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I .  Introduction 
The use of high-intensity pulsed lasers has opened 

up new research areas. One of these is the study of the 
multiphoton absorption process. In these studies, a 
molecule absorbs more than one photon which can lead 
to dissociation (MPD) if the laser excites the vibrational 
motion in the ground electronic state. MPD is typically 
performed by using C 0 2  or other infrared lasers. If the 
laser is capable of exciting electronic motion as well, 
ionization and dissociation can result (MPID). MPID 
is usually performed by using visible or ultraviolet (UV) 
lasers. It is the latter type of study that will be the 
subject of this review. 

In some cases, multiphoton ionization dissociation 
(MPID) involves the simultaneous (coherent) absorp- 
tion of more than one photon in the primary step to 
reach a resonant level. This is then followed by the 
sequential absorption of additional photons leading to 
ionization and/or dissociation. In most cases however, 
even the first absorption step involves a resonant (not 
L virtual) level. This leads to larger overall ion signals. 

In the studies discussed here, the ionic fragments 
produced are detected by the use of mass spectrometry. 
Thus only ions are observed. Neutral species such as 
radicals are not examined. In some cases, they might 
actually be the main products of the interaction of the 
molecule with the high-intensity laser field. Due to the 
ease of ion detection however, our understanding of the 
mechanisms of the production of ionic fragments might 
progress faster than those for the production of neutral 
fragments by laser multiphoton absorption. 

Since MPID mass spectrometry (MPIDMS), which 
is reviewed here, has a great deal in common with the 
field of mass spectrometry, we have attempted in this 
review to bring the two fields together so that a re- 
searcher in MPIDMS can be exposed to the methods 
and ideas present in the field of conventional mass 
spectrometry. Similarly, we hope to expose researchers 
in the field of mass spectrometry to the kinds of studies 
that have been going on in the field of MPIDMS during 
the past decade (1973-1984). We do not claim com- 
pleteness of coverage in either field. For this we offer 
our apologies to those workers whose research was un- 
intentionally not included. 
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The outline of the review is as follows. We first 
contrast the theoretical ideas offered to explain ioni- 
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zation-fragmentation: (1) via an ionization source 
whose unit of energy is greater than the molecular 
ionization potential, such as 70-eV electrons, which are 
commonly used in conventional mass spectrometry, or 
21.2-e\' photons from a helium discharge, which are 
commonly used in conventional photoionization; (2) 
from a high-intensity UV or visible laser whose unit of 
energy is smaller than the molecular ionization poten- 
tial. The theoretical section is then followed by a dis- 
cussion of the experimental techniques in both mass 
spectrometry and MPIDMS. Examples of MPIDMS 
studies on diatomic molecules, polyatomic molecules, 
and clusters are then given in the last part of the review. 

II. lReoretkai Developments of Multiphoton 
lonizatlon and Dlmlatlon 

A. Contrasting Multiphoton 
Ionization-Dissociation Methods with 
Conventional Mass Spectrometry 

Conventional ionization refers to electron impact (ED, 
charge exchange, and single-photon photoionization. 
The basic difference between conventional ionization 
methods and the MPI method is the mechanism of 
energy deposition into the reactant species. In con- 
ventional ionization or dissociation methods, an energy 
larger than the ionization potential is deposited in a 
single step which, coupled to the electron, leads to 
ionization first, followed by fragmentation. In the MPI 
method, the single photon energy is smaller than the 
ionization potential. This means that a multistep 
process is required in order to attain ionization or 
fragmentation. This leads to the following conse- 
quences. First, in MPI, the final species produced are 
a result of competition between further photon ab- 
sorption and ionization, relaxation, or dissociation 
processes. The fragmentation pattern obtained depends 
upon the laser intensity, wavelength, and pulse width 
as these will determine the amount of energy deposited 
in the reactant species before its fragmentation. Sec- 
ond, a t  a fixed laser pulse width and excitation wave- 
length in MPI, the extent of fragmentation can be 
varied more easily (and more widely) than in conven- 
tional ionization methods simply by adjusting the laser 
intensity. 
In general, the ionization-dissociation dynamics will 

depend upon the ionization method used. As an ex- 
ample, a molecule interacting with visible or UV laser 
radiation could dissociate prior to ionization (DI).' This 
is unlikely to occur using conventional ionization tech- 
niques. Ionization followed hy dissociation (ID) is the 
most probable mechanism for the conventional ioniza- 
tion techniques, while both are possible in MPIDMS. 

Besides the sequential photon absorptions that lead 
to the ID or DI mechanism in MPIDMS, fast pumping 
by a laser field with reasonable pulse width could lead 
to simultaneous absorption of several photons leading 
to a highly excited (superexcited) parent molecule. This 
highly excited parent molecule then 'explodes" to give 
neutral or ionic (fragment) species. Combinations of 
the mechanisms in MPIDMS are also possible.' 

In spite of these differences, a number of common 
problems exist in the statistical approaches for the in- 
terpretation of the resulting mass spectra for both types 
of ionization. This is because the statistical approach 
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depends not only upon the model itself but also on 
other factors such as the basic assumptions and the 
mathematical approximations for the density of states. 
Therefore, it is worth summarizing the original theo- 
retical developments in the field of conventional mass 
spectrometry first, then discussing the different ap- 
proaches in MPIDMS. 
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B. Quasi-Equilibrium Theory (QET) 

Quasi-equilibrium t h e ~ r y ~ - ~  was first proposed by 
Rosenstock et aL2v3 and is the statistical theory originally 
derived for conventional mass spectrometry. In QET, 
it is assumed that the molecular processes leading to 
the formation of a mass spectrum consist of a series of 
competing, consecutive unimolecular decomposition 
reactions of vibrationally excited parent ions in their 
ground electronic state. Assuming the existence of 
equilibrium between reactants and activated complexes 
and the appropriateness of representing the system by 
a microcanonical ensemble, the rate constant for each 
of these reactions can be calculated from an absolute 
reaction-rate theory adapted to the experimental con- 
ditions of the mass spectrum (i.e., isolated system) by 
using a microcanonical ensemble. Thus, if an isolated 
system has an internal energy E,  its rate of dissociation 
is given by 

where h is Planck’s constant, W ( E  - Eo) is the number 
of vibrational and rotational states of the activated 
complex with an energy <(E -Eo) ,  p(E) is the density 
of states of the reactant ion with energy between E and 
E + dE, and CY is the number of identical pathways for 
a particular reaction. As can be seen from the rate- 
constant expression, the calculation of k(E) lies mainly 
in the counting of states. Various mathematical ap- 
proximations on the enumeration of states have been 
proposed. See ref 4-8 and references cited therein for 
details. 

The calculation of a mass spectrum is done in the 
following manner. Kinetic rate equations are set up 
according to the proposed mechanisms and solved to 
obtain the ion yields in terms of rate constants and 
time. Then the rate constants as a function of excess 
internal energy are calculated, as well as the time scale 
of the mass spectrometer for a given accelerating 
voltage, geometry, and mass-to-charge ratio of the ion. 
The yield of each ion can be calculated as a function 
of the excess internal energy in the parent ion. The 
breakdown graph is then constructed. The actual mass 
spectrum is obtained by convolution of the breakdown 
graph with the internal energy distribution of the 
parent ion. 

C. Statistical Approach to Fragmentation in 
MPIDMS 

There are three statistical models that have been 
derived for MPID so far: the maximum entropy model: 
the products phase space model,lOJ1 and the ladder 
switching model.12 In these statistical models, the en- 
ergy redistribution in the reactant ion is either tacitly 
or explicitly assumed to be complete before fragmen- 

tation takes place. Fragmentation would therefore 
occur from the vibrationally excited ground-state elec- 
tronic manifold of the reactant ions. 

1. Maximum Entropy Model 

The maximum entropy model of Silberstein and 
Levineg was the first statistical theory proposed to in- 
terpret the observed mass spectra by MPID. In this 
model, the most favorable fragmentation pattern is 
computed as the distribution in which the entropy of 
the system is maximized, subject to several constraints, 
including a given mean energy in each parent molecule 
and a given initial composition corresponding to a fixed 
number of independent parent molecules. The entropy 
is defined in terms of the counting of quantum states 
and thus takes into consideration the energetics and 
structure of the possible products. The fragmentation 
pathways for the formation of different fragments, 
however, are not imposed as part of the constraints and 
thus are not taken into account. 

Several predictions that lead to computation-free 
tests of the theory can be made from the maximum 
entropy f ~ r m a l i s m . ~ J ~  First, for a given parent mole- 
cule, the fragmentation pattern is governed by the mean 
energy, ( E ) ,  adsorbed per parent molecule. Thus, it 
should be possible to generate similar fragmentation 
patterns using the same excitation wavelengths as long 
as the internal energy deposited, ( E ) ,  is the same (i.e., 
by adjusting the laser power) under each experimental 
condition. This gives the so-called ”alternative ioniza- 
tion pathway test”, which has been carried out by Li- 
chtin et al.I4 on some polyatomic molecules. Second, 
the only way in which the parent molecule is specified 
in this formalism is in terms of its stoichiometric for- 
mula. Therefore, there is no distinction between iso- 
mers. Thus, i t  should be possible to generate similar 
fragmentation patterns if the mean internal excess en- 
ergy deposited in each parent molecule is the same. 
One example performed in this direction is given in ref 
15. Third, according to this formalism, the internal- 
state distribution of the fragments will be thermal in 
the statistical limit. Thus, the determination of the 
fragment’s internal-state distribution provides the 
possibility of probing the statistical limit in detail. For 
examples of actual computational tests of the maximum 
entropy formalism, see ref 9, 13, and 16. 

2. Products Phase Space Model 

The second statistical model in MPID is the products 
phase space model that was proposed by Rebentrost 
and Ben-Shaul.loJ1 In this model, instead of maxim- 
izing the entropy of the system and neglecting the 
fragmentation pathways, the smaller ions are assumed 
to come from a tree of parallel (competitive) and con- 
secutive fragmentation reactions of the parent ion. The 
excess energy required for fragmentation is assumed to 
be initially present in the parent ion. Based on the 
assumptions of loose transition states and a microca- 
nonical products distribution, the probability of each 
fragmentation reaction can be calculated from the phase 
space occupied by the products as a function of distinct 
internal energies in the reactant and fragment ions 
(“infinite detection time” is inherently assumed here). 
At a given excess energy in the parent ion, one can 
calculate the probability of obtaining a particular ion 
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with different amounts of excess energy along a given 
reaction path. The internal energy distribution of each 
ion before fragmentation is obtained by summing the 
probability at each internal energy over all possible 
paths. The final probability of obtaining each ion (i-e., 
the relative abundance of each ion in the mass spec- 
trum) can then be calculated by integrating the internal 
energy from zero to the minimal threshold for its fur- 
ther fragmentation. Thus, each ion yield can be ob- 
tained as a function of initial energy in the parent ion, 
and the breakdown graph can be constructed. The 
actual mass spectrum can be obtained by convolution 
of the breakdown graph with the internal energy dis- 
tribution of the parent ion which, for instance, may be 
derived from the kinetic rate equation approach. This 
method has been used to calculate the mass pattern 
first for benzenel0J and recently for benzaldehyde and 
phenol.”Js 

3. Ladder Switching Model 

The ladder switching model, which is the third sta- 
tistical model, does not treat excitation and fragmen- 
tation separately. It was proposed by Dietz et d.l2 and 
takes into consideration the competition between the 
unimolecular reaction and photon absorption during the 
light pulse. Thus, in a more exact sense, this approach 
is a combination of the kinetic rate equation and the 
statistical approaches. The basic idea of this treatment 
is as follows. The unimolecular reaction rates will be- 
come so fast with increasing excitation energy in the 
reactant ion that the competition for further photon 
absorption stops at a certain excitation energy, i.e., the 
energy point of competition (switching point). This 
“switching point” occurs where the rate of photon ab- 
sorption is equal to the rate of the unimolecular dis- 
sociation reaction. After fragmentation occurs, the 
excitation ladder switches from the reactant to the 
product ion for further photon absorption (“ladder 
switching”) if it is still within the laser pulse duration. 
In the simplified mathematical expression, the rate- 
equation approach is used (assuming that the nonra- 
diative decay width of the electronically excited vibra- 
tional levels is greater than the Rabi frequency) to ob- 
tain the n-photon absorption probability as a function 
of laser intensity. The products phase space model is 
applied to calculate branching ratios and the energy 
distribution of products. Thus the energy distribution 
of each ion as a function of the n-photon absorption can 
be obtained. After the energy distribution is integrated 
from zero up to the switching point energy for each ion 
and is convoluted with the n-photon absorption prob- 
ability, the final abundance of each ion can be obtained 
by summing the convoluted quantity over all possible 
n. The ion-yield curve for each ion can then be con- 
structed as a function of laser intensity. The actual 
calculation was performed on benzene and compared 
with the experimental results of nanosecond pulsed 
lasers.’’ 

4. Remarks on the MPID Statistical Approaches 

Although some work has been done to test the va- 
lidity of the current MPID statistical approaches with 
some molecular and they show at least 
qualitative agreement with experiment, the limited 
number of tests does not necessarily establish general 
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applicability of the statistical approaches to all molec- 
ular systems. Specifically, how the calculated mean 
energy deposited per parent molecule or parent ion can 
be related to the laser intensity employed during the 
experiment still remains an incompletely resolved 
problem. A kinetic rate equation approach, if valid, 
might be applied for such a purpose (for example, see 
ref 10-12). But information about the photon-absorp- 
tion mechanism (i-e., simultaneous or sequential ab- 
sorption in which resonant intermediate states are in- 
volved if it is a sequential absorption), the necessary 
photon-absorption cross section(s), and the spatial and 
temporal distributions of the laser pulse must be known 
before such detailed approaches can be performed. The 
use of a supersonic expansion will determine the initial 
state of the parent molecule and will simplify the the- 
oretical derivation of the initial energy distribution in 
the parent species to some extent. In addition, the 
uncertainty of the input parameters involved in the 
calculations, such as thermodynamic data and spec- 
troscopic information, might affect the results. 

From a thermodynamic point of view, entropy and 
enthalpy factors determine the most favorable distri- 
bution (fragmentation pattern) of the system. The 
entropy factor tends to dominate as the temperature 
(i.e., the energy deposited into the system) increases. 
One would thus expect that the maximum entropy 
formalism is more applicable a t  the high-temperature 
(energy) limit. Since the energy is assumed to be ini- 
tially deposited into the parent species, high laser in- 
tensity and reasonable pulse duration are required to 
obtain high-energy deposition before fragmentation. In 
this case, most of the photon absorption will occur via 
a parent-neutral ladder climbing process because the 
rate of photon absorption under high laser intensity is 
very likely to be faster than the rate of ionization of the 
parent molecule. A superexcited parent molecule is 
thus created and an “explosion” 0ccurs.l The main 
factor in determining the fragmentation patterns pro- 
duced via superexcited parent species is very likely the 
amount of energy deposited per parent species. This 
is because all reactions occur so fast and almost on the 
same time scale that it is no longer very significant to 
talk about mechanisms. Therefore, the maximum en- 
tropy formalism is expected to apply in the intensity 
region where parent-neutral ladder climbing takes place 
and a superexcited parent molecule is formed prior to 
any other reaction. 

If the pumping rate of the parent ion is slower than 
the ionization rate but faster than the vibrational re- 
distribution rate, multiply charged species and disso- 
ciation from unrelaxed repulsive surfaces are expected 
to dominate. If the rate of pumping in the parent ion 
is faster than the rate of ionization but slower than the 
relaxation rate, then the phase space or ladder switching 
mechanism is expected to describe the dissociation of 
the parent ion. If the rate of pumping in the parent 
molecule is slower than the rate of dissociation, then 
by treating the dissociated neutral as a new species with 
a given distribution of excess internal energy, the phase 
space or ladder switching model can also be used to 
describe the dissociation of the ion coming from the 
ionization of this new neutral species. The phase space 
and ladder switching models could be applied and ex- 
tended to include the MPID patterns produced at 
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various excitation energies, with restrictions on the 
pulse duration and intensity when the pulse space 
model is used, since the energy is also assumed to be 
initially present in the parent ion. 

In the statistical approaches, spectroscopic and 
thermodynamic information about the species consid- 
ered is required. Uncertainties that might arise from 
these factors are inevitable. The maximum entropy 
model lacks in dynamical information but invovles 
simple calculations. The phase space model is not al- 
ways valid, but can give mechanistic information and 
involves simple computations. The lack of information 
available need not prevent the calculations from being 
carried out if educated guesses are made as to the im- 
portant dissociation channels of the ions and the 
amounts of excess internal energies imparted to those 
ions.18 The ladder switching model is the most appli- 
cable to the largest number of systems. However, as 
with the other models, it neglects switching of absorp- 
tion to the neutral fragments and the introduction of 
ensembles with different angular momenta as a 
boundary condition. Photon-absorption properties as 
a function of excess internal energies of the ions at the 
specified laser wavelength are not generally known, 
which forces more assumptions to be made. The nu- 
merical computation is more complicated. 

Due to unavoidable uncertainties that are involved 
in these statistical approaches for most applications, at 
the current stage, they should be used for interpreta- 
tion, rather than prediction, of results. 

5. Comparisons Between the MPID Statistical 
Approaches and QET 

The primary difference between the MPID and con- 
ventional ionization methods lies in the mechanisms of 
energy deposition into the reactant species. Since, 
under certain experimental conditions in MPID, exci- 
tation and fragmentation can be treated as separate 
processes, these ionization methods could become very 
similar in terms of excitation except that the initial 
energy distributions in the parent species might be 
different because of different Franck-Condon overlaps 
during excitation. Consider the mass spectrum pro- 
duced from a parent species with a specific excess en- 
ergy. The maximum entropy model and products phase 
space model do not possess general applicability to the 
MPID mass spectra, but the separation of excitation 
and fragmentation ladders in their formulation makes 
them somewhat similar to QET. The maximum en- 
tropy model may be more applicable in the high-tem- 
perature limit, which is more difficult to achieve by 
conventional ionization methods. In the products phase 
space model, excitation (in the parent ion) might also 
occur after ionization. This will not constitute the 
difference in the mass spectra produced by the products 
phase space model and QET if comparison is made 
starting from the same amount of excess energy in the 
parent ion (i.e., to eliminate the effect of different 
amounts of kinetic energies carried away by the ejected 
electrons during ionization by different methods). 

Both the products phase space model and QET con- 
tain mechanistic information about the fragmentation 
process. The main difference is that QET uses a rate- 
constant expression equivalent to the unimolecular re- 
action expression derived from RRKM theory to cal- 

culate the branching ratios. The products phase space 
model, however, uses a microcanonical model to calcu- 
late the branching ratios and energy distributions in the 
product ions. The QET used here for comparison is as 
it was originally derived. One might find a modified 
QET-phase space theory that can avoid the problem 
of defining an unknown transition state config~ration.~ 
This difference results in some advantages and some 
disadvantages in each case. First, the original QET 
formulation involves transition-state species rather than 
product species. The assumption of a "loose transition 
state" does not enter the original QET formulation. 
This assumption, which is involved in the products 
phase space model, can give energy distributions in the 
product ions, while in the original QET calculation, the 
energy is assumed to partition into the product species 
according to the number of internal degrees of freedom. 
However, there are fluctuations in the energy parti- 
tioning from this ~r i ter ion.~ Third, transition-state 
species are inaccessible to experimental measurement, 
and thus, the parameters of the transition-state species 
that are required for QET calculations are mostly un- 
known. The required parameters of the product species 
for the phase space model calculation, although still 
mostly unknown, are at least accessible to experimental 
measurement. 

In conclusion, a theoretical (statistical) approach with 
general validity for MPID is much more complicated 
than for conventional mass spectrometry. This is due 
to the more complex excitation processes involved. 
Because of this complex excitation mechanism the MPI 
method is selective and versatile. 

6. Discussion of the Theory of Conventional Mass 
Spectrometry 

Since QET was first proposed by Resenstock et al.,2f3 
extensive studies have been performed to test the va- 
lidity of the theory. Due to certain difficulties en- 
countered while testing the QET formalism, some of 
these studies lead to the modified theories such as that 
of K l o t ~ , ' ~ ~ ~  the adiabatic channel theory,26 and the 
transition-state theory including nonadiabatic coupling 
effects.27 

It is worth pointing out some information obtained 
from these investigations. First, the assumption of 
complete energy equilibration before dissociation might 
not strictly hold. An example of this would be the 
unexpected effects in organic mass spectrometry in- 
volving dissociation from isolated electronic states. 
These results are difficult to verify unambiguously 
however.' Second, the use of invalid mathematical 
approximations for the enumeration of the density of 
states may lead to noticeable disagreements between 
theory and e~per iment .~  Various mathematical ap- 
proximations have been derived and tested (see, for 
example, ref 4-8 and references cited therein). Third, 
although the statistical calculations demand knowledge 
of a variety of parameters that usually are not well- 
known and some fitting to the experimental data is 
nearly always required, some guidelines (Le., for the 
choice of vibrational frequencies) can be followed. 
Moreover, it is demonstrated that the exact choice of 
the parameters is less critical than what might have 
been e~pec ted .~  Fourth, some fragmentation reactions 
might have "tighter" transition states than  other^.^ 
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Fifth, quantum corrections such as quantum mechan- 
ical tunneling and nonunity transmission coefficients 
in the rate-constant expression might be needed.4p6~s 
Sixth, the model of the one-dimensional dissociation 
coordinate accompanied by a set of oscillators whose 
function is to increase the energy-level density without 
any direct role in the reaction is a poor representation 
of a unimolecular dissociation. The unimolecular dis- 
sociation dynamics is an inherently mutlidimensional 
process, even for small polyatomic species.27 

From the above discussion, it can be seen that useful 
information can be extracted from the previous de- 
velopments in the field of conventional mass spectrom- 
etry for future detailed description of MPIDMS. 

7. Conclusions 

The general difficulties in the theoretical approaches 
are the existence of unknown molecular parameters 
necessary for calculations and, sometimes, their com- 
plexities. However, valuable information can still be 
obtained from the calculations by proper choice of the 
unknown parameters. Complicated calculations can be 
greatly aided by computer facilities. Due to the re- 
quired conditions or assumptions involved in deriving 
the theoretical approaches, one should be careful about 
their applicable ranges. 

The most complete model for MPID that has been 
derived thus far seems to be the ladder switching model. 
However, it still neglects the ladder switching of ab- 
sorption to the neutral fragments, and it does not in- 
troduce ensembles with different angular momenta as 
a boundary condition. Also, if Rabi cycling is appre- 
ciable, the rate-equation formalism should be replaced 
by the density-matrix formalism.28 Of course, this will 
make the entire derivation more complicated and its 
practical application more difficult, thus reducing its 
usability. 

The great value of replacing conventional ionization 
methods by MPI in the mass spectrometer lies in the 
high selectivity of the MPI technique and thus its 
analytical potential. Therefore, it is certain that one 
of the goals of the statistical approaches is to accurately 
predict the mass spectra. However, it is equally im- 
portant that these statistical approaches provide theo- 
retical understandings of the fragmentation processes. 
To achieve these goals, the statistical nature of MPID 
needs to be tested more rigorously. 

The MPI method generally has a more complicated 
mechanism in pumping energy into the reactant species 
than do the conventional ionization methods. In spite 
of this, it is expected that some of the problems en- 
countered in performing the statistical calculations for 
MPIDMS might have already been answered from past 
studies in conventional mass spectrometry. Thus it is 
recommended that these not be treated as two com- 
pletely separate branches of mass spectrometry. 

I Z  I .  Historical Development of Multiphoton 
Ionization and Dissociation Techniques 

Photoionization, whether induced by a laser or gen- 
erated from a conventional light source, represents only 
a small fraction of the mass spectrometric research 
being performed at this time. Electron impact, by far, 
is the most prevalent ionization technique used. Other 
common ionization techniques include field ionization 
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and field d e s ~ r p t i o n , ~ ~  fast atom b ~ m b a r d m e n t , ~ ~  and 
desorption chemical i o n i ~ a t i o n . ~ ~  

The use of laser-induced multiphoton ionization in 
conjunction with mass analysis dates back only to about 
1970.31932 Since it uses photons as an energy source, it 
could be considered as a subcategory of photoionization 
mass spectrometry, although it has very little in com- 
mon with it either technically or theoretically. The next 
section of this review will trace the development of 
photoionization in mass spectrometry from its inception 
to the present-day usage of high-power pulsed lasers. 

A. One-Photon Ionization 

The use of photons as an ionization source dates back 
to the infancy of mass spectrometry. Its first reported 
use came in 1929 by Ditchburn and A r n ~ t ~ ~  when po- 
tassium vapor was irradiated with the emission of an 
iron arc passing through the quartz windows of a 
magnetic-sector mass spectrometer. A more refined 
experiment was carried out in 1932 by Terenen and 
Pop0V3~ who used the isolated resonance lines of cad- 
mium, zinc, and aluminum in conjunction with a simple 
magnetic mass analyzer to study the formation of ion 
pairs from thalium halides. 

Before the true potential of this ionization technique 
could be realized, technical advances in vacuum tech- 
nology and light sources as well as optical materials had 
to come. The next reported use of photoionization did 
not come until 1956 when Lossing and Tanaka35 re- 
ported the photoionization mass spectrum of butadiene 
by the resonance lines of a krypton arc. 

After the development of the vacuum ultraviolet 
monochromator for photoionization mass spectrometric 
studies by H ~ r z e l e r , ~ ~ t ~ 7  the constraints that were in- 
duced by having to find windows capable of transmit- 
ting the ionizing radiation were eliminated. 

Several common light sources are generally used in 
the photoionization mass spectrometer. Rare gases in 
an electric discharge produce continua whose wave- 
length range depends upon the gas.35 Hydrogen pro- 
duces a many-lined spectrum which may also be used 
as a photoionization source.38 

The major advantage of the use of photons to ionize 
species inside the mass spectrometer is their mono- 
chromaticity. This makes photoionization mass spec- 
trometry a valuable tool in determining the ionization 
and appearance potentials. 

The major drawbacks to using photons as an ioniza- 
tion source have been the experimental complexities 
and low signal levels involved with the use of vacuum 
ultraviolet radiation of wavelengths less than about 100 
nm. This necessitates large pumping systems, several 
vacuum chambers, and a vacuum ultraviolet mono- 
chromator. 

Because of the complexity and cost associated with 
a photoionization mass spectrometer, the device never 
really caught on (when compared with the electron im- 
pact mass spectrometer) as a common laboratory tool 
for routine analysis or identification. It does however 
have its place as an experimental tool in chemical 
physics for testing the theory of mass spectra due to the 
controlled manner in which energy can be deposited 
within the system. 

The photoelectron spectrometer, which may have a 
laser multiphoton ionization source, may be placed in 
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a similar category. That is, because of the cost of such 
a device, it is rarely seen as a tool for routine laboratory 
analysis. A wealth of spectroscopic and dynamic in- 
formation may be obtained from laser photoelectron 
spectroscopy. Therefore, this device is also of value to 
the experimental physical chemist. 

B. Multiphoton Ionization 

Radiation from a pulsed laser can be of sufficient 
intensity to make multiple-photon processes (ionization 
for example) with visible laser light likely. This has 
eliminated the need for expensive vacuum equipment 
required in one-photon photoionization. In some in- 
stances, several photons may be simultaneously ab- 
sorbed in a coherently driven process leading to ioni- 
zation and fragmentation. If, however, there are elec- 
tronic states resonant with the incident laser radiation, 
whether they be accessible by one- or two-photon se- 
lection rules, then resonance enhancement occurs and 
the resulting ion signal (if the resonant state is not 
dissociative) greatly increases. This is because the re- 
sonant intermediate state has a lifetime, sometimes on 
the order of the laser pulse duration, that permits se- 
quential absorption of photons. Therefore, the required 
number of photons does not have to be simultaneously 
absorbed in order to reach the ionization or dissociation 
continuum as in the case with studies involving large 
polyatomic molecules. 

MPI studies that would be of general interest to 
chemists did not start until well after the development 
of the dye laser several years later. Until that time, only 
a limited number of fixed-frequency laser wavelengths 
were available. Publications concerning the use of MPI 
as a spectroscopic device for studying two-photon states 
of molecules appeared in the mid-1970s by Johnson on 
the MPI spectra of NO39 and benzene40 and by Petty 
and Dalb3P1 on the MPI spectrum of 12. A great amount 
of research on two-photon resonance, multiphoton 
ionization followed, in which two-photon states in the 
vacuum UV were studies with dye lasers in the visible 
region of the spectrum. MPI has been applied to the 
study of Rydberg states. Previous reviews of the MPI 
field are given in ref 42-44. 

C. MPID Mass Spectrometry 

The use of the high-power pulsed laser as an ioniza- 
tion source in mass spectrometry preceeded static-cell 
MPI work by several years. As early as 1970, pulsed 
lasers had been used successfully as ionization sources 
within the mass ~ p e c t r o m e t e r . ~ ~ ? ~ ~  In 1970, Bereshet- 
skaya et al.31 reported multiphoton ionization and 
fragmentation of H2 using the output of a Nd:glass laser 
that produced 1.06-1~m photons. Although a low-reso- 
lution time-of-flight instrument was used in their in- 
vestigation, the resolving capacity was sufficient to 
separate H2+ from H+. At about the same time, Chin 
reported on the use of laser radiation from a pulsed 
ruby laser system to study the multiphoton ionization 
of 12, CC14, and D 2 0  with a time-of-flight mass spec- 
t r ~ m e t e r . ~ ~  

Further early work on the laser ionization mass 
spectrometric technique was performed by Letokhov 
et al.,45 Schlag et a1.,& Bernstein et al.,4' Robin et a1.,48 
and Zare et al.49 At this point it had become clear that 
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MPI spectroscopy and conventional mass spectrometry 
were no longer mutually exclusive fields, and the po- 
tential of using MPIDMS in analytical chemistry had 
become obvious. 

In its simplest form, a multiphoton ionization mass 
spectrometer consists of nothing more than a mass 
spectrometer with optical ports to permit the entrance 
of laser light. It is through the interaction of the laser 
light with the sample molecules that ions are formed. 

Among the accessories currently being reported in the 
literature are molecular beams used in place of the 
conventional sample inlet systemsw and electron kinetic 
energy analyzers used to compliment the ion detection 
system.51 

MPID mass spectra have been recorded on magnetic 
singly focusing  instrument^,^^^^^ quadrupole mass 
s p e ~ t r o m e t e r s , 5 ~ ~ ~ ~  and time-of-flight mass spectrome- 
t e r ~ . ~ ~ ~ ~  The time-of-flight mass spectrometer is usually 
the instrument of choice on which to perform mass 
spectrometric studies because an entire mass spectrum 
may be recorded for each shot of the pulsed laser. This 
makes data collection more efficient and may be an 
important factor considering the low repetition rates 
at which many pulsed lasers operate and the large 
number of spectra that might have to be averaged in 
order to produce a suitable signal-to-noise level. 

The light source is almost always a high-power pulsed 
laser. It is the high peak powers that the pulsed laser 
is able to generate that allow multiphoton ionization/ 
dissociation to occur. Other properties of laser radiation 
that are important to this form of mass spectrometry 
are its extreme monochromaticity and short pulse 
length. 

1. Single Laser Experiments 

With the several fixed-frequency pulsed lasers, dye 
lasers, Raman shifters, and other wavelength extenders 
that are now available, it is possible to generate laser 
radiation at suitable intensity to allow ionization at 
almost every frequency from about 200 nm into the 
infrared. 

The most common lasers used in MPIDMS generate 
pulses on the nanosecond time scale. Although laser 
producing picosecond pulses have been around for some 
time, those capable of generating the peak intensities 
(several pJ/pulse) necessary for ionization have only 
recently become commercially available. Therefore, 
they are not as common in MPIDMS yet as the nano- 
second pulsed laser, which has been commercially 
available for some time. The power densities available 
from the focused output of most nanosecond pulsed 
lasers is on the order of GW/cm2, which is sufficient to 
ionize and dissociate most molecules that usually re- 
quire 2-4 UV photons in order to reach the ionization 
continuum. Several reports have appeared in which 
picosecond lasers have been used to generate ions within 
the mass s p e ~ t r o m e t e r . ~ ~ - ~ ~  

In a single laser experiment, the only variables are 
laser wavelength, intensity, and pulse width. In varying 
the laser intensity at a fixed wavelength, it is possible 
to perform a power dependence of the mass spectrum 
of the species being studied. The information that may 
be derived from such a study is of limited use however, 
since the changes in the mass spectra are usually com- 
plicated and not easily described. 
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By varying the wavelength of the laser, it is possible 
to generate the wavelength dependence of the mass 
spectra being recorded. This is also of limited use, 
because in many cases, the spectral features being ob- 
served in the mass-resolved ion current as a function 
of laser wavelength are all very similar to the static-cell 
MPI spectrum (in which the total ion current is col- 
l e ~ t e d ) . ~ *  This may be explained in terms of the 
spectral features arising from the rate-limiting step 
leading to the production of the individual fragment 
ions, which is usually the first absorption step from 
within the neutral manifold of the parent molecule. 

2. Multilaser Experiments 

By using more than one laser pulse, the potential 
information that can be derived from MPIDMS grows 
dramatically. In addition to having the added degrees 
of freedom of another laser pulse (power, wavelength, 
and pulse width), one can also vary the temporal delay 
between the two pulses. The potential power of such 
a combination has only begun to be explored.6H2 

Such experiments include, but are not limited to, the 
determinations of excited-state Iifetimes of the neutral 
molecules by varying the delay time between the two 
fixed-frequency laser studies involving the 
ionization and fragmentation mechanism of a wide va- 
riety of molecular systems,6o@ and studies involving the 
potential selectivity of the two-color technique in ion- 
izing one component of a mixture whose ionization 
potentials are relatively close to one another.62 Exam- 
ples of multicolor MPIDMS experiments on specific 
molecules will be discussed later. 

3. Molecular Beam MPIDMS 

The motivation behind the introduction of a molec- 
ular beam system into the multiphoton ionization mass 
spectrometer is to take advantage of the large potential 
state selectivity that the nearly monochromatic radia- 
tion from a laser can offer and the mass spectrometric 
study of species that could only exist within the beam. 
Smalley et al.64 did work in the application of molecular 
beams used as a source of state-selected molecules to 
the techniques of laser-induced f l u o r e s c e n ~ e ~ ~ ~ ~ ~  and 
MPID.67@ 

Although the study of the molecular beam is a com- 
plete field in its own right, it is generally treated as only 
a source of cold, state-selected molecules and exotic 
species such as van der Waals complexes in MPIDMS. 
For a complete review of the theory and applications 
of molecular beams, the reader is referred to the works 
of Smalley,@ Anderson and Fen11,6~ and Kantrowitz and 
Grey70 and references cited therein. 

The molecular-beam output of a nozzle, which is ei- 
ther pulsed or continuous, is made to intersect the laser 
pulse at right angles along its center line axis. Ions 
created within the beam are accelerated into the en- 
trance of the mass analyzer through the application of 
a voltage gradient. Sometimes it is desirable to use a 
skimmer67 in conjunction with the nozzle. This may or 
may not require the use of a differential pumping ar- 
rangement and will result in a more collimated, well- 
defined beam. 

Two types of beams exist: effusive and supersonic. 
When the ratio of the mean free path of the carrier gas 
to the nozzle diameter is very much less than 1, hy- 
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drodynamic conditions exist within the nozzle and 
cooling of the internal and translational degrees of 
freedom occurs. If the ratio is much greater than 1, 
effusive conditions exist within the beam, and the 
thermal properties of the expanded gas do not differ 
appreciably from those of the bulk. 

The nozzle beam may either be pulsed or continuous. 
Pulsed sources offer the distinct advantages of pro- 
ducing instantaneously higher beam densities and re- 
quiring less expensive pumping systems. They are very 
suitable for use with pulsed lasers. Commercial valves 
with pulse durations of about 100 p s  are a ~ a i l a b l e . ~ l - ~ ~  
In addition, plans for construction of homemade ver- 
sions exist in the l i t e r a t ~ r e . ~ ~ ! ~ ~  One of these uses an 
automobile pulsed fuel injector.75 Continuous valves 
offer the advantage of being more reliable because there 
are no moving parts. Because of this however, the 
pumping requirements are more severe. 

4. MPI Photoelectron Spectroscopy (MPIPES) 

An MPI photoelectron spectrum is generated by 
collecting the electrons ejected in the multiphoton 
ionization process and then analyzing their kinetic en- 
ergies. An MPI photoelectron spectrometer consists of 
an ionization source and associated ion optics, some 
form of electron kinetic energy analyzer, and a detector. 
Several types of electron kinetic energy analyzers are 
currently being used in MPI work, although numerous 
others have been used in conventional one-photon 
photoelectron  technique^.^^ 

MPI photoelectron spectroscopy has been performed 
on molecules to help elucidate the mechanism of mul- 
tiphoton i o n i z a t i ~ n . ~ ~ - ~ ~  It has also been used to study 
the ionization behavior of atoms.s2~84-w As the resolu- 
tions of the MPI photoelectron spectrometer has been 
improved it has been used to determine the spectrum 
of the parent ions.82v87-94 

When used in conjunction with a pulsed laser, the 
time-of-flight electron kinetic energy analyzer can re- 
cord the entire spectrum for each laser pulse. This is 
important when considering the low laser fluxes that 
one is frequently forced to use in order to avoid loss in 
resolution due to space-charge effects.g1 Resolution of 
the time-of-flight instruments (about 3 meV) has re- 
cently advanced to the point to make photoelectron 
spectroscopy (vs. MPI mechanistic studies) p r a c t i ~ a l . ~ ~ , ~ ~  

Arrival time of the photoelectrons is generally faster 
than for ions in a time-of-flight mass spectrometer. 
Factors that were not important in determining the 
resolution of the time-of-flight mass spectrum, such as 
influence from stray magnetic fields, must be considered 
when constructing a photoelectron spectrometer. 
Resolutions of time-of-flight electron kinetic energy 
analyzers generally range from 10 to 200 meV, limited 
by space-charge  effect^.^^^^^ 

Even though the time-of-flight electron kinetic energy 
analyzer appears to be gaining popularity, results have 
been published involving the electrostatic spherical 
sector a n a l y ~ e r . ~ ~ ~ ~ ~ @  

I V. Studies of Diatomic Molecules 

Diatomic9 are the simplest category of molecules. 
The systems that will be discussed in this section are 
(A) H2, (B) Na2, Cs2, and PbTe and PbSe vapors, (C) 
I,, (D) NO, and (E) CO. 
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A. Hydrogen (H2) 

H2 is the simplest molecule. Its photoionization dy- 
namics are theoretically tractable; its excited states are 
well-characterized; and the rotational constant of its ion 
is extremely large.93 This gives an advantage in 
choosing H2 as a system for resonant MPI and photo- 
electron studies. The last feature makes the photo- 
electron spectra exhibit partially resolved rotational 
structure. This provides information on the partial 
waves of the ejected electron. 

Early MPID studies of H2 involved the use of exci- 
tation wavelengths at 1.06 pm31,527x and 0.53 pmag7 
From the investigation of H+ and H2+ signals as func- 
tions of laser intensity, various processes have been 
suggested to explain the observed behavior (i.e., power 
dependence) of H+ and H2+ ions. However, as was 
pointed out by Laqg8 H+ ions observed in the MPI 
spectrum of H2 by 0.53-pm radiation could also be 
formed by the ionization of H atoms in the n = 2 state, 
which were produced from photocatalytic processes. 

A detailed resonant MPI study of H2 involved the 
preparation of a resonant state by three-photon exci- 
tation of H2, XIZg+, u = 0, J = 3, and subsequent ion- 
ization by a single additional photon.93 The MPI 
spectrum of the complete B'Z,', u' = 6 - XIZg+, u" = 
0 band and part of the u' = 7 band has been recorded. 
The results show that the P and R branches dominate 
the spectrum. There is little evidence for the N and T 
branches, which is in agreement with general predic- 
tions. In addition to the MPI spectrum, photoelectron 
spectra have also been obtained by pumping the P(3) 
and R(3) transitions of the B'Z,+, u' = 7 - XIZg+, u" 
= 0 band.93 Only the u = 0-3 levels of the H2+ X2Zg+ 
state are energetically accessible with four photons 
under their experimental conditions. One interesting 
observations from this study was that the rotational 
structure changes qualitatively with the intermediate 
rotational level of the B'Z,' state. This directly reflects 
the selection rules for the ionizing transition.93 

B. Na2, Cs2, and PbTe and PbSe Vapors 

Because previously reported experiments on the MPI 
of alkali atoms are often hindered by the presence of 
molecules in the vapor or atomic beam,99 it has been 
suggested that the laser photodecomposition technique 
be used to reduce the molecular density in the atomic 
beam. The efficiency of the molecular laser photode- 
composition technique depends on the wavelengths and 
intensity range of the laser used. 

The resonant two-photon ionization of Na2 and sub- 
sequent third-photon dissociation of Na2+ have been 
studied with the use of a pulsed dye laser." The 
processes involved in the production of Naz+ and Na+ 
ions aielm 

Naz (X'Z) - Na2 (B'II) -% Naz+ (X22) - 
Na+ + Na(3s) (2) 

where the laser frequency is resonant with the B - X 
vibronic transition (4926 A for the BlII (u'= 0) - XIZ 
(u"= 0) transition). From the expressions for the time- 
and intensity-dependent populations of the ions and the 
fit to the observed ion signal variations with laser in- 
tensity, the photodissociation cross section of the 22 
state of Naz+ can be obtained." From the measured 

hv hu 

Chemical Reviews, 1985, Vol. 85, No. 6 537 

splitting of the Na+ signal (due to separate detection 
of ions ejected toward and away from the detector) in 
the time-of-flight spectrum of the magnitude of the 
electric field, the kinetic energy given to the Na+ ion 
during the dissociation process can be determined. This 
in turn gives the photodissociation energy of the Na2+ 
X2Z, state. 

The most efficient laser photodecomposition wave- 
length for the cesium dimer is a t  758 nm.99 This does 
not exactly coincide with the wavelength of maximum 
absorption of the BlII - X'Z, band, which is at 760 nm 
at 550 K. This suggests the possibility of a second 
quasi-resonant step in the ionization process. The 
ionization potential of Cs2 lies between 3.592 and 3.821 
eV, requiring three 758-nm photons for i o n i z a t i ~ n . ~ ~  

It is found that at 758 nm,% photodissociation of the 
neutral dimers dominates the process for low laser in- 
tensity whereas three-photon ionization of dimers pre- 
vails for laser intensities higher than about 0.4 MW/ 
cm2. The dissociation of neutral dimers is proposed to 
occur after a two-photon absorption. 

The MPI studies of molecular cesium in the 6200- 
6500-A region show that the dominant process for ion- 
ization is the two-photon photoionization through the 
intermediate C state of the cesium molecule.lo1 

PbTe and PbSe vapors have been ionized via the 
resonant MPI process in a mass spectrometer.lo2 It is 
found that the same spectral features are often observed 
in the photoionization cross section of the molecule and 
its component atoms. For instance, the spectra of 
PbTe+ and Pb+ between 23 OOO and 24000 cm-' are very 
similar, as are the spectra for Te2+ and Te+ between 
25 700 and 26 300 cm-l.lo2 Thus, fragmentation after 
resonant excitation must be expected. In the PbSe 
vapor components, highly excited Pb atoms formed by 
the photodissociation of PbSe are resonantly excited 
to previously unreported, autoionizing, even-parity 
Rydberg levels by one-photon transitions. This Ryd- 
berg series converges to the 6p PO312 limit of Pb(I1) at 
73 900 cm-l. The three-photon ionization cross section 
containing two-photon resonant excitation is calculated 
for PbTe. The calculation shows that inclusion of in- 
termediate vibrational sublevels in the resonant step 
results in the suppression of certain Franck-Condon 
peaks. 

C. Iodine (I2) 
Molecular iodine, 12, has been extensively studied by 

optical spectroscopy due to its dense manifold of 
states.lo3 Since it is a well-documented system and 
much is known about its spectroscopy,104 this could be 
the reason that it has been chosen for many MPI 
studies in the past few years.41,47~54~103-107 The first band 
system at  363-378 nm, a two-photon resonant, three- 
photon ionization series (Dalby's system), has a 0,O band 
at  53562 f 4 cm-' and an excited-state vibrational 
frequency of 214 cm-1.47,54,103J05 This band system is 
believed to be a low-lying Rydberg with a zIIl,a 12+ core 
(i.e., lg(2~l,2g)nsag).47J03J05 

The second band system is found in the 402-415-nm 
(24 900-24 100 cm-l) region with a much lower ionization 
cross section than that of the Dalby ~ y s t e m . ' ~ ~ ~ ' ~ ~  This 
system, with its 0,O band at  48 426 f 4 cm-' and a 254 
f 1 cm-l excited-state vibrational progression, is as- 
signed to a two-photon resonant intermediate state in- 
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volved in either three- or four-photon ionization.lo3 
Polarization measurements and comparison to the 
Dalby system allow one to assign it as 2g(2113/2,)nsag.103 
A number of atomic resonances are also observed in this 
region that are identified as resulting from the disso- 
ciation (predissociation) of iodine molecules followed 
by the ionization of excited iodine atoms.lo7 

Other band systems are observed in the excitation 
into the visible B - X in the MPI spectrum between 
500 and 600 nm.47154,103 A dense set of multiphoton 
resonance ionization lines is observed. An intense 
system between 550 and 565 nm with a 0,O band at  
35 762 f 4 cm-l and a 104 f 1 cm-l excited-state pro- 
gression is assigned to a two-photon resonant inter- 
mediate state. The polarization measurement estab- 
lishes it as 0,.lo3 

The most striking feature about the resonant MPI 
spectra of I2 is the near absence of lines corresponding 
to the normal optical bands and also the absence of 
many possible multiphoton transitions allowed by se- 
lection rules. However, the cross section of the B - X 
transition does occur prominently in the spectrum 
multiplicatively superimposed on the higher resonanc- 
es.lo3 

The mass-resolved analysis of the positive ions 
formed from the resonance-enhanced MPI of I2 shows 
that both Iz+ and I+ are p r o d u ~ e d . ~ ~ ~ ~ ~  

From the photoelectron and ion kinetic energy dis- 
tributions of I+ and 12+ ions following three-photon 
ionization of I2 resonantly enhanced via the two-photon 
allowed 1 - 0 transition in the Dalby band, at 371.6 
nm, the major fragmentation pathway for iodine is 
shown to follow additional absorption by the parent 
ion.106 

Further MPI studies of I2 with two lasers (initiating 
laser at 596 nm and probing laser at 248 nm), detection 
of neutral fragments as well as positive and negative 
ions, and measurement of kinetic energies of fragments 
indicate the presence of two competing channels under 
these experimental conditions.lo4 The low-energy 
channel proceeds through a two-photon intermediate 
state by the first laser. Absorption of one probe-laser 
photon leads to formation of the energetically lowest 
possible ion pair. The high-energy channel is consistent 
with a one-photon intermediate state and absorption 
of two probe-laser photons to form bound 12+. The 
molecular ion is subsequently photodissociated by an 
additional photon. 
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D. Nitric Oxide (NO) 

In the early stages of molecular MPI techniques, 
nitric oxide was chosen for study because of its stability 
and simplicity.lo8 NO was the first molecule for which 
MPI was combined with supersonic cooling tech- 
niques.lo8 

Most of the  studies on NO by 

states can be classified into two categories. The first 
corresponds to the '3 + 1' (three-photon resonant, 
four-photon ionization) process.42,77,108,10g The second 
corresponds to the '2 + 2' (two-photon resonant, four- 
photon ionization) process.42~82~88~108-111~116 

The multiphoton ionization spectrum of nitric oxide 
cooled by a supersonic expansion has been recorded in 
the 400-490-nm region.lo8 Rotational cooling has al- 

MPI39,42,45,54,56,77,82,88,108-117 with resonant intermediate 

lowed analysis of the two- and three-photon resonances 
in the four-photon ionization spectrum within this 
wavelength region, showing that the simple extension 
of one-photon intensity relationships to the three- 
photon spectrum does not adequately explain the fea- 
tures observed therein.lo8 The expected strong np 
bands are not present in the MPI spectrum; the vi- 
brational progression of the 3d complex appears in the 
MPI spectra with enhanced intensity relative to the 
one-photon absorption. The causes of intensity dif- 
ferences between the three-photon resonant MPI 
spectrum and the one-photon spectrum could be due 
to the differences in the photon absorption cross sec- 
tions, competition between ionization, and other pro- 
cesses such as dissociation, predissociation (many states 
of NO have a high probability for predissociation), and 
f l ~ o r e s c e n c e . ~ ~ J ~ ~  

A theoretical analysis of the multiphoton ionization 
spectrum of NO was carried out by both the pertur- 
bation (short-time) and rate-equation (long-time) de- 
scriptions of the stepwise excitation and ionization 
process.lWJm Both approaches give qualitatively similar 
results.'0g The '2 + 2' and '3 + 1' processes in the 
four-photon absorption were addressed. The higher 
intensity of the '2 + 2' process,42~108,10g which is in 
agreement with the kinetic treatment,42,108 can be ex- 
plained from the perturbation description to be due to 
large dipole matrix elements and an extra channel in- 
volved in the '2 + 2' process for the wavelength range 
considered. The kinetic approach is not required to 
explain the large difference between the '2 + 2' and '3 + 1' intensities. This is because the primary differences 
between these two processes are inherent in the ab- 
sorption coefficients, and therefore taking the time 
dependence into account could only increase the ratio 
of the two intensities.log Despite the good agreement 
in the relative intensities of different transitions be- 
tween experiment and the theoretical perturbation re- 
s u l t ~ , ~ ~ ~  some anomalies point to the necessity of in- 
cluding dissociation in the kinetic scheme as well as 
considering the ionization cross section for some excited 
states where the transition probability to the continuum 
is 

Efforts have also been directed to the photoelectron 
kinetic energy77,82t88J14 and angular d i ~ t r i b u t i o n ~ ~  
analyses of NO following its ionization. In the case of 
four-photon ionization resonant with various vibrational 
levels (ranging from 0 to 3) of the two-photon allowed 
A2Z+ state82,88 and three-photon ionization resonant 
with the two-photon 0 and 1 vibrational levels of the 
C211 the direct ionization pathway has been 
observed. In the former case, the presence of a near- 
zero energy electron peak suggests a second process that 
leads to ionization.82 Further investigation of the 
four-photon ionization resonant with 0 and 1 vibrational 
levels of the two-photon A22+ state reveals the possi- 
bility of preionization via a dissociative channel.88 

In the '3 + 1' process in NO, the photoelectron kinetic 
energy analysis reveals that ionization through the 
Rydberg F and H (H') states at the ground and first 
excited vibrational levels gives rise to the ground elec- 
tronic state of the ion in the ground and first excited 
vibrational levels, respectively (i.e,, a Av = 0 transition). 
Photoelectron angular distribution analysis reveals that 
the '3 + 1' process may be interpreted in terms of co- 
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sine-square distributions, strongly indicating that the 
ionization step takes place by one-photon direct ioni- 
zation from the three-photon resonant states.77 

E. Carbon Monoxide (CO) 
Unlike NO, most other diatomic molecules such as 

CO have relatively high ionization potentials, incom- 
pletely characterized spectra in the visible and UV, and 
relatively closely spaced electronic states in the ion.94 
Thus MPI dynamical studies by the analyses of pho- 
toelectron kinetic energy and angular distributions from 
MPI of such molecules become considerably more 
complex. However, CO has been chosen for study using 
MPI photoelectron techniques. 

The MPI studies of CO by Pratt et al.94 involves a 
three-photon resonance to the u = 1-3 levels of the CO 
AlII state (laser wavelength from 434-454 nm) followed 
by the absorption of either two (u = 3) or three (u = 1, 
2) additional photons to reach the ionization continuum. 
The first measurement is the wavelength dependence 
of the CO' ion intensity,94 which yields the rotational 
structure of the intermediate resonant state. The 
partially resolved rotational lines can be completely 
accounted for by the P, Q, and R branches observed in 
single-photon absorption studies. The N, 0, S, and T 
branches are absent, which is in agreement with the 
three-photon fluorescence excitation spectra. The 
second measurement is the kinetic energy spectra of the 
ejected electrons resulting from ionization at  wave- 
lengths corresponding to the R-branch bandheads of the 
A'II u = 1-3 levels.94 Vibrational branching ratios in 
these photoelectron spectra do not follow the pattern 
predicted by the Franck-Condon overlap either between 
the intermediate AIII state and the ionization contin- 
uum or between any perturber of the AlII state and the 
ionization continuum. Accidental resonances at the 
four-, five-, and six-photon levels play a major role in 
determining the vibrational branching ratios. Other 
factors that may be responsible for the observed devi- 
ations from simple Franck-Condon distributions are (1) 
electronic and vibrational autoionization, (2) the pos- 
sible strong energy dependence of the electronic part 
of the dipole element coupling the intermediate reso- 
nant state to the ionization continuum, thus modifying 
the photoelectron intensity as a function of kinetic 
energy, (3) the possible failure of the Franck-Condon 
separation itself due to the sharp variation of any 
component dipole matrix element with internuclear 
distance, and (4) the possible invalidity of an overall 
Franck-Condon factor for a multiphoton process in 
terms of the resonant intermediate states.94 

MPI of CO at 248 nml" requires a minimum of three 
photons to reach the ionization energy of 14.0 eV. The 
power dependence is consistent with a three-photon 
process. 

F. Conclusion 
From the above studies, it is clearly seen that the 

determination of photoelectron kinetic energy and an- 
gular distributions following MPI provides useful in- 
formation about the dynamics of the MPI process. 
Similarly, the fragment ion kinetic energy analysis also 
gives insight to the MPI fragmentation mechanisms. 
Since a detailed analysis of these measurements will be 
partially based upon the well-characterized vibronic 
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spectra of the parent molecules (as can be viewed by 
comparing CO with NO), small polyatomic molecules, 
especially the diatomics, are potential candidates for 
such studies because of their simplicity, their amena- 
bility to theoretical analysis, their understood vibronic 
structures, and their readily interpreted photoelectron 
spectra. Thus, the kinetic energy and angular distri- 
bution analysis of photoelectron and fragment species 
(of small molecules such as diatomics) will be expected 
to represent one of the major research areas for the 
studies of MPID in the very near future. 

V. Studies of Polyatomic Molecules 

The multiphoton ionization mass spectrometric study 
of polyatomic molecules is divided into four categories. 
These are (1) small polyatomics, (2) medium-size or- 
ganics, (3) organometallics and transition-metal com- 
plexes, and (4) clusters and complexes. The ionization 
and fragmentation behavior displayed by each class of 
molecule differs in general. 

A. Small Polyatomics 

In the following subsections, the following small 
polyatomics will be discussed: (a) NO2 and N20, (b) 
NH3 and ND3, (c) CHJ, and (d) trans-173-butadiene. 

1. Nitrogen Dioxide and Nitrous Oxide 

Two-color photoionization e ~ p e r i m e n t s ~ ~ ~ ~ ~ " ~ ~ ~ ~ ~  have 
been performed on NOz (IP = 9.78 eV). In these ex- 
periments, the exciting and ionizing laser pulses were 
synchronized. The exciting laser was scanned through 
the 440-470-nm region and the ionizing laser was fixed 
at  160 nm.45963 It was found that NOz+ was the only 
observed species under these experimental conditions. 
The first laser was used to excite the system within the 
2Bl - 2A1 absorption manifold. This was concluded to 
be the rate-limiting step in the ionization process as the 
N O p  current had a similar wavelength dependence to 
the 2B1 - 2A1 optical absorption spectrum. 

Single-frequency MPI work has also been performed 
on NOp in the visible,"Jpl UV (at 248 nm), and vacuum 
UV (at 193 nm)122 regions. In a detailed study of the 
visible region of the spectrum,121 MPI spectra were 
recorded from 520 to 420 nm at  a pressure of 2 torr in 
a static cell and in a mass spectrometer under low- 
pressure conditions using both a conventional inlet and 
molecular beam systems. The results show that above 
500 nm, under both collision-free and moderate-pres- 
sure conditions, the dominant pathway leading to ion- 
ization is a four-photon direct absorption process to 
yield predominantly NO2+ with resonant enhancement 
occurring at  the third photon level due to the 3sa 
Rydberg state. Below 500 nm, a rapidly increasing 
fraction of NOz molecules dissociate at the two-photon 
level (B 2Bz state) to form NO + 0. In this wavelength 
region the multiphoton ionization spectrum becomes 
increasingly characteristics of NO as less NO2 remains 
to be ionized. 

Between 475 and 490 nm, the two-photon photodis- 
sociation of NOp yields primarily NO (X211) + 0 (3P) 
with an excess energy of approximately 15000 cm-l 
deposited in the NO vibration. The MPI spectrum of 
NO in this region is congested with hot bands. Below 
about 475 nm, the NO (X211) + 0 (lD) channel domi- 
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of neutral states until the ionization potential is 
reached, followed by ionization or autoionization. 
Photoexcitation of the resultant ions to a state capable 
of dissociation then follows. Thus, ion production and 
ion dissociation are distinct processes. Three ionization 
mechanisms are proposed.51 The first involves vibra- 
tional autoionization, as observed in the B ~ t a t e . ~ ~ ? ~ ~  
The second involves the production of vibrationally 
state-selected ions. This mechanism occurs only in the 
C' ~ t a t e . ~ ~ , ~ ~  The third mechanism involves rapid in- 
ternal conversion in the neutral manifold followed by 
excitation to quasi-discrete states which then autoionize. 
This is observed in the A and D states.51 These pro- 
posed ionization mechanisms are based upon photo- 
electron s t ~ d i e s . ~ ~ ~ ~ ~  Low (-0 eV) kinetic energy 
electrons are produced following ionization of the A, B, 
and D resonantly excited intermediate states, the origin 
of which is thought to be due to vibrational autoioni- 
zation. Higher photoelectron energies are obtained 
following ionization through the several measured C' 
vibronic intermediate states that correspond to direct 
ionization. The one-photon direct ionization from one 
of the three-photon resonant C' vibronic states is fur- 
ther confirmed by the cosinesquare distribution of the 
photoelectron angular d e p e n d e n ~ e . ~ ~  

The mass spectral results of ammonia reveal an en- 
ergy threshold for f ragmentat i~n,~~ which corresponds 
to the minimum number of photons required to reach 
the first excited state of the ion. There is no evidence 
that the nature of the intermediate bound state seri- 
ously affects the fragmentation pattern.51 Due to the 
large separation of the electronic states in the ammonia 
ionic manifold (Le., about 5 eV), the nonradiative rate 
is expected to be small. Therefore, it is unlikely that 
the electronic excitation of the NH3+ ion will be 
quenched rapidly by nonradiative transitions and that 
all of the energy pumped into NH3+ will appear as ro- 
vibrational energy in the ground electronic state, which 
leads to f ragmenta t i~n .~~ 

3. Methyl Iodide 

The 6s - 5p7r Rydberg states of methyl iodide and 
methyl iodide-d3 have been investigated by two-photon 
resonant MPI in the 49 000-55 000-cm-l region.127 In 
the 6s - 5p7r excitation, four separate transitions to 
excited states labeled 4, II, Z, and II in increasing en- 
ergy are expected.127 The Z+ - Z+ transition, although 
extremely weak in the one-photon absorption spectrum, 
has been identified by laser polarization studies and 
directly observed to be a strong feature in the MPI 
spectrum. Rotational contours indicate a large geom- 
etry change in this transition. The two II states appear 
strongly in both the one- and the two-photon spectrum. 
No evidence is found of the 4 - Z+ transition by MPI 
even though it is symmetry allowed. This could be due 
to a very small two-photon absorption cross section, a 
low probability of detection by ionization, or a combi- 
nation of both.127 

MPI studies of methyl iodide were also performed in 
the 7100-5300 and 3550-2650-A regions to look into the 
nature of the CT* - n A-band system and its photo- 
chemistry.128 The 6p - 5p7r Rydberg excitations of 
methyl iodide-h3 and -d3 are observed as two-photon 
resonances when excited in the 28 000-32 000-cm-l re- 
gion.l% From considerations of vibrational frequencies 

nates the two-photon photodissociation at  low pres- 
sures. This is reflected in the appearance of substan- 
tially less energy in the NO vibration. The static-cell 
MPI spectrum of NO2 that was taken under higher 
pressures (2 torr) remains congested all the way down 
to 420 nm. The transition from one photodissociation 
channel to the other is abrupt at low pressure, occurring 
as soon as it is energetically possible.121 The two-photon 
dissociation channels of NO2 below 500 nm are thus 
wavelength and pressure dependent. 

The single-frequency MPI of NO2 at 248 and 193 
nm122 shows the formation of NO+ comes mainly from 
the dissociation of NO2+ (i.e,, ionization preceding 
dissociation). 02+ is also present, but only as a minor 
component of the total ion current. I t  was suggested 
that it arises from the dissociation of NO2+. 

N20 has also been the subject of MPI studies a t  193 
nm.122 The principal product ion from N20 is NO+ with 
minor amounts of N20+ and 0' also present. The 
three-photon ionization of N20 may yield N20+ with 
sufficient excess internal energy to dissociate into NO+ 
and N. The multiphoton formation of 0' at  193 nm 
is attributed to the dissociation of N20 into N2 and 0 
('D) followed by the two-photon ionization of 0 (1D).122 

2. Ammonia 

MPI has been used to extensively study the excited 
electronic states of NH3. New assignments of these 
excited electronic states have been made.123-126 Ex- 
pansion-cooled NH3 has been studied in the 380-500- 
nm region with MPI and in the vacuum UV region at 
125-160 nm.126 Three of the five previously reported 
states have been reassigned. Seven additional states 
have been reported and assigned. These assignments 
are made possible because of the spectral simplification 
provided by the rotational cooling caused by the su- 
personic expansion as well as the difference in selection 
rules between multiphoton and one-photon processes. 

Among the five previously reported states A, B, C, 
D, and E, the latter three are reassigned. Through these 
states, ionization occurs via four-photon processes ex- 
cept for B(u21), B(u22) and B(u23), which result from 
five-photon ionizations. All of these ionization processes 
have three-photon resonances except for the A state, 
which represents two-photon resonant excitation. One 
principal conclusion resulting from this study is that 
nd orbitals must be included in any description of the 
NH3 excited-state manifold. This is because of the 
intense features for which they are responsible in the 
vacuum UV spectrum,126 which is in contrast to the 
previous experimental and theoretical work where they 
were excluded from consideration. There is also evi- 
dence for direct competition between photodissociation 
and photoionization in the NH3 excited states.'26 

Comparable bands for ND3 were also recorded and 
analyzed with the static-cell t e c h n i q ~ e , ' ~ ~ * ~ ~ ~ . ' ~ ~  which 
helped in the investigation of the electronic states of 

Mass spectrometric studies,jl photoelectron energy 
s t ~ d i e s , ~ ~ , ~ ~  and angular distribution analysis77 following 
the resonantly enhanced four-photon ionization of NH3 
have been performed by using the A, B, C', and D states 
as resonant intermediates. The results demonstrate 
that the MPI mechanism of NH3 involves climbing two 
different ladders.*' First, the system climbs the ladder 

NH3. 
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and intensities, the symmetries of the upper state 
components of this two-photon allowed transition have 
been assigned to A2(3/2), and its spin-orbit counterpart 
to A2(1/2). The two-photon methyl iodide resonances 
abruptly cease at  32000 cm-’. At higher frequencies 
they are replaced with those of iodine and methyl 
fragments. This correlates directly with the onset of 
a one-photon intermediate resonance in the A band of 
methyl iodide. In contrast, when pumping with light 
of one-half the above frequencies, Le., beyond 16000 
cm-’, to achieve a two-photon resonance in the A band, 
no fragment signals are observed. Instead, one sees 
three-photon resonances to the (5p?r, 6s) states of the 
parent molecule. This leads one to believe that the 
A-state components reached with a single UV photon 
are dissociative, whereas the component (A,) reached 
with two visible photons of equivalent energy is bound 
for a t  least 10 ns.lZ8 

Two-color collisionless MPI experiments on methyl 
iodide-h3 and -d3 have been performed by using 266 nm 
(1 X W/cm2) radiation and tunable radiation 
around 215 nm (2 X lo6 W / C ~ ~ ) . ’ ~ ~  The timing of the 
two laser pulses is such that they coincide within the 
ionization region, with jitter of about 1 ns. The 215-nm 
wavelength is chosen because the methyl radicals CH3 
and CD3 absorb there resonantly through the (0,O) B 
,A1’ - X 2A/ transition with the B state being very 
heavily p r e d i s s ~ c i a t e d . ~ ~ ~  When the 266-nm and 215- 
nm (tuned to B - X) pulses are applied simultane- 
ously, the CD3+ is predominantly determined by the 
following mechanism:lZ9 
CD31 + hwl (266 nm) - 
followed by selective excitation of CD3 in the (0,O) band 
CD3 (X ,Ai’, u” = 0) + h w Z  (215 nm) - 

CD3 (B 2Al’, u’ = 0) (4) 
and ionization of the excited CD3 

CD3 (x 2A2, u’? + I (2pl/2,3/2) (3) 

CD3 (B 2Al’, u’ = 0) + hal  (266 nm) - CD3+ + e- 
( 5 )  

This ionization step competes with the fast predisso- 
ciation into neutral fragments 

CD3 (B ,All, u’ = 0) - CD2 + D and/or CD + Dz 
(6) 

The same mechanism applies to CH3+, for which the 
dissociation rate in the B state is 10 times faster and 
the ionization yield correspondingly smaller.129 

CH31 is also one of the target molecules for which the 
statistical fragmentation patterns are calculated by the 
maximal entropy model13 and on which the experi- 
mental appraisal of the maximal entropy theory is 
performed by the alternative ionization pathway test.14 

4. rrans- I ,  SButadiene 

trans-1,3-Butadiene is an example in which the 
multiphoton selection rules are effective in removing 
the restrictions on transitions of molecules with a center 
of inversion. It is the smallest polyene and a subject 
of extensive theoretical inve~t igat ion. l~~J~l  The MPI 
spectrum of trans-1,3-butadiene has been measured in 
the 365-468-nm r e g i ~ n , ~ ~ J ~ O  which covers most of the 
region of interest for the bound states of the molecule. 
A two-photon allowed transition has been observed with 
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one-photon energy above 405 nm. From the vibronic 
structure of this state, it has been assigned as having 
‘B sy”etry.lW The polarization characteristics of the 
MbI spectra are consistent with the symmetry assign- 
ment of the two-photon Investigation of the 
pressure broadening of the thermal lensing spectra 
confirms the Rydberg assignment for the g state.13’ 
Besides this two-photon allowed transition, many 
three-photon resonances with Rydberg states are ob- 
served in the four-photon ionization. This corresponds 
to laser photons with less energy than 405 nm. A new 
series with a quantum defect of 0.04 is identified.130 
However, within the energy region studied (42 700- 
54 800 cm-l in two-photon energy) no state was found 
for which the lA, symmetry designation could be 
made.130 

The laser ionization mass spectrometric experiments 
have also been performed on trans-1,3-butadiene at an 
excitation wavelength of 368.8 nm,54J16 which shows 
that the REMPI process yields considerably more 
fragmentation than does EI.45154J16 An analysis of the 
energetics of fragment ion formation has shown that at 
least six UV photons are absorbed per parent molecule 
undergoing REMPI at the 0,O resonance near 387 
nm.54116 

B. Medium-Sized Organic Molecules 

1. Benzene 

Benzene has been the most extensively studied 
molecule to date using MPIDMS.46~55~57~59J33-143 In ad- 
dition to this, photoelectrona1J06 studies and some 
theoretical ~ o r k ~ ~ ~ ~ J ~  have also been done on this 
molecule. 

The mechanism by which benzene ionizes and frag- 
ments was first studied in detail by Schlag and his 
group in a series of experiments over several years. In 
the earliest of these,46 the doubled output of a N2- 
pumped dye laser was used to ionize benzene by a 
one-photon resonant (6l transition within the lBZu 
manifold), two-photon ionization process. It was shown 
that under “soft” ionization conditions, it was possible 
to create exclusively the molecular ion. It was also 
noted that a small peak which occurred at  mle  79 
corresponded to heavy benzene (12C513CH6). In a nat- 
ural mixture of benzene, this species should represent 
approximately 6% of all species that are present. It 
should be noted that in the MPI mass spectrum the 
peak intensities will not necessarily be in this ratio 
owing to the different absorption cross section of the 
two species at the laser wavelength being used. This 
was the basis of the isotope separation experiments 
originally proposed by Let0kh0v.l~~ 

In the original experiments, one- and two-color 
techniques were used in conjunction with a quadrupole 
mass analyzer. It was reported by Boesl et that 
under some circumstances it was desirable to use the 
quadrupole mass analyzer as a simple time-of-flight 
mass spectrometer. This could be done by applying no 
ac signal to the quadrupole rods and using the device 
simply as a drift tube. This had the advantage of 
generating an entire mass spectrum in a single laser 
pulse. 

In the same publicati0n,5~ the fragmentation mech- 
anism of benzene was examined after it was shown that 
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the parent ion could be exclusively generated by ex- . 
citing the 6113 transition within the lBzu manifold with 
241.61 nm radation, by a one-photon resonant, two- 
photon ionization process. After 17 ns, a second laser 
pulse of wavelength 483.2 nm was brought into common 
focus with the first pulse. This caused extensive frag- 
mentation of the parent ion. 

The total integrated ion current did not change 
however. This indicated that the new ions may be 
created from the molecular ion. Because of the delay, 
excitation of lB2, benzene by the visible laser pulse was 
precluded. These results indicate that the parent ion 
may be the predecessor of all other fragment ions in the 
benzene MPID. The neutral absorbing past the ioni- 
zation threshold to a superexcited state can be ruled out 
under these experimental ~0nditions.l~ 

In a similar experiment,135 it was shown that under 
conditions of moderate laser power, ionic fragments 
created by the absorption of photons by the parent ion 
can also absorb photons to create even smaller frag- 
ments. This was done by separating the different 
fragments in the acceleration region of a time-of-flight 
mass analyzer and then selectively exciting certain 
packets of ions. It therefore becomes possible to se- 
lectively irradiate specific ion packets (C4HX+ for ex- 
ample where X = 0, 1, 2, 3, 4) created by the first pulse 
by the second pulse and measure the subsequent change 
in the fragmentation pattern on the basis of the dis- 
tance from the ionization source. 

In another early experiment, Zandee et al.% examined 
the fragmentation of benzene utilizing a single-color 
quadrupole technique. The laser wavelength was first 
chosen to be variable, ranging between about 385 and 
395 nm. This represents a two-photon absorption 
within the IEl, manifold. The mass-resolved ion current 
was taken as a function of wavelength for each group 
of fragments (C1-containing species, C2-containing 
species, etc.). The resulting production spectra were 
found to be quite similar. This suggests that in the 
two-photon resonant, multiphoton ionization dissocia- 
tion of benzene that the initial two-photon absorption 
step is rate determining in the formation of different 
ionic fragments a t  the laser intensities used. This as- 
sumption was previously made for the ionization pro- 
cess in MPI polarization studies.28 

Currently, the vast majority of work involving the 
multiphoton ionization mass spectra of molecules has 
been done through the use of high-power lasers that 
produce nanosecond pulses. Only recently has 
MPIDMS work appeared that use picosecond pulsed 
 laser^,^'-^^ one of which was on benzene.57 

Observations on the ionization and dissociation of 
benzene might argue against the superexcited-state 
mechanism for this system. Divalent benzene cation 
(C6Hs2+) is not observed in the MPID mass spectra 
despite the fact that its formation threshold of 26 eV145 
is lower than the appearance potential of the C+ ion, 
which is observed. This points to preferential switching 
within the ionic manifold in favor of smaller daughter 
ions whenever possible. 

Pandolfi et  al.139 have performed experiments de- 
signed to examine whether or not neutral fragments 
ionize and therefore contribute to the overall ion current 
observed for smaller fragments. This was done through 
the use of a variable repelling voltage study. In this 

two-color experiment, the repelling voltage of a time- 
of-flight instrument is varied at constant laser powers, 
wavelengths, pulse widths, and delays between pulses. 
High repelling voltages have the effect of moving ions 
created by the first pulse out of the focus of the second 
pulse. Therefore, only neutral fragments created by the 
first pulse would be subjected to the second pulse. 
Comparison of the mass spectrum at high repelling 
voltages to the mass spectrum taken a t  low repelling 
voltages at different wavelengths of the delayed laser 
could in principal access the presence of and the mass 
spectrum resulting from the interaction of the second 
laser pulse with any neutral fragment generated by the 
first laser pulse. In benzene, neutrals contribute neg- 
ligibly to the mass spectrum, in agreement with the 
conclusions of Boesl et a1.60 

Two metastable transitions involving the elimination 
of H and H2 to form C6H5+ and C6H4+ from the mo- 
lecdar ion have recently been reported by Boesl et 
In this experiment, a reflectron-type time-of-flight in- 
~ t r u m e n t ' ~ ~  was employed to extend the detectability 
of metastable peaks to approximately 25 ws. A single- 
color technique was utilized with 259.01-nm radiation. 
The reported mass resolution of the device was 3900 at 
78 amu. 

Bernstein and Newton used both electron impact and 
high-power pulsed lasers to study the fragmentation 
behavior of benzene and several of its monosubstituted 
anal0g~es. l~~ Concerning benzene, several experiments 
were performed. In the first of these, electron impact 
(EI) was used to ionize and fragment benzene in the 
source of a modified, commercial time-of-flight mass 
spectrometer. The resulting ensemble of ions was then 
subjected to the 560-nm, 29 mJ/pulse output of a 
flashlamp-pumped dye laser. Mass spectra were then 
recorded as a function of the electron energy. By sub- 
tracting the E1 mass spectra from the EI/laser modified 
mass spectra, it was possible to determine which ions 
were being generated and which were being fragmented 
by the laser radiation. The overall ion current remained 
constant, indicating that no new ions were generated 
by the laser pulse alone. By recording a series of dif- 
ference spectra a t  several different electron energies, 
Bernstein and Newton147 were able to quantitatively 
determine the fragmentation routes of each ion in the 
mass spectrum. It was noted that in comparison to 
similar experiments done on monosubstituted benzenes, 
there was no major fragmentation pathway for the 
benzene radical cation. This was shown to be the case 
by the large number of small fragment ions that grew 
in a t  the expense of relatively incomplete destruction 
of the parent ion. Ion cyclotron resonance results148 
reveal that at  560 nm, at least two photons are needed 
to reach the appearance potential of the energetically 
least expensive daughter fragment. 

In another series of  experiment^,'^^ the wavelength 
dependences of the EI/laser experiments were taken. 
The results indicated that there was not an appreciable 
difference in the resulting difference spectra between 
413 and 433 nm and 20-eV electron impact. 

An inference is made that the benzene ion as well as 
the smaller fragments can photodissociate over the 
entire visible spectrum. The energy of two such pho- 
tons easily exceeds the appearance potential of many 
daughter fragments from the ground state of the mo- 
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lecular ion thereby supporting this argument. The lack 
of wavelength dependence could also be explained in 
terms of vibrational excitation remaining in the mo- 
lecular ion after preparation by electron impact. This 
might tend to wash out any wavelength dependence in 
the resulting photodissociation spectrum. 

Perhaps the strongest support for the mechanism 
suggesting that the parent ion is the precursor of all the 
smaller ion fragments in benzene came from the study 
of the kinetic energy of the electrons ejected in the MPI 
process.81J06 The kinetic energies of the ejected elec- 
trons fell within a very narrow region suggesting that 
continuum absorptions leading to the formation of su- 
perexcited states and the subsequent ejection of elec- 
trons differing in energy by hu may be ruled out. 
Furthermore, dissociation to smaller species followed 
by ionization (i.e., the DI mechanism) can also be ruled 
out for benzene since the different neutral fragments 
would give electron kinetic energy distributions dif- 
ferent from that of benzene. The work of Long et a1.80 
reveals the vibrational structure within the multipho- 
ton-induced photoelectron spectrum of benzene. 
Analysis of such results should provide clues as to the 
geometry of the ion as well as the nature of intermediate 
electronic states that were used to ionize the molecule. 

Approximately 3000 cm-’ above the A - X transition 
in benzene, a sharp decrease in the fluorescence quan- 
tum yield is observed in conjunction with a rapid in- 
crease in absorption line broadening. The exact cause 
of this observation, which is commonly called “channel 
three” has been the subject of an active area of re- 
~ e a r c h . ~ ~ ~ ~ ”  Recently, multiphoton ionization photo- 
electron spectroscopy (MPIPES) has been used in an 
attempt to elucidate the dynamical mechanisms giving 
rise to channel three.151J52 

Upon excitation to the ground ionic state via a one- 
photon resonant, two-photon ionization process via the 
S1 (lB2,) state, benzene undergoes very little geometric 
change indicating that Av = 0 is the most probable 
tran~iti0n.l~‘ This “selection rule” was utilized to study 
intramolecular vibrational redistribution (IVR) that is 
occurring within the lBzu manifold by monitoring the 
photoelectron signal as a function of excess energy 
above the lBzu origin. Because of the Av = 0 rule, vi- 
brational modes that are populated within the lB2, state 
should be populated within the ground state of the 
molecular ion, assuming that IVR doesn’t occur. If 
however, IVR occurs before the second photon can be 
absorbed to yield the molecular ion, all memory of the 
initially prepared state is lost. Instead, ionization occurs 
from any one of a number of isoenergetic states, which 
will lead to their corresponding vibrational states of the 
molecular ion being p0pu1ated.l~~ The photoelectron 
spectrum of benzene prepared in this manner contains 
readily identifiable vibrational features as well as a 
broad, featureless ba~kgr0und . l~~  Achiba et al.151 ob- 
served that with increasing energy above the lBzu origin, 
the broad, featureless portion of the photoelectron 
signal increased relative to the sharp photoelectron 
signal. This was attributed to an increase in the IVR 
rate with increasing excess energy above the lBzu ori- 
gin.151 

Considering the laser power and lens focusing pa- 
rameters that could be used to estimate the ionization 
rate, Achiba et al.151 were able to determine the mag- 
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nitude of the IVR rate to be around s-l and 
hence concluded that IVR was the responsible mecha- 
nism for channel three in benzene. 

2. 2,4-Hexadiyne 

By calculating the ionization rate as a function of 
laser peak power and focusing parameters, Achiba et 

were able to estimate the rate of a dynamical 
process that was occurring on a time scale 2 orders of 
magnitude faster than the laser pulse duration. The 
rates of dynamical processes occurring on the picose- 
cond time scale have been measured by El-Sayed et al. 
for 2 , 4 - h e ~ a d i y n e ~ ~ J ~ ~ - l ~ ~  and more recently for m-di- 
chl~robenzene.’~~ These experiments use mass analysis 
instead of photoelectron analysis (although it would be 
expected that photoelectron analysis might yield com- 
plimentary information). More importantly however, 
these sets of experiments utilized a picosecond laser 
source58i153-156 vs. the nanosecond source used by Achiba 
et a l . 1 5 1 9 1 5 2  to measure the dynamical processes occurring 
within the neutral and ionic manifolds. Through the 
use of a two-color pump-pump technique in which the 
relative delays between the two picosecond laser pulses 
ranges from picoseconds to nanoseconds, it was shown 
that it was possible to measure dynamical processes 
occurring on both the nanosecond and picosecond time 
scales simply by observing changes in the mass spectra 
that occur via the multiphoton ionization dissociation 
process. 

In one experiment, the second (532 nm) and fourth 
(266 nm) lines of a Nd:YAG laser, producing 25-ps 
pulses, are used. The ionization potential of 2,4-hexa- 
diyne is less than 9 eV meaning that it can be ionized 
with two 266-nm photons. The 532-nm laser pulse and 
the 266-nm laser pulse are separated by a variable delay 
ranging from 0 to 10 ns. Ionization occurs via a one- 
photon resonant absorption through S1 followed by the 
sequential absorption of two 532-nm photons. In the 
absence of the 266-nm laser pulse, no ion signal is ob- 
served, indicating that the 532-nm laser pulse alone is 
of insufficient intensity to cause ionization. When the 
532-nm laser pulse precedes the 266-nm laser pulse, the 
ion signal produced is identical to that produced from 
the 266-nm pulse alone. When the 532-nm laser pulse 
follows the 266-nm laser pulse, the parent ion signal 
decreases slightly. When, however, the two laser pulses 
overlap in time, the parent ion signal more than dou- 
bles. A plot of the parent ion intensity vs. relative delay 
yields a spike at  zero delay whose width is approxi- 
mately 50 ps. This feature is virtually identical to a 
standard autocorrelation trace that was used to deter- 
mine the pulse width of the laser. This indicates that 
the process giving rise to the spike at  zero delay is 
significantly shorter than the pulse width of the laser. 
This result can be explained in terms of a very rapid 
radiationless process occurring from the S1 state of the 
molecule against which the addition of the 532-nm laser 
pulse helps to compete. This process is faster than the 
laser pulse meaning that transient absorption of the 
532-nm laser photons can only occur when the two laser 
pulses are overlapped in time. 

3. Benzaldehyde 

Benzaldehyde displays different fragmentation be- 
havior than benzene under similar excitation conditions. 
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The overall efficiency of ionization is approximately 2 
orders of magnitude smaller for benzaldehyde than for 
benzene even under conditions of one-photon resonant, 
two-photon ionization through S2.137 At threshold 
power densities for the observation of ion signal, using 
266-nm excitation, the molecular ion is not the domi- 
nant species observed. 

Benzaldehyde was one of the first molecules studied 
by MPIDMS. Antonov et al.63 employed a two-color 
technique in conjunction with a magnetic mass analyzer 
to study its ionization and fragmentation behavior. In 
this experiment, two fixed-frequency lasers were used. 
The first was a nitrogen laser (3.7 eV), which excited 
benzaldehyde to its S1 state. The second pulse was from 
a hydrogen laser (7.7 eV), which ionized the excited 
benzaldehyde. By varying the delay between the two 
fixed-frequency laser pulses, it was possible to probe the 
up-pumping kinetics of the ionization process. Even 
with delays in the hundreds of nanoseconds, no sig- 
nificant decrease in the overall ion current was detected 
even though one photon from each laser was needed to 
reach the ionization continuum and neither alone had 
sufficient power to allow a multiple-photon direct ion- 
ization to occur. The decrease that was measured was 
directly attributable to the movement of ions out of the 
common focus of the two pulses. This indicates that 
the lifetime of the excited state is very long. Antonov 
et proposed an explanation involving a rapid in- 
tersystem crossing into the triplet manifold followed by 
direct ionization from the triplet state. 

The extensive fragmentation that is observed and the 
low levels of ion signal, even under the favorable ioni- 
zation conditions of a one-photon resonant (with the 
S, state), two-photon ionization scheme suggest that 
benzaldehyde may dissociate before it ionizes under 
certain experimental conditions. 

This hypothesis was suggested by Antonov in an at- 
tempt to explain observations utilizing 249-nm excita- 
t i ~ n . ' ~ ~  Similar results, utilizing 193-nm photons were 
reported by DeC0rp0.l~~ Ion signals 2 orders of mag- 
nitude lower for benzaldehyde than for benzene were 
recorded even though 193-nm radiation is resonant with 
the strong Sz band of that molecule, and two 193-nm 
photons would easily exceed its ionization potential of 
9.51 eV.137 

El-Sayed et al.157 noted that the fragmentation pat- 
tern of benzaldehyde displays a strong wavelength de- 
pendence. Utilizing 266-nm radiation, as with 249- and 
193-nm radiation,140 it is impossible to exclusively 
generate the parent io of that molecule under any 
condition of laser power. The C6HX+ daughter may be 
generated as the predominant ion only near threshold. 
This is not surprising considering that at those wave- 
lengths three photons are required to reach the ioni- 
zation continuum. Three 266-nm photons leave the 
molecular ion with approximately 4 eV of excess in- 
ternal energy (3hv - IP). Therefore, if the parent ion 
were formed before the neutral fragmented, it might be 
endowed with too much excess internal energy to re- 
main intact. 

However, if one uses radiation at around 260 nm, it 
is possible to reach the ionization continuum via a 
one-photon resonant (via the Sz state), two-photon 
ionization process endowing the parent ion with little 
if any excess internal energy. Under these conditions, 

it was still impossible to generate exclusively the parent 
ion.157 This suggests that the molecule might be dis- 
sociating before it ionizes. Furthermore, comparison 
of the parent-like species with the C6HXf daughter 
fragments as a function of laser power suggests that 
there is a competition between dissociation into C6H6 
and CO followed by ionization and fragmentation of 
C6H6 and ionization followed by fragmentation of the 
parent molecule. The power-dependence results are 
similar for both the two-photon ionization process (260 
nm) and the three-photon process (266 nm). 

If the system is excited within the S1 manifold (?r* - n), it is possible to generate the parent ion exclusively 
under conditions of moderately low laser power. Uti- 
lizing 355-nm radiation which would be one-photon 
resonant with the S1 state of benzaldehyde, it should 
be possible to ionize the system via a one-photon re- 
sonant, three-photon ionization process that would en- 
dow the molecular ion with about 1 eV of excess in- 
ternal energy. Careful power-dependence studies com- 
paring the parent ion to the C6HX+ daughters at 355 
nm suggest that only one mechanism is responsible for 
the observed ionization/fragmentation behavior. 

These results suggest that the actual fragmentation 
pattern generated is intimately related to the inter- 
mediate states that are used to connect the ground state 
of the system to the ionization continuum. If one of the 
intermediate electronic states (S, in the case of 266 nm 
and 260 nm excited benzaldehyde) is dissociative, it 
may never be possible to observe the parent ion. If 
however, it is possible to overcome this pathway by 
increasing the laser power, it may become possible to 
"protect" the parent ion simply by increasing the laser 
power. If, on the other hand, the intermediate state 
does not undergo any type of decomposition (SI in the 
case of 355 nm excited benzaldehyde) it should be 
possible to observe the parent ion exclusively under 
threshold-power  condition^.'^^ The amount of excess 
internal energy that the molecular ion is endowed with 
also contributes to the observed fragmentation pattern. 
In the case of the three-photon ionization utilizing 
266-nm radiation, the parent ion will have more than 
4 eV of excess energy. On the other hand, in the 
three-photon ionization of benzaldehyde using 355-nm 
radiation, the molecular ion will have only about 1 eV 
of excess internal energy. Therefore for this study, it 
was necessary to obtain the two-photon ionization mass 
spectrum with 260-nm laser light. In this manner, a 
molecular ion with essentially no excess internal energy 
could be obtained and compared to the three-photon 
process with 355-nm radiation in which the molecular 
ion also had very little excess internal energy. 

Multiphoton ionization induced photoelectron spectra 
of benzaldehyde have been reported by Long.80 Com- 
parisons were made between the MPI photoelectron 
spectrum generated by benzaldehyde and that gener- 
ated by benzene using a time-of-flight photoelectron 
energy analyzer. It was shown that the results are 
identical when using 258.9-nm radiation. This laser 
wavelength excites the 6l transition within the lBzu 
manifold of benzene and excites within the Sz vibronic 
manifold of benzaldehyde. Two such photons are 
sufficient to ionize either molecule with little excess 
internal energy going to the ion. It is suggested that 
under these experimental conditions, benzaldehyde is 
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fragmenting via a rearrangement process to form mo- 
lecular benzene, which in turn ionizes. 

4. Acetaldehyde 

Because acetaldehyde has a low symmetry (CJ, all 
transitions are both one- and two-photon allowed. One 
reason that it was chosen for study was to try to un- 
derstand its apparently large two-photon cross section 
and the nature of the intermediate states inv01ved.l~~ 

The MPI spectrum of acetaldehyde has been re- 
corded in a parallel-plate cell in the 358-368-nm re- 
gion,158J59 in which the two-photon energy is resonant 
with the 3s - n Rydberg transition. The Rydberg 
nature of this two-photon resonant state has been 
confirmed by the observation of a broadening of the 
spectral features with the addition of -80 atm of argon. 
The 55 040.9 cm-' transition was assigned as 3s - n. A 
detailed vibrational analysis in the region close to the 
origin shows that most of the activity is due to the 
torsional vibration (V15) and the CCO deformation 
(V10).158J59 The vibrational analysis also shows that the 
molecule remains planar in the resonant state and that 
the methyl group torsional barrier has a value of 750 
f 25 cm-' in this excited state, compared to 413 cm-' 
in the ground state.158J59 Theoretical calculations158J60 
as well as experimental resultslmJm establish no change 
in the methyl-group conformation upon excitation, i.e., 
one of the methyl-group hydrogens is in-plane and x-cis 
to the oxygen atom, although these calculations fail to 
reproduce the experimentally observed barrier in the 
excited ~ t a t e . ' ~ ~ J ~ ~  The extraordinarily intense MPI 
signal from acetaldehyde is likely due to the near res- 
onance of the first absorbed photon with the (n, T*) 
state.158 The circular-to-linear polarization ratio of ion 
intensities is found to vary from 0.08 to 0.8 depending 
upon the laser power and sample pressure. This range 
of values reflects the additional polarization effects of 
the postresonant ionization  step(^).'^^ 

The MPI mass spectra of acetaldehyde using (0 - 
0) and ( u i 0  - 0) two-photon resonant transitions show 
extensive fragmentation of acetaldehyde under certain 
experimental conditions.& Different ionic species such 
as CH2CHO+, CH3CO+, CHO', CH4+, CH3+, and CH2+ 
are observed. These individual ion yields have been 
recorded in the 360-364-nm region, and their variation 
with laser power has been investigated at both the or- 
igin and ( u ' ~ ~  - 0)  transition^.^^ Although a consider- 
able deviation from a simple power law can be found 
for some of the fragments, the dependences go ap- 
proximately as IP where p = 1.17 f 0.07 for CH3CHO+, 
up to p = 3.54 f 0.09 for CH3+, for the two-photon 
resonant transition through the origin.& The total ion 
production (collected in the mass spectrometer) varies 
as IP with p = 2.19 f 0.08 for that same t r a n ~ i t i o n . ~ ~  

One of the more interesting results in the MPI mass 
spectra of acetaldehyde is the formation of CH4+.48r159 
In order to study the rearrangement process that the 
system must undergo in order to generate this species, 
MPI and MPI mass spectra of deuterated acet- 
aldehydes were taken.159J61 The MPI mass spectra of 
CH,CDO, CD,CHO, and CD3CD0 have been studied 
in the wavelength region corresponding to the two- 
photon resonant 3s - n Rydberg transitions in a par- 
allel-plate cell.159 The origins are at 55 111.9, 55 138.0, 
and 55 209.2 ~111-l.l~~ Vibrational analysis confirms that 
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the molecule remains planar in the resonant state and 
that the methyl group torsional barriers have values of 
770 f 25 and 780 f 25 cm-' in the respective molecules 
compared to the ground state values of 413,410, and 
408 ~111-l.l~~ 

MPI mass spectrometry has been carried out on 
CD3CH0 at the origin of the two-photon resonant 3s - n Rydberg transition at 55 138.0 cm-l.161 Variation 
of individual ion signals is obtained as a function of 
laser Higher energy threshold fragments are 
found to exhibit a greater degree of scrambling (with 
some variation of scrambling with laser flux). In the 
case of the CD3+/CD2D+ ion pair, the CD2H+ scrambled 
product dominates, although in no case does the 
scrambling reach the statistical limit obtained by as- 
suming that all hydrogenic species are chemically 
equivalent. The lower energy fragments CD,CO+/ 
CD2HCO+ and CHO+/CDO+ exhibit behavior that is 
very far from statistical, while the higher energy frag- 
ments are within a factor of 2 of the statistical limits.161 
The isotopic selectivity of the MPI mass spectra for 
mixtures of CD,CDO/CH,CHO is demonstrated. The 
partially deuterated products in these MPI mass 
spectra are not found, indicating that the scrambling 
in CD,CHO is intramolecular rather than collisionally 
induced.161 

5. Aniline 

Under 266-nm laser excitation of aniline, a broad, 
asymmetrically distorted mass peak at m / e  66 is ob- 
served. This peak has been suggested to result from 
the decomposition of a metastable parent ion to form 
C5H6+ and HCN.162 Several recent MPI mass spectro- 
metric studies have devoted themselves to the study of 
this decomposition p a t h ~ a y . ' ~ ~ J ~ ~  By varying the ex- 
citation frequency of the incident laser, it was possible 
to endow the molecular ion with varying amounts of 
internal energy. This excess internal energy affects the 
rate of unimolecular decomposition of the molecular 
ion. The rate of decomposition may be measured by 
studying the shapes of the metastable peak as a func- 
tion of incident laser wavelength. 

Further qualitative results involving the MPI mass 
spectrum of aniline and several of its derivatives are 
reported by Rettner et al.,140 Leutwyler et al.,164 and 
Boesl et al.165 Leutwyler(l) used aniline as an example 
of the isotopic selectivity present in the resonantly en- 
hanced two-photon ionization process. Small shifts in 
the absorption profiles allow one to preferentially ionize 
one species. 

6. Tertiary Amines 

The four amines that will be discussed in this section 
are (1) trimethylamine, (2) triethylamine, (3) tri- 
ethylenediamine (DABCO), and (4) quinuclidine 
(ABCO). Trimethylamine and triethylamine represent 
open-chain amines, and DABCO and ABCO represent 
caged amines. 

The laser wavelength and power dependences of the 
MPI fragmentation patterns were studied for all four 
systems.l@ The wavelength region studied corresponds 
to three- and four-photon ionizations with two-photon 
energies in resonance with the 3p and 3s Rydberg states. 
In the 400-530-nm wavelength region N(CH,), ionizes 
to  yield the parent and fragments only by the loss of 
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an H atom. N(C2H5)3 ionizes to its parent ion and 
fragments by the loss of a methyl group. The frag- 
mentation patterns in this wavelength region are found 
to be independent of the laser intensity over a broad 
range of powers but strongly dependent upon the laser 
wavelength. This implies that the parent and daughter 
ions are essentially nonabsorbing at  these laser wave- 
lengths, and therefore, the extent of daughter-ion for- 
mation is governed only by the amount of excess energy 
available from the initial three- or four-photon ioniza- 
tion event. However, a t  shorter wavelengths such as 
355 nm, both molecules do begin to fragment more 
extensively, and the fragmentation patterns become 
intensity dependent. 

DABCO (diazabicyclooctane) and ABCO (azabicy- 
clooctane) have been the subject of several MPI spec- 
troscopic investigations in which the richly structured 
spectra of these two compounds have been s t ~ d i e d . ' ~ ~ J ~  
These species possess several features that make study 
by laser multiphoton ionization attractive. The first is 
the abundance of richly structured spectral lines cor- 
responding to bound Rydberg states, which makes 
resonance-enhanced MPI and MPIDMS possible. The 
second is the relatively low ionization potentials of 
these, as well as the open-chained amines (all <8 eV), 
which makes ionization possible with the absorption of 
several low-energy visible photons.166 

DABCO and ABCO have been the topic of two recent 
multiphoton ionization mass spectrometric s t ~ d i e s , l @ J ~ ~  
in which the fragmentation patterns were studied as a 
function of laser power and wavelength. As would be 
expected, it was determined that the extent of frag- 
mentation of the two caged amines increases with in- 
creasing laser power. 

Perhaps the most interesting conclusion that may be 
drawn from the comparison of the open and caged 
amines has to do with the nature of the intermediate 
resonant states through which the neutral molecules are 
excited in order to reach the ionization continuum. It 
has been noted that the open amines consist of rela- 
tively diffuse features owing to the large number of 
conformers associated with each system (i.e., internal 
rotation of the alkyl groups with respect to one anoth- 
er). In the caged systems however, no such rotations 
are possible. Therefore, the resultant spectra are much 
sharper than their open-chained counterparts. It has 
been shown that because of this, resonant excitation of 
the caged amines produces a mass spectrum which is 
extremely dependent upon the laser power, whereas 
resonant excitation of the open amine is only slightly 
power dependent over a wide range of laser po~ers . '@J~~ 

7. Alkylbenzenes and Halobenzenes 

DeCorpo et al.137 reported an MPI mass spectrum 
taken by using the output of an ArF laser (193 nm) from 
toluene and compared the results to the conventional 
E1 mass spectra taken at 10 and 70 eV. It was noted 
that the total ion current observed in the MPI mass 
spectrum was slightly larger (about X1.5) than for 
benzene and more than 2 orders of magnitude larger 
than the observed ion current in the MPI mass spec- 
trum of benzaldehyde using 6.42-eV (193 nm) photons. 

Squire et al.142 reported wavelength and power de- 
pendence on toluene and drew comparisons and con- 
trasts to its behavior compared to benzene and fluoro- 

benzene. In the first set of experiments, the laser was 
tuned to the 14; two-photon Lb resonance of benzene, 
fluorobenzene, and toluene at 504.4 nm, 507.6 nm, and 
512.4 nm, respectively. As expected, a near quadratic 
power dependence is observed in the low-power region 
when measuring the total ion current, indicating that 
the initial two-photon resonant excitation is the rate- 
limiting process leading to ionization and fragmenta- 
tion. 

It was interesting to note in this initial experiment 
that although the power laws were similar, the total ion 
yield was significantly higher (X4) for benzene than for 
either toluene or fluorobenzene. Goodman and Rava170 
have put forth the argument that the amplitude of the 
two-photon 14; transition in benzene should be inde- 
pendent of the substituent groups. Squire et al.142 
therefore propose the argument that the disparity in 
the total ion signal at the same laser power between 
these three compounds is due to the difference in 
transition probabilities out of the Lb state rather than 
the two-photon excitation into it. 

By repeating the same experiments at 500 nm for 
these three compounds, Squire et al.14' examined the 
nonresonant excitation behavior. A quadratic power 
dependence behavior is also observed for all three 
compounds, even though no real vibronic states within 
the L b  envelope are resonant with 500-nm radiation for 
any of these compounds. This time however, the total 
ion yields are reversed. That is, at the same laser power, 
the total ion yields for fluorobenzene and toluene are 
significantly larger than for benzene. These differences 
could be explained in terms of the model proposed by 
Goodman and Rava.170 The 500-nm off-resonance sig- 
nal of toluene in this model is significantly less forbid- 
den than for fluorobenzene. 

Recently, Meek et al.91 have reported the vibration- 
al-state distribution of the toluene radical cation from 
the kinetic energy analysis of the photoelectrons ejected 
in the multiphoton ionization process. This work rep- 
resented a significant improvement in the resolution 
that could be obtained from a time-of-flight photo- 
electron spectrometer using a multiphoton ionization 
source. By resolving the vibrational structure within 
the ground-state ionic manifold, it became possible to 
accurately determine the ionization potential of the 
molecule. This is done by subtracting the energy of the 
most energetic electron observed in the photoelectron 
spectrum (which would correspond to the origin of the 
ground-state electronic manifold of the ion) from twice 
the laser photon energy (assuming a one-photon reso- 
nant, two-photon ionization process). By tuning the 
laser to the SI - So origin within the neutral manifold, 
it was possible to generate significant quantities of the 
ion without any vibrational quanta in its ground elec- 
tronic state. In no case were any photoelectrons ob- 
served that corresponded to the absorption of photons 
past the ionization threshold. 

Anderson et aLg2 have recorded high-resolution pho- 
toelectron spectra of chlorobenzene by pumping various 
vibrational levels of the intermediate 'B2 state in a 
one-photon resonant, two-photon ionization process. 
Again there was never any suggestion of a continuum- 
continuum absorption leading to a superexcited state 
and the ejection of photoelectrons more energetic than 
a single laser photon. Spectra were recorded in a 
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variable repelling voltage technique139 suggest that 
ionization precedes dissociation in phenol. 

A two-color experiment utilizing a time-of-flight mass 
analyzer was performed by El-Sayed et al.17 The two 
laser frequencies were fixed in two separate experi- 
ments. In the first of these experiments, the molecular 
ion was generated via a one-photon resonant, two- 
photon ionization process. Then, a second pulse at 532 
nm was cofocused with the ionizing pulse at a variable 
delay ranging from 0 to 50 ns. With the delay of 50 ns, 
it was observed that the 532-nm pulse selectively frag- 
mented the C5H6+ daughter while leaving the parent ion 
virtually intact. When the two laser pulses were made 
coincident in time, it was found that the parent ion 
fragmented in addition to the daughter. When the 
experiments were repeated with 355-nm laser radiation 
used in place of the 532-nm laser radiation, it was ob- 
served that the molecular ion was fragmented whether 
or not the second pulse was delayed from the ionizing 
pulse. 

These results are explained17 in the context of the 
electronic states of the molecular ion. These are 
available from the photoelectron spectra.172 The first 
excited state of the molecular ion lies approximately 2 
eV in energy higher than the ground state. Absorption 
of a 532-nm photon from the first excited state would 
leave the molecular ion with sufficient energy to frag- 
ment. However, absorption of a 532-nm photon from 
the relaxed excited electronic state might have either 
a small probability or insufficient energy to fragment 
the parent ion. Absorption of a 355-nm photon from 
the relaxed state seems to have sufficient energy and 
absorption probability to cause fragmentation. 

What is interesting about the observed results in the 
above experiments is that the C5H6+ ion fragments 
under all experimental conditions. From these results, 
it must be assumed that the C5H6+ species absorbs 
strongly at both 532 and 355 nm. At the same time, it 
is known from the photoelectron data that the molec- 
ular ion absorbs at  355 nm but not at 532 nm. 

time-of-flight photoelectron spectrometer using laser 
energies ranging from about 266 to 270 nm. Four 
multiphoton induced photoelectron spectra were re- 
corded at  wavelengths of 269.9 nm, 267.78 nm, 267.18 
nm, and 266.11 nm corresponding to the 0,O band, U18b, 
uh, and U6b, respectively, within the lB2 state of neutral 
chlorobenzene. 

It was found that the resultant photoelectron spectra 
varied dramatically as a function of the intermediate 
vibronic state. For example, Anderson et al?2 observed 
that if the 0,O transition within the lB2 state was ex- 
cited, the chlorobenzene molecular ion was generated 
almost exclusively in its vibrational ground state. By 
pumping U18b within the 'B2 manifold of the neutral 
molecule, it was found that a distribution of vibrational 
levels within the ion resulted. The largest group of ions 
was generated with one quantum of U18b excitation. 
Finally, when the 6ak band was pumped within the S1 
manifold of the neutral molecule, a vibrational pro- 
gression in 4, in the ion resulted. These observations 
proved that by tuning to different vibrational levels of 
the intermediate electronic state, one could control the 
nature of the final state vibrational modes. This opened 
up the possibility of populating nontotally symmetric 
vibrations in the ionic manifold. This cannot be done 
in conventional photoelectron spectroscopy. 

Takenoshita et al.17' reported the MPI mass spectra 
of several xylenes utilizing 193- and 248-nm excitation 
produced from excimer lasers. Aside from the resem- 
blance in the fragmentation patterns, which would not 
be unexpected considering the similarity between o- 
xylene and p-xylene, one interesting result was noted. 
Using both 193-nm excitation and 248-nm excitation 
resulted in a one-photon resonant, two-photon ioniza- 
tion process. Using the 193-nm output of an ArF ex- 
cimer laser, one would expect a larger total ion yield. 
This is because 193 nm excites the S2 (T* - T )  of p- 
xylene, which has an absorption cross section more than 
2 orders of magnitude larger than for the corresponding 
S1 (T* - n) transition, which the 248-nm KrF excimer 
laser excites. In fact, it is observed that the overall ion 
signal generated by the 193-nm laser pulse is only half 
of that generated by the KrF laser pulse. It was sug- 
gested by Takenoshita et al.171 that this is due to a 
decomposition that produces neutral fragments through 
a superexcited state of p-xylene. El-Sayed et al.157 used 
a similar explanation to describe the low ion signal 
intensities that were observed upon S2 multiphoton 
excitation of benzaldehyde. At 248 and 193 nm, which 
excited the SI and S2 states, respectively, of p-xylene, 
the differences in fragmentation patterns were con- 
trasted and several fragmentation mechanisms were 
proposed. 

MPI mass spectra were obtained from o-xylene for 
comparison purposes. The results indicated that except 
for slight shifts in intensity for several ions the mass 
spectra were virtually identical to those of p-xylene. 
Comparisons were also made to the 70-eV E1 mass 
spectra in the case of p-xylene. 

I 

8. Phenol 

The MPI mass spectrum of phenol under resonant 
excitation conditions displays two prominent peaks. 
These are the parent ion and the daughter resulting 
from the elimination of CO (C5H6+).17 Studies using the 

C. Organometallics and Transltlon-Metal 
Complexes 

The distinguishing characteristic of the MPI mass 
spectra of this class of compounds is the appearance of 
just one major peak, corresponding to the bare metal 
ion, with a few weak peaks corresponding to partially 
ligated ions in some cases. This is in sharp contrast to 
the MPI mass spectra of other classes of compounds 
where, in general, a wide variety of peaks occur corre- 
sponding to all degrees of fragmentation. The pio- 
neering work concerning the MPI mass spectra of this 
class of compounds was performed by Duncan et al.,O 
In it, several transition metal carbonyls including Fe- 
(CO),, Cr(CO)6, and Mo(CO)~ were excited in the 280- 
nm region utilizing the output of a Nd:YAG pumped 
dye laser system. This wavelength corresponds to the 
charge transfer bands of these compounds. The major 
observation made was that the bare metal ion was the 
predominant, if not the only, species observed even near 
the laser power threshold of ion signal detection. 
Electron impact mass spectra of this class of compounds 
reveal a strong signal representing the molecular 

The charge transfer (CT) bands within such com- 
pounds are spectrally diffuse, indicating that the cor- 
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responding CT states are strongly predissociative. 
Cooling the complexes by the use of a supersonic ex- 
pansion failed to resolve the spectra. 

In the case of Fe(CO)5, which was excited by using 
283.3-nm photons in this study, the ionization potential 
could be reached theoretically with a one-photon reso- 
nant, two-photon ionization. From appearance poten- 
tial data, production of the Fe2+ ion requires four such 
photons. Yet, Fe+ is the predominant species observed 
under all experimental conditions. This suggests that 
the neutral molecule might dissociate before it can 
ionize and that ionization may be taking place from a 
bare metal atom, although this is not the only feasible 
explanation to account for the observed experimental 
results. If this were the case however, resonances of the 
bare metal atom should be detected as the dye laser is 
scanned assuming that they exist in this region of the 
spectrum. Duncan et al.50 observed none however. It 
was reported that the MPI spectra taken were struc- 
tureless over all wavelengths recorded. As Leutwyler 
et al. point this apparent contradiction could be 
a result of experimental conditions rather than a lack 
of available transitions of the bare metal atom. Duncan 
et al.50 reported ionization efficiencies close to 100% 
even under moderate laser powers. Because of this, no 
variation in the ion signal could be observed as a 
function of the incident laser wavelength. The high 
degree of ionization efficiency probably indicates that 
all intermediate up-pumping steps leading to ionization 
are being saturated. This was later shown to be the case 
by Engelking et al.175 

Because the bare metal ion is observed in these 
spectra, the unattached ligand (CO) should be available 
for ionization and detection. It is understandable that 
no signal corresponding to the CO cation is observed 
considering that its ionization potential is around 14 
eV.176 

In another study dealing with Cr(CO)6 and W(CO)6, 
Gerrity et al.177 used the tool ion current generated in 
the MPI process to measure the ion-production spec- 
trum between 363 and 585 nm, utilizing loose focusing 
so as to avoid the saturation problem that Duncan et 
al.50 encountered in their work. Gerrity et al.177 ob- 
served a number of sharp lines. Most of them have 
been assigned to transitions within the bare metal atom 
leading to ionization. Several of them however cannot 
be assigned to such transitions, leading to speculation 
that they arise from vibronic progressions of some 
molecular species on the basis of their regular spacing. 
As there was no mass analysis in this study, and hence 
the possibility of determining whether or not some 
species other than the bare metal ion contributes to the 
ion current, only the fact that the resonances were very 
sharp indicated that it was an atomic resonance and 
hence the bare metal atom that was being dealt with. 

In another investigation on Cr(CO)6, Cr(CO)aC6H6, 
and Cr(C6H6), performed by Fisanick et several 
observations were made. First, concerning the obser- 
vations made by Duncan et  al.jO in the 280-nm region 
(mass resolved) and in the 363-585-nm region by Ger- 
rity et (made on the basis of line widths and peak 
positions from the total ion current), Cr+ was indeed 
the only species observed in the mass-resolved MPI 
spectrum of Cr(CO)6 in the low-energy region (473.3 
nm) of the spectrum. This was not the case for Cr(C- 

0)3C&6 however. Significant amounts of Cr(CO)+ as 
well as the bare metal ion were observed in the time- 
of-flight mass spectrum utilizing 359.3-nm radiation. 

The kinetic-energy spectrum of ejected photoelec- 
trons reveals some interesting information about Cr(C- 
O)& Several weakly resolved peaks are observed which 
correspond nicely to energy spacings within the lowest 
levels of the neutral Cr atom. Another peak appears 
that can only be explained as coming from a photo- 
electron ejected from the neutral molecule (Cr(CO),). 

On the basis of the lack of high-energy photoelectrons 
(i.e., having at  least hv kinetic energy), the contribution 
of a superexcited-state mechanism can be ruled out. 
However, considering the above-mentioned results on 
the photoelectron spectrum, there does appear to be a 
competition between dissociation and further absorp- 
tion to the ionization continuum within the dissociation 
and further absorption to the ionization continuum 
within the laser pulse width. Why then is Cr+ the only 
species observed under all experimental conditions in 
the MPI mass spectrum of Cr(CO)6? 

Another intriguing aspect of the results of Fisanick 
et al.178 was that no ion current corresponding to 
benzene or its fragment ions was detected. These 
species (or their fragments) must be present considering 
the large signal due to the bare metal ion that is ob- 
served. 

Fisanick et al.'78 propose no explanation for these 
observations. There are several possible explanations. 
First, the metal, having a much lower ionization po- 
tential than the ligand, will always end up with the 
positive charge, leaving only benzene or its neutral 
fragments. Second, the benzene produced could have 
so much internal energy that the absorption rate at the 
laser frequencies is small, and third, the benzene pro- 
duced never encountered any laser photons due to the 
short laser pulse width. Leutwyler et al.174 have mea- 
sured minute quantities of carbon-containing fragment 
ions in nickelocene and ferrocene and have come up 
with conclusions much like those of Duncan et aL50 and 
Fisanick et al.17' That is, production of the bare metal 
ion is efficient even near the threshold of ion detection. 
The exact details of the ionization/fragmentation 
mechanism are expected to depend upon such factors 
as the ionization potential of the ligands relative to that 
of the metal, the bond strength, and the laser wave- 
length, power, and pulse width. 

D. van der Waals Complexes 

van der Waals (vdW) complexes can be formed dur- 
ing supersonic expansion of molecules or atoms with a 
carrier gas. These species are of the forms XR, (where 
n is greater than or equal to 1) and X, (where n is 
greater than or equal to 2), where X is the seed molecule 
and R is the carrier gas. The early studies of vdW 
complexes in supersonic beams were carried out mainly 
by laser-induced fluorescence (LIF).64J79-189 It was 
determined that variation in the carrier-gas pressure 
had a profound effect upon the position, intensity, and 
width of some bands in the LIF spectrum. This is a 
method of identifying features that are attributed to 
vdW systems. The fluorescence-excitation technique 
cannot always give unambiguous assignements on the 
exact chemical compositions of the vdW complexes. 
Moreover, vdW species that have small quantum yields 
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of fluorescence or do not fluoresce altogether cannot be 
studied by this technique. 

For these molecules the laser single or multicolor soft 
multiphoton ionization method with time-of-flight mass 
spectrometry (MPIMS) for the ion detection is now 
u ~ e d . ' ~ J ~ ~  Besides the possibility of solving the problem 
of inadequate fluorescence quantum yield, this more 
advanced method of detection also has higher sensi- 
tivity than LIF due to the high collection and counting 
efficiencies of ions formed and the absence of inter- 
ference from scattered laser light, which often renders 
the LIF technique difficult.192 Furthermore, the iden- 
tity of the species formed is easily determined by the 
MPIMS technique and requires less instrumentation 
for detection. 

In the following subsections the discussion of these 
complexes will be confined to those that are produced 
by a supersonic molecular beam and studied by the 
laser soft two-photon ionization mass spectrometric 
techniques. 

The diagnostic power of the mass-selected (resonant) 
m'ultiphoton ionization method would be appreciated 
even more with the large vdW molecules because of the 
increased limitation of the LIF technique on the un- 
ambiguous characterization of such systems. This in- 
creased limitation results from the possible existence 
of hot-band sequences of the low-frequency intermo- 
lecular vibrations in the very large vdW molecules even 
at  the low temperatures attainable in supersonic ex- 
p a n s i o n ~ . ' ~ ~  

1. Metal Clusters 
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The alkali-metal clusters including Na and K have 
been investigated in a molecular beam by two-color, 
two-photon ionization together with a mass spectrom- 
eter.lg4 By irradiating a molecular beam of Na at  an 
oven pressure of about 200 torr and a nozzle diameter 
of 0.3 mm with 266-nm laser radiation, mass spectra of 
Na, Na2, Nas, Na4 ... Nazi were obtained.lg4 The A - 
X vibronic transition of Na2 was obtained. Perturba- 
tions of certain Na2 A - X by the triplet state were 
detected.l% The two-photon ionization spectrum of Na3 
was taken with the excitation wavelength ranging from 
480 to 690 nm. Several new electronic transitions for 
Na3 were found.lg4 For K2, the B - X vibronic tran- 
sitions are observed and perturbations by autoionizing 
levels are detected.lg4 

When the output of a high-power pulsed laser imp- 
inges upon a refractory metal target that lies within the 
throat of a supersonic nozzle, it has been shown that 
it is possible to create and study isolated clusters of 
atoms originating from the target via MPIDMS.19"204 
Among the species that have been studied are clusters 
of refractory metals such as tungsten and molybdenum, 
which possess exceptionally high boiling points (5933 
and 4885 K, respectively). Unlike other studies con- 
cerned with the supersonic expansion of metal clusters, 
which involve high-temperature ovens to generate the 
metal in the gas phase204g205 and generally result in a 
limited amount of internal cooling, laser vaporization 
cluster studies involve only localized heating of the 
actual target and generally achieve much lower ultimate 
rotational and vibrational  temperature^.'^^^^^ 

Aside from the academic interest of studying the 
spectroscopy of these species once they are entrained 

within the molecular beam lies enormous practical in- 
terest. The studies of metal systems have obvious ra- 
mifications in such fields as homogeneous and hetero- 
geneous catalysis and solid-state physics. Among the 
techniques currently being used to study clusters are 
multiphoton ionization dissociation mass spectrome- 

and laser-induced fluorescence.206 
Several studies have been performed on copper vapor 

that has undergone a supersonic expansion.197~200~201~205 
The studies performed by Smalley et al.1979200~201 utilized 
the laser vaporization cluster formation technique, 
whereas the work of Preuss et al.205 utilized a high- 
temperature source to generate the copper vapor. The 
ultimate vibrational and rotational temperatures of the 
oven-produced copper clusters were much higher than 
those of the laser vaporization produced copper clus- 
ters.1979200,2019205 Laser-induced fluorescence was used as 
the detection technique in the oven-produced copper- 
cluster study of Preuss et al.205 Resonant, two-photon 
ionization with mass analysis was used as the detection 
technique of Smalley et al.1979200*201 The use of mass 
analysis permitted identification of absorption bands 
arising from dimers and from trimers.197*200i201 Five new 
electronic band systems between 2690 and 3200 A were 
identified for each of the naturally occurring isotopic 
combinations of the copper dimer (65-65, 63-65 and 
63-63).200 A band system in the 5225-5430-A region was 
assigned to a 2E" - 2E' transition of the copper trimer 
(which was assumed to have DSh symmetry). 

Other copper clusters studied by Smalley et a1.200 
ranged in size from the monomer up to a cluster con- 
taining 29 atoms. The ionization potential, which could 
not be exactly determined because of the limited num- 
ber of fixed-frequency lasers available, was observed to 
drop from 7.72 eV for the isolated copper atom to less 
than 5.58 eV for Cug to somewhat above 4.98 eV for 
Cu29.(200) The work function for bulk copper is about 
4.7 eV.200 In addition to a decrease in ionization po- 
tential with an increase in size of the copper cluster, the 
ionization potential of the cluster also depended upon 
whether the cluster was made up of an odd or an even 
number of atoms.200 This observation was explained 
by Smalley et al. to be due to the odd electron in odd- 
number clusters residing in a nonbonding (and rela- 
tively low-energy) orbital vs. a strongly bonding orbital 
for the highest occupied molecular orbital for even- 
numbered clusters. 

The ground state of the chromium atom consists of 
half-filled atomic orbitals (4s13d5). Because of this, one 
might expect that the isolated chromium dimer would 
contain a sextuplet bond and hence a very short bond 
length. Until the development of the laser vaporization 
technique for the generation of metal clusters, only a 
small body of experimental data existed on Cr2.207 In 
this study Cr2 was generated from the photolysis of 
Cr(CO)6. Because the transient absorption technique 
being used was not mass selective, it was thought that 
the signal could also have been due to other photo- 
products such as Cr02 or CrC2. 

Through the use of the pulsed laser vaporization 
technique on a chromium target, Smalley et al.lg8 were 
able to determine, through the analysis of the rotational 
spectrum of Cr2, the bond length. A value of 1.68 A was 
determined from the rotational constant. This was 
consistent with the previously determined value from 
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the flash-photolysis experiments.207 
In a subsequent set of experiments on the chromium 

dimer, Riley et ala1* utilized a similar laser vaporization 
technique followed by resonant multiphoton ionization 
mass spectrometry to study the rotational structure 
occurring within the A - X 0,O band near 459.6 nm. 
A systematic modulation in the intensity profile of the 
52Cr dimer with localized maxima occurring about every 
273 cm-' was observed. Closer examination of the ro- 
tational peaks near each minimum revealed broadening, 
which was interpreted as a strong indication that the 
state was predissociated.l* The modulation of the ro- 
tational envelope was explained in terms of two nearby 
states, one perturbing and one dissociative.199 

2. Ammonia Clusters 

Ammonia clusters and their photochemical products 
are of special interest because ammonia condenses a t  
pressures and temperatures existing in the atmosphere 
of J ~ p i t e r . ~ ~ ~ , ~ ~ ~  Ammonia clusters are among the ex- 
amples whose excited states do not fluoresce. When 
multiphoton ionization mass spectrometry is applied 
to the study of weakly bound ammonia clusters, up to 
the octamer (NH3)6NH4+, has been found using argon 
as a seed gas.210 The initial dilution with argon is ex- 
pected to promote ammonia cluster formation due to 
the large cooling effect of the argon in the supersonic 
expansion. This is evidenced by the increase of 
NH4+/NH3+ ratio with dilution of NH3 by argon. 
However, upon further dilution, the ratio goes through 
a maximum and then decreases, which seems to indicate 
that supersonic cooling alone is not responsible for the 
observed change of the ratio. It is also found that the 
relative intensity of the cluster ion, (NH3)nNH4+, with 
respect to the parent, NH3+, is always much stronger 
under argon-seeded conditions than in pure ammonia, 
suggesting the cooling effect of argon in the supersonic 
expansion. Under essentially collisionless conditions, 
the cluster ions, (NH3)n-2NH4+, may stem directly from 
the dissociation ionization of neutral clusters, (NH3)3, 
produced in the supersonic nozzle sources 

hu 
(NHJ. + (NH3),-iNH3+ - 

(NH3)n-2NH4+ + NH2 + e- (7) 

Gobeli et at. 

3. Benzene vdW Molecules 

The ionization potential of benzene-argon complexes 
has been measured by two-color, resonance-enhanced, 
two-photon ionization.lgl In these studies, the fre- 
quency corresponding to the 06 vibronically excited S1 
state of the complex was chosen as the first laser 
wavelength. This was found to be red-shifted by about 
20 cm-l from that of benzene. The second laser wave- 
length was scanned so that the exact ionization poten- 
tial of the complex could be determined. The ionization 
threshold was found to be strongly dependent on the 
applied electric field, which was required to detect the 
ionization event.211 After making the correction for the 
drawout potential, the ionization potential for the 
benzene-argon complex is red-shifted by 21.2 meV 
relative to that of bare benzene. The ionization po- 
tential of benzene was found to be 9.24 eV with an onset 
of 3.2 meV. This shift is due to the electrostatic po- 
larization interactions resulting from the presence of 
an argon atom in the vicinity of benzene. Since the 

binding energy between benzene and argon is fairly 
small, a large amount of excess energy in any electronic 
state will result in a high probability of fragmentation. 
The ability to observe the ionization onset of this com- 
plex by the two-color, resonance-enhanced, two-photon 
ionization technique demonstrates its capability of 
preparing stable vdW complex ions. The fact that 
benzene-argon ions are not observed in two-color pho- 
toionization when the first excitation wavelength is 
off-resonance demonstrates the importance of resonant 
intermediate states in detecting such complex ions.lgl 

The benzene homoclusters are formed in a supersonic 
beam under proper experimental  condition^.^^^^^'^^^^^ 
The S1 - So excitation spectra of the benzene dimer, 
trimer, and tetramer are obtained by two-color, mass- 
selective photoionization. All clusters show a weak 0; 
band induced by asymmetry in the "crystal field" of the 
benzene clusters. This induced 0; band of the clusters 
is red-shifted from the forbidden monomer origin. The 
magnitude of this shift increases monotonically with 
cluster size.lgO The splitting of the 6abv10 transition, 
together with the induced 0; band, in the dimer indi- 
cates an inequality of the two halves of the dimer and 
favors a T-shaped s t r ~ c t u r e . ~ ~ ~ ~ ~ ' ~ ~ ~ ~ ~  From the low- 
fluorescence quantum yield of the dimer, short lifetime 
of the dimer 0; level, and the broadened excitation 
profile of the dimer 0; bands, it is suggested that the 
dimer rearranges from a T-shaped geometry into a 
sandwich excimer within several picoseconds after laser 
excitation from the ground T-shaped vdW well.lgO 

4. The Phenol Dimer and Toluene-Cyanobenzene 
Complex 

The S1 + So absorption spectra of the phenol dimer 
and toluene-cyanobenzene complex in a supersonic free 
jet have been observed by the use of one-color, one- 
photon resonant, two-photon ionization in a mass 
spectrometer.214 The 0,O band of the phenol dimer is 
red-shifted by 303 cm-' with respect to that of the 
phenol monomer. Two low-frequency vibrations at 15 
and 112 cm-l in the dimer spectrum, which are missing 
in the monomer spectrum, were assigned as the bending 
and stretching modes, respectively, of hydrogen bond- 
ing. The spectral feature of the toluene-cyanobenzene 
complex in the 260-280-nm region shows similarity to 
the spectrum of free cyanobenzene except for a red shift 
of the band position by 153 cm-l and the occurrence of 
a low-frequency vibration. This indicates that the ob- 
served spectrum of the complex may correspond to local 
excitation of cyanobenzene. The low-frequency pro- 
gression starts with a spacing of 14 cm-' and decreases 
gradually as the progression proceeds. It ultimately 
converges into a continuum. This low-frequency pro- 
gression is attributed to intermolecular vibration.214 

5. Fluorene vd W Molecules 

The fluoreneAr,, fluoreneAr, and fluoreneKr, vdW 
complexes produced in supersonic expansions were 
observed and their electronic origins and some low vi- 
brational excitations of the SI - So electronic transition 
were identified from wavelength-resolved and mass- 
resolved resonance, two-photon ionization spectra.lg3 
These electronic origins show red spectral shifts origi- 
nating from dispersive interactions and possibly also 
from dipole-induced dipole interactions. The spectral 
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shifts for fluorene-Ar, and for the prominent peak of 
fluorene-Kr, are proportional to the polarizabilities of 
these rare gases, as expected for both dispersive and for 
dipole-induced dipole interactions. The spectral shifts 
for fluorene-Ar, and fluoreneAr, are proportional to the 
coordination number. The vibrationless excitation of 
both fluorene-Kr, and fluorene-Ar, near the electronic 
origins shows a characteristic doublet, the separation 
of the second weak peak from the main feature being 
about 40 cm-' for the Ar complex and about 30 cm-' for 
the Kr complex. The values favor the excitation of a 
vibrational mode of the rare-gas atom with respect to 
the aromatic plane in a single energetically favored 
structure as the origin of the doublet structure. From 
the amount of ion current produced at different wave- 
lengths corresponding to different intermolecular fun- 
damentals in the resonant intermediate SI state, the 
lower and upper limits of the dissociation energy, D, of 
the fluorene-Ar, complex is the S1 state can be set as 
408 cm-' C D C 728 cm-l. 

6. Conclusion 

It is demonstrated that the laser-resonant, two-color, 
two-photon soft ionization technique used in conjunc- 
tion with a mass spectrometer is a powerful tool for the 
study of complexes formed during supersonic expan- 
s i o n ~ . ' ~ ~ J ~ ~  To prepare weakly bound complex ions in 
their stable states without further fragmentation, proper 
selection of laser wavelengths and intensities of both 
colors is required, especially for those vdW complexes 
involving rare-gas atoms as partners.212 This is to avoid 
a large amount of excess energy in any electronic state 
and thus to decrease the probability of the fragmenta- 
tion of these complexes. The resonance involved in the 
intermediate electronic state can also increase the se- 
lectivity and sensitivity of the detection. The com- 
plexation lowers the ionization potential threshold of 
the complex by about 50 meV for heterodimers with 
rare gases'91s212 and by about 500 meV for homo- 
dimers.212 The complexation causes red shifts of the 
electronic origins relative to those of the monomer X. 
The amount of red shift seems to be larger for homo- 
clusters190J91~212 and increases monotonically with the 
cluster size X, (n  > 2).lg0 
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V I .  The Future of MPIDMS 

In the course of a few years, the field of MPIDMS has 
developed into a mature branch of research. Its po- 
tential use in analytical chemistry is obvious and great 
efforts in this direction will continue to expand. In the 
field of physical chemistry, which is the heart of this 
review, studies that are aimed at an understanding of 
the dynamics of fragmentation would be most useful. 
The fact that it is a nonlinear process and the presence 
of competitive dynamical processes (dissociation, ab- 
sorption, vibrational redistribution ...) make it very 
difficult to quantify our interpretations. It makes our 
results sensitive to laser power, wavelength, pulse width, 
and the electronic energy levels of the molecule, the 
parent ions, and the fragment species. Most of this 
information is lacking. MPIDMS has the same diffi- 
culty conventional mass spectrometry studies have. 
Due to the fact that the ionized electron can carry 
continuous amounts of kinetic energy, our knowledge 
of the energy content of a dissociating ion is very un- 

certain. In photoionization studies, this problem is 
eliminated by photoelectron-photoion coincidence 
techniques. This technique could also be used in 
MPIDMS. 

With all the above mentioned problems, it might be 
discouraging to continue studies in this field. Scientists 
never in the past have let difficulties stop them. In fact, 
the more a field becomes difficult, the more they were 
challenged. We expect the same will happen in the field 
of MPIDMS. Below we discuss some of the advantages. 

The fact that the absorption process is nonlinear 
makes the interpretation more difficult, but it also 
spans the dynamics of the excited states of the molecule 
and ions. Thus potentially it opens up detailed studies 
of these processes. This is enhanced by the fact that 
lasers of picosecond and femtosecond pulse widths can 
be used. The study of the changes in the mass spec- 
trum produced with two-color picosecond lasers upon 
changing the delay between the two pulses has recently 
been shown to give58J53-156 valuable information in the 
dynamics of the molecule and its parent ion. 

Rapid picosecond and nanosecond dissociation rates 
can be determined from these techniques. The recent 
availability of vacuum UV tunable short-pulsed lasers 
should open up the field of dynamic studies using linear 
absorption mass spectrometry. Dissociation rates on 
the microsecond time scale can be determined from the 
analysis of the line shape of metastable peaks.162 
Longer dissociation rates can be determined through 
the use of re f le~t r0ns . l~~  

The use of MPI (to measure the total ion current) in 
dynamic studies of excited states of molecules is ex- 
pected to increase. Recently, picosecond pulse width 
determination was demonstrated with this technique. 
If the lifetime of the state is slightly longer than the 
laser pulse width, lifetimes in the picosecond-femto- 
second time scale can be determined. Thus, studies 
combining picosecond lasers with either MPI or 
MPIDMS are expected to become active. Of course, 
the need for a continuously tunable picosecond laser is 
quite obvious. 

The analysis of electron kinetic energy will continue 
in order to obtain information about the ion. Studies 
of clusters with the use of two-color soft ionization 
techniques will continue. The fact that soft ionization 
can keep the clusters intact will make MPIDMS tech- 
niques valuable in determining cluster distribution. 
Such studies would not be as easy using electron impact 
as it is difficult to endow the molecular ion with a 
precise amount of internal energy. These, together with 
many more creative potential future developments, 
should shape the future of this young field. 
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