrum did show a shoulder appearing to  
the blue of the more stable isomer (see Figure l lb) ,  
corroborating the second isomer hypothesis. For 
Ant-Arz, again evidence for two isomers was ob- 
tained (assuming one isomer with the two Ar atoms 
over the central rings, on opposite sides; the other 
with the Ar atoms on different terminal rings, on the 
same side). Low-frequency intermolecular features 
were seen in the ZEKE spectrum, and so attempts 
at assigning them were made by recourse to  sym- 
metry arguments; however, the assignment was 
rather speculative. 

For Ant-Ar3, the most stable isomer has two argon 
atoms on terminal rings on the same side, with the 
third Ar atom on the central ring, on the opposite 
side. The assignment of the vibrational structure 

seen in this spectrum was not possible although an 
intermolecular bend was offered. Lastly, for Ant- 
A r 4  and Ant-Ar5 no clear vibrational structure was 
seen. All ionization energies and shiRs relative to  
the respective parent molecule are given in Table 3. 

d. Hydrogen-Bonded Complexes 
The study of hydrogen-honded species using ZEKE 

spectroscopy has mainly taken place in Munich, over 
the last three years. To date, five different hydrogen- 
bonded species have been studied, all involving 
phenol as the proton-donating moiety. Specifically, 
these complexes are phen~ l -wa te r '~~- '~~  (Ph-HZO), 
phen~l-methanol'~~ (Ph-MeOH), phenol-ethanoP 
(Ph-EtOH), phenol dimer'38 (Phz), and phenol- 
dimethyl ether'39 (Ph-DME). In addition to these 
intermolecular complexes, the intramolecularly hy- 
drogen-bonded complexes t rop~ lone '~~  and 9-hydrox- 
yphenalen~ne'~' have been studied by Kimura and 
co-workers. In reviewing this work, it has been 
decided to collect the data on the series of complexes 
Ph-H20, Ph-MeOH and Ph-EtOH together; then 
the Phz complex will be reviewed, where ring-ring 
interactions are possible; and penultimately the Ph- 
DME complex will be considered. Finally, the two 
intramolecularly bonded complexes will be described, 
where electronic and geometric factors have been 
considered in the b ~ n d i n g . ' ~ ~ J ~ '  

i. Phenol Water, PhenolMethanol, and PhenoMthanol 
Phenol-Water. Initially, the experimental data 

on the phenol-water complex will be summarized. 
This complex, and indeed the series of complexes 
phenol-(water), (n  = 1-41, has received much at- 
tention over the last 10-15 years. Experimental 
techniques that have been employed include REMPI 
s p e c t r ~ s c o p y , ' ~ ~ J ~ ~ - ' ~ ~  laser-induced fluorescence 
(LIF),2J42J49J50 and phosphore~cence'~~ spectroscopy, 
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co-workers14' have obtained a very high quality 1 + 
1' REMPI spectra of the phenol-water complex. 
Comparison of the spectra with ab initio calculations 
confirmed the previous spectral assignment given by 
Lipert and C01son.l~~ In addition, more bands were 
seen in the low-energy region of the REMPI spectrum 
and assignments of these features were proffered. 

Vibrational information on the ground electronic 
state has been obtained by the techniques of dis- 
persed fluorescence spectroscopy, ion-dip spectros- 
copy, and the related SEID spectroscopy. The dis- 
persed fluorescence  experiment^'^^ have determined 
the ground state intermolecular stretch frequency to 
be 155 cm-', i.e. very similar to  that in the SI state, 
indicating that the bonding of the SI and SO states 
are very similar. The in-plane wag, y', was deter- 
mined to be 146 cm-'. 

In contrast to the neutral states of the 1:l phenol- 
water complex, information about the low-frequency 
intermolecular vibrations of the ionic complex was 
rather sparse (before the ZEKE studies). A conven- 
tional (one-color, two-photon) time-of-flight photo- 
electron spectrum (REMPI-PES)lG0 via the vibration- 
less S1 state does not show resolved structure due to 
intermolecular modes: the vibrations of most inter- 
est. Two-color photoionization efficiency (REMPI- 
PIE)144 measurements via the vibrationless SI origin 
and the S1 level with one quantum of the intermo- 
lecular stretch excited showed the presence of at least 
one intermolecular vibration which was observed as 
a progression of steps in the ion yield spectra. This 
vibration of 242 cm-l was assigned to the intermo- 
lecular stretching mode of the ionic complex. How- 
ever, no further (out of a possible six) intermolecular 
modes have been obtained. Finally, Mikami et ~ 1 . ' ~ '  
used the technique of trapped ion photodissociation 
spectroscopy to confirm that proton transfer does not 
take place in the cationic complex. 

The first ZEKE spectroscopic study on the Ph-HgO 
complex was by Reiser et ~ 1 . l ~ ~  in 1991. The reported 
spectrum was obtained via a two-step process: first 
the vibrationless SI state was populated with one dye 
laser and then the other dye laser was scanned 
toward the ionization threshold and the long-lived 
Rydberg states were ionized by the electric extraction 
pulse. The spectrum showed clearly-resolved vibra- 
tional structure that was evidently attributable to  the 
intermolecular modes of the complex. (The complex 
itself was formed by heating phenol and water in a 
stainless steel oven and expanding the mixture, 
diluted in argon, through a nozzle, thus forming a 
supersonic expansion that cooled the internal energy 
of the complex considerably.) The assignment of the 
structure in the spectrum to particular intermolecu- 
lar modes was not straightforward, and indeed the 
interpretation presented in that paper, and a subse- 
quent was revised later.135 The main conclu- 
sion, namely that the spectrum was dominated by a 
progression in the intermolecular stretch with a 
frequency of 240 cm-l, remained unchanged in the 
later interpretation (vide infra). It is noted that a 
preliminary report of the phenol-water ZEKE spec- 
trum was also made by Kimura and co-workers,162 
where the intermolecular stretch progression was 
also seen. 
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Figure 13. Two-photon, two-color (1 + 1') REMPI spec- 
trum of the phenol-water complex (ionizing laser wave- 
length was 350 nm). The intermolecular stretch and in- 
plane wag vibrations are indicated by ~7 and y', respectively. 
The S1 origin is out of scale and by a factor of ea. 2-3 higher 
than the stretch band. The weak features in the region 
up to 50 cm-' above the S1 origin are due to fragmentation 
of phenol-water-Ar complexes. (Taken from ref 148.) 

spectral hole burning,152 ion-dip e ~ p e r i m e n t s , l ~ ~ J ~ ~  
ionization-loss stimulated Raman spectroscopy (IL- 
SRS),'" and stimulated emission ion dip spectroscopy 
(SEID).150J55 A number of ab initio studies on the 
neutral ground electronic state have also been 

all agreeing that the water is 
bonded symmetric with respect to  reflection in the 
plane of the phenol ring (similar to  the structure of 
the ionic complex which is shown in Figure 12a): the 
symmetry is thus C,. The experimental studies on 
the 1:l complex have concentrated on the first excited 
singlet state S1 (formed by a n* - n excitation on 
the phenol ring) in the main, although some informa- 
tion is available on the ground state (SO). The l + l' 
REMPI spectrum of the Ph-H20 complex shows only 
a meager amount of structure (see Figure 13). The 
transition into the vibrationless state is the most 
intense transition, suggesting that the geometries of 
the S1 and SO states are fairly similar-at least along 
the hydrogen-bonding coordinates; two other inter- 
molecular vibrations appear, the reasonably strong 
stretch vibration (0) at 156 cm-l and the weak in- 
plane wag vibration (y ' )  at 121 cm-'. The assign- 
ments of these bands have been refined over the 
years and a brief resume of the stages in this 
refinement is warranted. 

First of all, the energy of the S1 - SO transition 
has been e~tab l i shedl~~ as being at 35996.2 f 1 cm-', 
which represents a shift of 352.5 cm-l to  the red of 
the corresponding transition of phenol (measured by 
Levy and co-worker~ '~~ to be at 36348.7 cm-l). 
Initially, Abe et aZ.142 assigned the 121 cm-' vibration 
(in a fluorescence excitation experiment) to  the 
intermolecular stretch, while the 156 cm-l band was 
hypothesized as either being due to another isomer 
of the 1:l complex, or as being due to a higher 
complex. However, in a subsequent paper149 this 
assignment was changed with the 156 cm-I vibration 
being assigned to the intermolecular stretch and the 
121 cm-l feature to  a bending mode, although the 
reasoning as to why was not presented. Lipert and 
C 0 1 s o n ~ ~ ~  agreed with the latter assignment in their 
study which employed the one-color REMPI tech- 
nique, but with the 121 cm-' band being reassigned 
to a wagging mode on the basis of experiments on 
deuterated samples. More recently, Leutwyler and 
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Figure 14. ZEKE spectra of the 1:l phenol-water com- 
plex, [Ph-HzOl-ha, via different intermediate SI levels: S1 
Oo (top), S1 u1 (middle), and S1 y'l (bottom). (Taken from 
ref 135.) 

Very recently, a more complete ZEKE spectroscopic 
studyls5 of the 1:l phenol-water complex has been 
presented including the study of the 3-fold deuterated 
complex (where the two water hydrogens and the 
phenolic hydrogen have been substituted by a deu- 
terium atom); these are denoted [Ph-HzOI-hs and 
[Ph-HzOl-ds, respectively. Considering the [Ph- 
HzOI-hs complex, the ZEKE spectra were obtained 
by exciting through three intermediate vibronic 
states, the SI Oo, the S1 d, and the SI y'l states; the 
resulting spectra are shown in Figure 14. The first 
point that must be addressed is the value of the AIE; 
this had been previously determined by Fuke et u Z . ~ ~ O  
as 8.09 eV (-65250 cm-l), from a REMPI-PES 
experiment where the kinetic energy electrons as- 
sociated with the ionization had been analyzed. In 
the REMPI-PIE experiment, where the ion yield as 
a function of laser frequency had been recorded, 
Lipert and C01sonl~~ obtained a much more accurate 
value for the AIE of 64035 f 10 cm-l. This value 
was obtained by measuring the PIE onset as a 
function of extraction voltage and then extrapolating 
to zero field [by using the well known 6 = c*dF 
relationship-where 6 is the lowering in ionization 
energy in cm-l, by the electric field F in volts per 
centimeter (see also Figure lb)]. Interestingly, the 
proportionality constant c was not equal to  6.1 as 
expected from a classical picture,164 but was equal 
to  4.5. From the ZEKE experiment, the AIE was 
taken as the sum of the laser energies that cor- 
responded to the first vibrational band in the ZEKE 
spectrum; this gave a value of 64024 f: 4 cm-'. A 
lowering in the ionization energy of 3 cm-l was 
estimated due to the extraction field of 0.7 Vlcm, and 
considering the fact that many of the lower Rydberg 
states will have predissociated before the application 
of the electric field. This shift is also in agreement 
by comparison with an accurate determination of the 
ionization energy of NOz0 under the same extraction 
conditions. (This shift used was then for all hydrogen- 
bonded phenol-X complexes as the extraction condi- 
tions have not been changed.) This then leads to  an 
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Figure 16. ZEKE spectrum of the &fold deuterated 1:l 
phenol-water complex, [Ph-HzOI-da (Le. PhOD-DzO), via 
the S1 Oo level. (Taken from ref 135.) 

(field-free) AIE of 64027 f 4 cm-l. This value was, 
within experimental error, the same from all three 
intermediate states. For the deuterated sample, a 
field-corrected AIE of 64020 rf: 4 cm-' was obtained. 
The ME of the [Ph-H~Ol-hs complex is lower by 4601 
f: 8 cm-l compared to the ionization energy of the 
isolated phenol molecule165 (68626 f: 4 cm-l). The 
AIE values and the lowering in the ionization energy 
upon complexation are summarized in Table 3. 

From the recent work, five out of a possible six 
intermolecular vibrations (shown in Figure 12b) were 
extracted. As noted above, the most obvious feature 
was the progression of the intermolecular stretch (see 
Figure 14); however, the components were also seen 
in combination with other intermolecular modes. This 
long progression (consisting of five quanta) of the 
intermolecular stretch is indicative of the expected 
large change in the hydrogen-bond length upon 
ionization. It is also notable that this progression is 
so strong-it is also seen in the photoionization 
efficiency and in fact a bond de- 
crease of 0.018 A was estimated in that work from a 
one-dimensional FCF calculation. The progression 
itself was found to be quite anharmonic-a general 
finding from the ZEKE spectra of the different 
hydrogen-bonded complexes (vide infra). The in- 
crease of frequency of the intermolecular stretch of 
the cation (240 cm-') over that in the S1 state (157 
cm-1)135 and the SO state (155 cm-1)147 illustrates the 
large increase in binding energy upon ionization. The 
other intermolecular vibrations that were observed 
are (see Figure 12b for illustration of the intermo- 
lecular normal modes of the ionic complex) the out- 
of-plane bend (pl,) at 67 cm-l, the in-plane bend (P,) 
at 84 cm-l, and the in-plane wag ( y ' )  at 328 cm-l. 
For the torsion, only the first overtone (2z) was 
observed at 257 cm-l; the out-of-plane wag (y")  has 
not yet been identified. Hence, five intermolecular 
modes are believed to have been identified. Various 
arguments were used for the specific assignment of 
these modes, including the magnitude of vibrational 
frequency shifts on deuteration (a spectrum of the 
[Ph-HzOI-d3 complex via the vibrationless SI origin 
is shown in Figure E), comparison with the ab initio 
calculations158 that were carried out concurrently and 
observation of the variations in intensity as the inter- 
molecular S1 vibronic level was changed. One good 
example for the latter point may be clearly seen in 
Figure 14: in the ZEKE spectrum via the intermo- 
lecular S1 y'l level (bottom) the ionic intermolecular 
in-plane wag ( y ' )  is strongly enhanced (and also the 
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Table 4. Comparison of Experimental and 
Theoretical (Harmonic) Frequencies (in cm-l) of the 
Intermolecular Vibrations of the Phenol-Water 
Cation" 

Chemical Reviews, 1994, Vol. 94, No. 7 1863 

vibration experimentb ab initioc 
out-of-plane bend 67164(?) 87/82 

(1.05) (1.06) 
841- 124/117 

p.. 
in-plane bend 

(--) (1.06) 
-1301-1Ood 2021163 

p' 
torsion 
5 (-1.3) (1.24) 
stretch 2401221 2751259 
(7 (1.09) (1.06) 
in-plane wag 3281264 358125P 
Y' (1.24) (1.38) 
out-of-plane wag -1- 4511330 
Y" (-1 (1.37) 

a Presented are the values for the [Ph-HzOI-ha and [Ph- 
HzO]-d3 complex as well as the corresponding ratio (in 
brackets). From ref 135. Only the favored assignment is 
presented. For alternatives see ref 135. From ref 158; 
(ROHF/3-21G*(O)). Estimated fundamental frequencies, since 
only the overtones are observed at 257 and 197 cm-', respec- 
tively. e One-dimensional anharmonic approach. 

intermolecular stretch progression starting on that 
particular vibrational origin) compared to the other 
two ZEKE spectra via the SI a1 (middle) and S1 origin 
level (top). (If the geometry of the SI state and that 
of the ion are similar along a particular normal 
coordinate, and if this vibrational mode will be the 
most intense mode in the ZEKE spectrum.) The 
experimental and a b  initio158 frequencies of the 
intermolecular vibrations of the ionic [Ph-HaOl-hs 
and [Ph-HzOI-ds complexes are summarized in Table 
4. (Only the favored assignment is presented here; 
alternatives are discussed in detail in ref 135.) One 
point of interest is that the intramolecular Y18b 
vibration was found to couple strongly with the 
intermolecular stretch-this point was used to ex- 
plain why this vibration appeared so prominently in 
the ZEKE spectrum of this complex, while it was seen 
only weakly in the ZEKE spectrum of the isolated 
phenol molecule. The latter coupling was identified 
from normal mode pictures obtained via the a b  initio 
calculations158 of the vibrations. 

Phenol-Methanol. The Ph-MeOH complex was 
studied in a similar way to that of the Ph-HaO 
complex. A mixture of phenol and methanol was 
heated in a stainless steel oven and the resulting 
vapor was expanded with Ar through a nozzle into 
vacuum. The 1 + 1' REMPI spectrum was difficult 
to  interpret owing to the proximity of a number of 
vibrations. Both LIF and REMPI spectra of the S1 
state have been reported by It0 and c o - w ~ r k e r s , ~ ~ J ~ ~ J ~  
but only sparse interpretation was given, namely that 
the low-frequency region contained a progression of 
a vibration of 28 cm-l assigned to an intermolecular 
bend, and a higher frequency vibration of 175 cm-l 
assigned to the intermolecular stretch; however, 
there was clearly more structure in these spectra. 
Indeed, similar structure was observed in the LIF 
and REMPI spectra of the p-cresol-methanol com- 
p l e ~ ' ~ ~  (p-cresol = p-methylphenol), where some 
further attempts at interpretation were made. In ref 
136, again some further attempts were made at 
assigning the low-energy region of the Ph-MeOH 
spectrum. Although some success was achieved, it 
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Figure 16. ZEKE spectrum of phenol-methanol via the 
vibrationless SI origin. (Taken from ref 136.) 

proved difficult to reach a definitive assignment of 
the region in terms of six intermolecular modes, 
although a consistent assignment was reached. Vi- 
brational levels in the S1 state were used as inter- 
mediate states on the way to ionization. The ZEKE 
spectrum obtained by exciting via the SI vibrationless 
level was particularly striking (see Figure 16) with 
progressions of ca. 10 quanta of a low-frequency 
vibrational mode of 34 cm-l, denoted ~ 1 , ~ ~ ~  appearing 
in combination with components of an anharmonic 
progression of the intermolecular stretch of 278 cm-l. 
This pattern obviously suggests a rather substantial 
change of geometry upon ionization. The adiabatic 
ionization energy was derived as 63207 f 4 cm-l 
(field-free value) which represented an increase of 
bonding over that in the SO state of 5421 f 8 cm-l. 
The latter point is also exemplified by the large 
increase in the intermolecular stretch over the values 
of 176 cm-l in the SI statels6 and the value of 162 
cm-l in the SO state obtained by dispersed fluores- 
cence spec t ros~opy .~~~  Additionally, between the 
latter components, another set of progressions of the 
intermolecular mode of 34 cm-l were seen, this time 
in combination with a third intermolecular mode of 
52 cm-l. 

The ZEKE spectrum obtained via the SI state with 
one quantum of the lowest intermolecular mode, 
denoted 51, excited, was rather noisy, but still showed 
the same vibrations as that exhibited by the former 
ZEKE spectrum. Interestingly, the Franck-Condon 
envelope had changed substantially (see Figure 17a), 
which allowed the identification of a fourth intermo- 
lecular mode, denoted lj74, at 153 cm-l. A slightly 
different envelope of the 34 cm-l vibration was also 
obtained when exciting through the S1 state with one 
quantum of the intermolecular stretch (a)  excited. A 
notable point is that the fist band in all these spectra 
corresponded to the same total laser energy, with 
respect to the vibrationless ground state-thus indi- 
cating that the adiabatic ionization energy had been 
identified unambiguously. The other two intermo- 
lecular modes of the Ph-MeOH cationic complex 
were identified from the ZEKE spectrum obtained via 
a combination band (see Figure 17b); their values are 
76 and 158 cm-l. Thus, all six intermolecular modes 
of the cationic complex were identified by using 
different intermolecular vibrational S1 levels as 
intermediate resonances. 

Phenol-Ethanol. The third in this series of 
phenol-X compounds, the Ph-EtOH complex, was 
also studied in a similar manner to the two described 
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Figure 17. ZEKE spectra of the phenol-methanol com- 
plex (taken from ref 136). Part a is the expanded view of 
the origin region of Figure 16 (top), together with the same 
region of the ZEKE spectrum obtained ria the SI& inter- 
mediate level (bottom). Of note is the different FC envelope 
of the intermolecular vibrational pattern allowing the 
determination of the 7 4  vibration. Part b is the expanded 
view of the origin region of the spectrum obtained when 
exciting through the intermolecular SI vibrational 
level, showing the 73 and 7s vibration. In both parts of 
this figure, the “combs” represent 71 progressions on the 
different vibrational origins. 
above. The 1 + 1’ REMPI spectrum had been 
recorded previously by Lipert and C01son‘~~ as part 
of their hole-burning study. In this study, the low- 
frequency region of the REMPI spectrum, correspond- 
ing to the SI - SO transition, was interpreted in 
terms of three vibrations of 15,19, and 26 cm-’. This 
was a reinterpretation over that of Abe et ~ 2 . l ~ ~  who 
interpreted this region of the spectrum in terms of 
two rotational isomers; however, the hole-burning 
experiment was conclusive in showing that only one 
isomer of Ph-EtOH contributed to this region of the 
spectrum. The interpretation of the 1 + 1’ REMPI 
spectrum presented in ref 137 agreed with that of 
ref 170, and indeed confirmed it, as other combina- 
tion bands of the aforementioned fundamentals were 
seen. Also in ref 137, the intermolecular stretch of 
the SI state was observed at 162 cm-’. ZEKE spectra 
were again recorded via different vibrational levels 
of the SI state. The spectrum recorded via the 
vibrationless level showed a well-resolved spectrum 
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Figure 18. ZEKE spectra of the phenol-ethanol complex 
via (a) the SI origin and (b) via the intermolecular SI t3 
level. Of note is that the whole FC pattern in h has shifted 
by the frequency of ql compared to a. (Taken from ref 137.) 

(see Figure 18a) that exhibited, once again, a pro- 
gression of the intermolecular stretch. The frequency 
was 279 cm-I and again indicated a large increase 
over that of the SI state (uide supra) and the SO state 
(153 cm-1).169 The AIE was determined as 62901 f 
5 cm-’, an increase in binding energy of 5727 f 10 
cm-I over that in the SO state. The ZEKE spectra 
obtained, again by exciting through the different SI 
vibrational levels (see Figure 18), led to the identi- 
fication of all six intermolecular vibrations of the Ph- 
EtOH cation. Apart from the intermolecular stretch, 
these are 25,38,53,107, and 248 cm-I. Particularly 
striking is the fact that in the ZEKE spectrum via 
the SI t3 level (Figure 18b) the whole FC pattern is 
shifted by the frequency of 71 compared to the SI 
origin ZEKE spectrum (Figure 18a). 

Interestingly, whereas in the cases of Ph-HZO and 
Ph-MeOH complexes structured ZEKE spectra were 
obtained when exciting through the SI state with one 
quantum of the intermolecular stretch excited, for the 
Ph-EtOH complex, a spectrum almost totally void 
of structure was obtained. This was attributed to 
rapid intramolecular (intracomplex) vibrational re- 
laxation (IVR) in the S1 state-a similar conclusion 
was reached for the lack of structure when exciting 
through the S1 state with one quantum of the phenol- 
localized v6, vibration excited.’36 Interestingly, the 
phenol-water complex showed structured spectra 
when the Y6a and the YIZ vibrations were excited.l7I 
There is obviously a critical dependence of the IVR 
rate on the density of the intermolecular vibrational 
states that can act as a bath for the vibrational 
energy in these complexes. In fact, Ito and co- 
w o r k e r ~ ~ ~ ~  had shown that even for quite small 
amounts of excess energies (ca. 100 cm-’), the IVR 
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rate is rather rapid in these complexes. In the 
similar case of the p-alko~ybenzenes,~~~ IVR was also 
seen to be rapid-an indirect m e a ~ u r e m e n t l ~ ~  of the 
rate, by looking at  the predissociation of Ar and Nz 
p-alkylbenzene complexes, yielded a value of ea. 1O1O 
s-l. Further comments on IVR in these species are 
given in ref 136. 

ii. Phenol Dimer 

The phenol dimer was studied by Fuke and 
Kaya143J75 by 1 + 1 REMPI spectroscopy. In the first 
paper,175 two origins were identified in the REMPI 
spectrum; these correspond to the SI + SO (n* + z) 
transition on each of the proton-donating and proton- 
accepting phenol rings. Following the conclusions of 
It0,176 the origin shifted to the red of the correspond- 
ing transition in isolated phenol (by 303 cm-l) was 
assigned to  the proton-donating moiety, and the one 
shifted to the blue (by 353 cm-1)143 was assigned to  
the proton-accepting moiety. Vibrational structure 
was seen on the proton-donating origin, notably low- 
frequency modes of 15 and 112 cm-l; these were 
assigned to an intermolecular bend and the inter- 
molecular stretch; the intermolecular stretch was 
remeasured as 119.5 cm-l in the later work of Dopfer 
et c ~ 1 . l ~ ~  Owing to the presence of other features, 
shifted by 6 cm-l from the aforementioned ones, it 
was postulated by Fuke et al. that these bands could 
be due to rotational isomers. In the later 
however, the low-frequency region on the proton- 
donating origin (denoted Sldonor), was successfully 
interpreted in terms of one isomer: five vibrations 
were identified, with frequencies, 7, 11, 14.5, 38.5, 
and 119.5 cm-l-the latter being the intermolecular 
stretch. On the Slacceptor origin, only two modes were 
identified138J77 at  9 and 16 cm-'. Note that different 
intermolecular frequencies are to be expected since 
the Sldonor and Slacceptor states are really two different 
electronic states. In fact it was noted138 that the 
Slacceptor state was really the Sz state of the complex. 
Intramolecular modes were seen on the Sldonor origin 
in the REMPI studies, only one study reported 
evidence for an intramolecular vibration on the 

REMPI-PES studies were performed160 in order to 
ascertain the ionization energy of the phenol dimer. 
A 1 + 1 REMPI scheme was used, in tandem with 
energy analysis of the resulting electrons. (The 
energy of the dye laser was fixed on the relative S1 
+ SO transition energy.) The broad, rather feature- 
less band allowed AIEs to be estimated as 8.16 eV 
for the proton-donating moiety and 8.20 eV for the 
proton-accepting moiety. It is noted that the phenol 
trimer REMP1143 and REMPI-PESlG0 spectra were 
also successfully recorded. 

of the phenol dimer, a clear 
vibrational structure was obtained when exciting via 
the Sldonor origin (see Figure 191, similar to  that of 
the case of phenol-methanol. Analysis of the bands 
led to  vibrational frequencies of 19 and 181 cm-l. 
These were assigned to  an intermolecular bend and 
the intermolecular stretch of the cation. Broadening 
in the progressions of the bending vibration led to 
the conclusion that there could be another almost 
degenerate vibrational mode of the cation excited 

Slacceptor origin 143 

In the ZEKE 
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Figure 19. ZEKE spectrum of phenol dimer via 
vibrationless SI origin. (Taken from ref 138.) 

the 

upon ionization. Also it could be that there is a 
vibration of ea. 40 or ea. 60 cm-l etc. that is appearing 
under the later components of the bend progression. 
It was not possible to  tell from the spectra which 
possibility was the true one. The ionization energy 
was not easy to discern unambiguously, owing to poor 
FCFs in the region of the AIE, but a spectrum 
recorded exciting through the Sldonor state with one 
quantum of the 7 cm-l vibration excited allowed a 
confident determination of the AIE as 63649 f 4 
cm-l. Interestingly, this value is ea. 2000 cm-l lower 
than the value reported by Fuke et ~ 1 . l ~ ~  (from the 
REMPI-PES study), showing the difficulties of de- 
termining the ME when the spectrum is poorly 
resolved, and the onset is weak. The difference in 
binding energy between the SO state and the proton- 
donating cation was determined as 4980 cm-l. This 
increase in binding energy is again reflected in the 
intermolecular stretch frequency, which increases 
from 119.5 to  181 cm-l from the Sldonor to the 
corresponding cation. Attempts to  record ZEKE 
spectra from vibrationally-excited levels of the SIdonor 
with even very low amounts of internal energy (L 20 
cm-l) led to broad, structureless spectra. This was 
attributed to a combination of poor FCFs and rapid 
IVR in the SIdonor state. Intriguingly, structureless 
spectra were also obtained when exciting through the 
Slacceptor ~ i - i g i n , ~ ~ ~ J ~ ~  this was attributed to rapid 
internal conversion between the Slacceptor and S 1 donor 
states. 

Finally, Felker and co-workers have deduced the 
most probable structure of the neutral ground state 
of the phenol dimer complex by analysis of rotational 
coherence the most-favored structure is 
shown in Figure 20. This geometry is different from 
that thought most likely by other w ~ r k e r s . ~ ~ ~ J ~ ~  
Since electron density in the x-ring systems helps to  
determine the structure of this complex, then it may 
be seen that when ionization occurs, substantial 
geometry changes may be expected. 

iii. Phenob Dimethyl Ether 

As a comparison with the Ph-H20 complex, phe- 
nol-dimethyl ether (Ph-DME) was chosen, since it 
too is expected to  have C, symmetry, at  least in the 
ground electronic state, So.lS0 It was anticipated in 
the ZEKE study (ref 139) that there would be a 
symmetry effect, such that only certain intermolecu- 
lar vibrations would be excited on ionization (cf .  the 
difference in the ZEKE spectra between Ph-HzO and 
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Figure 20. Two views of the most probable structure of 
the neutral phenol dimer. (Taken from ref 178.) 

Ph-MeOH). However, the ZEKE spectrum of Ph- 
EtOH137 was rather a surprise in that it seemed to 
show much simpler structure than anticipated. In 
fact, the Ph-DME ZEKE spectrum turned out to  be 
much more complicated than expected and a “lack of 
the symmetry effect” was observed. 

The Ph-DME complex had been studied previously 
by infrared spectroscopylS1 and also by LIF spectros- 
copy.14’ In the latter study, the S1 - SO transition 
was examined; there were two peaks in the spectrum 
separated by 107 cm-l and it was hypothesized that 
these were due to two different rotational isomers of 
the Ph-DME complex; however, despite rather thor- 
ough precautions to exclude water from the ap- 
paratus, it appears from the (mass-resolved) 1 + 1’ 
REMPI results of ref 139 that the lowest energy 
feature attributed to Ph-DME in ref 142 is due to a 
Ph-DME-(HzO), species. Thus the origin of the 
Ph-DME complex is situated at  35893.6 cm-l and 
the features seen in the REMPI spectrum are all from 
one isomer. The ZEKE spectrum recorded via the 
S1 - SO origin (see Figure 21) has a very slowly-rising 
onset but the ME could be determined at  62604 f 5 
cm-’, representing a large increase in binding energy 
of 6024 f 10 cm-l. Again, six intermolecular vibra- 
tional origins were identified as 24 (SI), 57 (qd,  109 
(q3), 141 ( q 4 ) ,  196 (qd ,  and 275 cm-l (a+); the 141 cm-l 
assignment was made tentatively. The 275 cm-l 
vibration is the intermolecular stretch and is again 
a large increase over that in the S1 state of 141 cm-l. 
Again, rapid lVR was invoked to explain the lack in 
structure when exciting through the 0 and vibra- 
tions of the SI state. 

iv, Comparison between the Different Hydrogen-Bonded 
PhenobX Complexes 

It is clear from Table 3 that the binding energies 
(of the order of 1 eV) of the hydrogen-bonded com- 
plexes are much greater than those of all the other 
complexes. Again, this is the reason for the strong 
increase of the intermolecular stretch frequencies in 
the cations compared to the neutral states. In 
comparing the binding energies of the hydrogen- 
bonded, phenol-containing complexes it is noted that 

h h  a+ A i 
- .  I 

0 100 200 300 

Ion Internal Energy [cm-l] 
Figure 21. ZEKE spectrum of phenol-dimethyl ether via 
the vibrationless S1 origin. The comb indicates the pro- 
gression of an intermolecular bend vibration, denoted 71, 
starting on the ionization energy band (IE). Further 71 
progressions in combination with other intermolecular 
vibrational fundamentals of the ionic complex [which are 
denoted vi (i = 2-5) for other bends and the torsion, and 
u+ for the stretch] are observed, but not indicated in the 
figure in order to avoid congestion. (Taken from ref 139.) 

the most significant amount of the binding energy 
change occurs in the Xf - S1 transition and so it is 
changes in bonding in the cation that are predomi- 
nant in affecting these values. For example, if the 
series Ph-H20, Ph-MeOH, and Ph-DME is consid- 
ered, then it may be expected that the hydrogen bond 
would be getting stronger, owing to  the increased 
electron density on the proton-accepting oxygen atom. 
(This latter increase comes about since methyl groups 
are generally electron-pushing groups relative to  
hydrogen.) In fact, the observed increases in binding 
energy follow the expected trend with the increases 
in binding energy on ionization being derived as 4601, 
5421, and 6024 cm-l. However, although these 
values follow the expected trend, this is only gener- 
ally true of thermodynamic values obtained in the gas 
phase-in solution additional hydrogen bonding to 
solvent molecules can occur and confuse the issue.lS2 
Other gas phase studies have also found that sub- 
stituting methyl groups for hydrogen atoms facili- 
tates bonding, for example, the studies of Millen and 
c o - w ~ r k e r s ~ ~ ~ J ~ ~  on amines, where it was determined 
that the strength of hydrogen bonding (with various 
proton donors) followed the order Me3N > MezNH > 
MeNH2. Similarly, the series Ph-HzO, Ph-MeOH, 
and Ph-EtOH may be examined. The increases of 
binding energy on ionization are 4601, 5421, and 
5727 cm-l. The ordering is the same as for the 
aminesls3--EtNH2 > MeNH2 > NH3-from which it 
may be inferred that the bonding is also increasing 
in this order. Thus, qualitative arguments work 
quite well for the bonding in these complexes. 

One complex that is difficult to  place in this series 
is the phenol dimer. Felker and co-workers have 
noted17s that ring-ring interactions could play an 
important part of the bonding in this complex, and 
indeed the progressions of the intermolecular bend 
observed in the ZEKE spectrum138 suggest that this 
is probably true of the cation also. 

The changes in cationic intermolecular vibrational 
frequencies across this series of complexes (sum- 
marized in Table 5 )  is hard to  describe even quali- 
tatively. Dopfer et aZ.lS4 have noted that this is 
probably because of the large effect on the vibrations 
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Table 5. Intermolecular Vibrational Frequencies of 
the Phenol-X Cations 
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The n-l ionization therefore seems to allow electronic 
effects to  dominate over geometric ones. The AIE, 
corresponding to the lowest-energy peak in the ZEKE 
spectrum, was obtained as 68365 f 5 cm-l. 

The SO state of 9-HPO had been studied previously 
in a rare gas matrix by Bondybey and c o - ~ o r k e r s ’ ~ ~  
and was found to have a ground state tunneling 
splitting of 69 cm-l. It was thus not possible to  
perform a similar experiment to that as for TrO, since 
the upper component would not have been populated 
in the jet and hence would not have been seen in the 
SI - SO transition. However, the deuterated ana- 
logue (where the hydroxy hydrogen is substituted, 
denoted 9-HPO-d) has a splitting of 12 cm-l, and it 
was possible to  perform such an experiment. For the 
9-HPO-h compound, it was possible to  obtain a ZEKE 
spectrum141 by exciting through the vibrationless 
level of the S1 - SO transition-this gave an AIE of 
65338 f 5 cm-l. For the 9-HPO-d compound, the 
REMPI spectrum showed two peaks which were 
assigned to the two tunneling components-they were 
separated by 179 cm-l. ZEKE spectra were taken 
via each of these features and these led to  two AIEs, 
differing by 11 cm-l. This difference was attributed 
to  the different tunneling doublets in the SO state, in 
good agreement with the value of 12 cm-l previously 
obtained by Bondybey et U Z . ’ ~ ~  This implies that the 
splitting in the X+ state is less than the experimental 
resolution, and so was 51 cm-l. 

It hence appears that for the two species, the 
proton tunneling is severely curtailed in the cation 
states. Since 9-HPO has a rigid skeletal structure, 
even upon ionization (cf. the He I photoelectron 
spectrum9,  then, as with TrO, this was attributed 
to electronic factors, and so the ketonic oxygen is 
losing some of its electron density to  the aromatic n 
cloud formed in the cation. 

observed intermolecular 
phenol-X (X =) frequenciesf (cm-l) 

HzOn 67, 84,240,257,g 328 
CH30Hb 34, 52, 76, 153, 158,278 
CH&H20HC 25, 38, 53, 107,248,279 
CH30CHsd 24, 57, 109, [141], 196,275 
CsH50He 19,181 

a From ref 135. From ref 136. From ref 137. From ref 
139. e From ref 138. f Numbers in bold italic correspond to  the 
intermolecular stretch for each complex. Assigned to the first 
overtone of the intermolecular torsion (2r);  see ref 135 for 
details. 

of subtle effects of bonding, steric hindrance and the 
reduced masses of the particular vibrations. It was 
also noted that help would have to come from the 
direction of ab initio calculations to elucidate the 
situation further. 

v. Intramolecularly Hydrogen-Bonded Species 
Only two intramolecular species have been studied 

to  date by ZEKE spectroscopy: t rop01onel~~J~~ and 
9-hydroxyphenalenone141 (hereafter abbreviated as 
TrO and 9-HPO). These compounds both have a 
ketone group positioned close to  a carbon to which is 
attached a hydroxy group. Owing to the proximity 
of the ketonic oxygen, the hydrogen atom on the 
hydroxy group may tunnel between the two oxygens, 
in the form of a proton. It is known (vide infra) that 
there are quite different barriers for proton tunneling 
in the SO and S1 states: the question is, what are the 
barriers like in the X+ state? There are two opposing 
factors to the ease of tunneling. Consider first 
tropolone, TrO has seven carbon atoms and there are 
thus seven x electrons. In the cation, therefore, there 
are six x electrons and so the aromaticity criterion 
is fulfilled. In order for aromaticity to  occur, how- 
ever, the seven-membered ring must be planar-this 
pushes the oxygens closer together and hence pro- 
motes hydrogen bonding. This effect has been termed 
the “geometric effect” on the tunneling of the proton 
according to Ozeki et aZ.140J41 The delocalization of 
the n electrons also causes a lowering in electron 
density on the ketonic oxygen and this inhibits the 
proton tunneling: the “electronic effect”. The result 
of the competition between these two processes 
determines the tunneling barrier. A similar situation 
holds with 9-HPO where the outer carbon skeleton 
has a 10-electron system in the cation. 

The SO and S1 states of TrO have been investigated 
by Redington et aZ.lS5 and Sekiya et aZ.lS6 and have 
been estimated to have tunneling splittings of 0.3 and 
19 cm-l, respectively. The 1 + 1’ REMPI spectrum140 
clearly showed the tunneling doublets. ZEKE spec- 
tra were recorded by exciting via one component and 
then the other, and the resulting spectra indicated 
that the first band in each case occurred at  the same 
total energy, and thus that there was no observable 
splitting in the X+ state-Le. it was less than 2 cm-l. 
(Excitation from either the + or - parity component 
of the tunneling doublets will lead t o  population of 
the same parity component in the cation-if tunneling 
had occurred in the X+ state, tben some splitting 
would have been observed in the ZEKE spectrum.) 

lV. Outlook 
As is the norm, with an article such as this, the 

final section usually deals with the authors’ ideas on 
where progress will be concentrated next. This is 
difficult with the field of research described above 
since it is expanding so rapidly. Each subsection of 
species will be considered and some further directions 
suggested. 

For the small complexes it has been shown that 
vibrational structure is rather easily obtainable, with 
the increase of experimental resolution to 0.1 cm-l 
it may be possible to  start to  resolve rotational 
structure in some complexes-this will give more 
accurate cationic complex geometries than has been 
previously obtained. Also, the work on Xez could be 
extended by making use of an intermediate state, as 
was suggested by Tonkyn and White.63 Similar 
studies could also be extended to other rare gas 
dimers, both homogeneous and heterogeneous. Vari- 
ous other small complexes can be envisioned, one that 
has recently gained attention is the A r - 1 2  complex, 
whose Rydberg spectrum was recently reported by 
Cockett et aZ.lSg ZEKE spectroscopy of this complex 
is underway. 

Anionic carbon clusters were considered in detail 
from the work of Neumark and co-workers. This 
work is still clearly capable of studying other mem- 
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bers of the C,- series. This area is still active. For 
example, Wurz and Lykkelgo have recently obtained 
a good, conventional photodetachment spectrum of 
c2-. 

It would be interesting to  see results on the 
photoionization of the neutral species also. Recently, 
Bowers and co-workers have studied the C7+ spe- 
cieslgl and Ramanathan et uZ.lg2 have bracketed the 
ionization energies of the C, species (n = 3-6). Of 
course, in order to  obtain reliable spectra of these 
species (since one is starting with a neutral species), 
it is probably necessary to use spectroscopic selection 
of each particular species. In addition, the AIEs of 
the species C3, Cq, and Cg are rather high ('12 eV) 
and so an intermediate resonance may be necessary 
in any case-the AIE of c6 is lower, at about 9.7 eV. 

The work on I--CO2 showed that detailed infor- 
mation may be obtained about neutral complexes 
(and the anion) by use of the ZEKE variant of 
photodetachment spectroscopy. There are clearly 
many clusters to  which this could be extended. As 
examples the following are noted: H-(NH3), this has 
been studied by Coe et aZ.lg3 using photodetachment 
spectroscopy, and it would be interesting to see 
whether the relatively simple spectrum showed any 
further structure at  the higher resolutions obtained 
by Neumark and co-workers. The NzO dimer has 
been studiedlg4 by detachment from (N20)2-, the 
spectrum was rather broad and no structure was 
identified, some structure was seen in the photode- 
tachment spectrum of N2O- and again higher resolu- 
tion could help to  elucidate these systems further; 
Cl-(NH3) has recently been shown to  exhibit two 
main features in its photodetachment spectrumlg5 
one was assigned to  detachment from C1- and the 
other was assigned to a resultant charge-transfer 
state, Cl-NH3'. The latter band showed some struc- 
ture and it would be very interesting to investigate 
this in more detail. Very recently, Nakjima et uZ.196 
have looked at  the photodetachment spectrum of 
(C6F6In- (n = 1-8) and Au-C~FG- and broad bands 
were seen in each case. It was noted therein that 
ZEKE experiments were underway in that group. 

There will undoubtedly be more studies on van der 
Waals complexes containing organic molecules, if 
only because these are often formed in the jet 
anyway, and so relatively little effort over that of 
recording the spectrum of the isolated molecule is 
needed. The picosecond studies of Knee and co- 
workers are sure to  be extended to other systems 
helping to probe dynamics of intermediate states. 
ZEKE spectroscopy is probably more widely ap- 
plicable than the more commonly used technique of 
dispersed fluorescence since all molecules and clus- 
ters may be ionized, but not all fluoresce. (Also 
detection of charged particles is much more efficient 
than photon detection.) It is also noted that femto- 
second techniques have already been applied to 
molecular clusters by Gerber and co-w~rkers '~~  and 
has allowed observation of wavepacket dynamics 
within the B state of the sodium trimer complex. 

With the hydrogen-bonded complexes, it would 
clearly be of interest to try to record spectra of larger 
complexes, especially with more solvent ligands at- 
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tached. Work on the phenol-(H20)3 complex is 
planned at Munich. Other species are also of inter- 
est. For example, the benzene-ammonia complex 
has recently been studied by Rodham et al. by REMPI 
spectroscopy1gs and was of great interest as ammonia 
was acting as a proton donor. It would be of interest 
to  be able to  obtain the ZEKE spectrum and also the 
binding energy in the cation. 

Related to the previous suggestions are the pos- 
sibilities of proton transfer in the ionic state: Mikami 
et uZ.lg9 showed that for the phenol-water complex 
the proton is not transferred in the ion, whereas for 
phenol-(CH&N the proton is transferred.200 It 
would be interesting to see what effect this has on 
the ZEKE spectrum, especially as a function of 
increasing internal energy. Indeed it could be pos- 
sible to  follow the proton transfer using the picosec- 
ond techniques of Knee and co-workers, maybe even 
extended to femtosecond methods. Recently, fluo- 
rescence excitation of tropolone-rare gas complexes 
have been obtained by Sekiya et aZ.,201 where it was 
found that the intermolecular modes and modes 
involving the transferring proton interact. In the ion, 
the binding of the rare gas would be expected to be 
much stronger, and ZEKE spectroscopy would be an 
ideal way of studying the effects of this interaction 
on the tunneling dynamics. 

Finally it is noted that the related technique of 
mass-analyzed threshold ionization (MATI), devel- 
oped by Zhu and Johnsonzo2 is showing itself to be a 
powerful technique for looking at complexes. [For 
MATI, the pulsed-field ionization (PFI) process shown 
in Figure l b  is used.] Recently work has appeared 
from the groups of Neusser and Duncan. Neusser 
and co-workers have concentrated on the benzene- 
rare gas c o m p l e x e ~ ~ ~ ~ ~ ~ ~ ~  in an effort to understand 
the van der Waals modes and to determine the 
dissociation energies of the cationic complexes. Wil- 
ley et aZ.205 have studied the Al-Ar complex using 
the MAT1 technique. This allowed them to obtain 
vibrational structure of the cation and (by analyzing 
hot band structure) of the neutral complex. Not 
many details are given here regarding the MATI 
technique as Neusser and co-workers have a com- 
panion paper in this issuezo6 on this topic, to  which 
readers are directed. 

In summary, the ZEKE technique and its compan- 
ion, MATI, have proved themselves to be extremely 
versatile and sensitive techniques and will no doubt 
give a cornucopia of new data in future years, leading 
to a more in-depth understanding of complex and 
cluster formation, dynamics, and bonding. 

V. Summary 
This article is aimed at the review of the plethora 

of results on various types of clusters and complexes 
that have been obtained recently by the ZEKE 
spectroscopic technique. The substantial increase in 
spectral resolution of ca. 2-3 orders of magnitude 
compared to conventional photoelectron spectroscopy 
has led to  substantial progress in the understanding 
of intermolecular structure, interactions, and dynam- 
ics. 

ZEKE spectra of neutral clusters provide accurate 
data on ionization energies as well as useful informa- 
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tion about the vibrational structure of the cationic 
complexes, with the focus mainly on the low-fre- 
quency intermolecular modes which cannot be ob- 
served easily with other techniques. Hence, the 
intermolecular potential of the ionic complexes can 
be probed with high resolution and the results can 
be compared with theoretical approaches. In the case 
of anthracene-&, clusters it was shown that the 
sensitivity and resolution of the ZEKE method is 
sufficient to  resolve questions concerning different 
isomers. The hydrogen-bonded phenol-X complexes 
(with X being different solvent molecules) served as 
a model series for studying the microsolvation process 
as a function of the solvent molecule. 

In contrast to  ZEKE studies of neutral complexes 
(where mainly properties of the cation clusters are 
obtained), ZEKE studies on anionic clusters are 
extremely useful in obtaining information on the 
corresponding neutral species which are sometimes 
difficult to  prepare selectively (one striking example 
is the study of the IHI transition state). Of particular 
note is that these results are to  some extent comple- 
mentary to  those obtained by the high-resolution IR 
technique, for example, totally-symmetric vibrations 
can be observed. 

In addition, it was shown that the ZEKE technique 
can be used as an ideal probe technique (with high 
resolution and sensitivity) for monitoring dynamical 
effects in the intermediate state, like IVR or dissocia- 
tion, using picosecond or even femtosecond pump- 
probe schemes. The results are complementary to  
other probe techniques like for example laser-induced 
fluorescence. 

In summary, the field of ZEKE spectroscopy on 
complexes and clusters has expanded already to a 
wide area in the last few years and there will be 
almost certainly many further applications in the 
future. 
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