
 
Highlights  
1. Unimolecular theory only agrees well with experiment but only if 

the quantum form of RRK is used—otherwise the number of 
participating oscillators s becomes a smaller arbitrary number 

2. Very small rings like cyclopropane were shown here to make 
biradicals and then recylize more rapidly than isomerize in spite of 
large strain energy.. A rich literature has ensued here. These 
biradicals have now been observed directly in femtosecond 
experiments by Zewail.  

3. The first experimental direct timing of a pure nanosecond lifetime 
of an     isolated molecule not in contact with a heat bath. This is 
observed over two orders of magnitude ofexcitation energy, here 
for beta-naphthyl amine—this was the experimental basis for later 
radiationless theory  

     With von Weyssenhoff  
4. Discovery of REMPI, in 1978, parallel to Bernstein—This has now 

advanced to a universal tool in all laboratories employing lasers in 
chemistry and molecular physics.. This provides the high 
selectivity of molecular spectra even in mixtures by going through 
a resonant intermediate state--- 

     With Boesl and Neusser 
5. Very many long lived Rydberg states seen for first time above 

ionization. These are extremely sharp, long lived molecular ion 
states very high in the ionization continuum that appeared to 
have no kinetic energy.  

6. This lead to the discovery of extreme high resolution ZEKE 
spectroscopy of molecular ions providing many ionization energies 
and energy levels of ions with unprecedented resolution.  

7. With Peatman and high resolution with Müller Dethlefs  
8. First molecular sub Doppler Spectroscopy—using 

counterpropagating laser beams as in Schalow and Hänsch for 
atoms--here for identifying thousands of very weak molecular ro-
vibronic states and their couplings, in benzene  

     With Riedle and Neusser  
9. First experiments of large ions cooled directly within the nozzle of 

the expansion region of a supersonic jet utilizing the strong 
adiabatic character of this region  
With Selzle and von Weyssenhoff  

10. Discovery of a new extreme rapid femtosecond charge transport 
mechanism---unique to the peptide bond in peptide ions—. This 
far outruns all unimolecular reactions and as such is a new 



mechanism for very fast bio reactivity. The conductivity is 
uniquely coupled to the solvent environment. This is analogous to 
charge transport in nerve shielded fibers 

     With Weinkauf and Neusser and Baranov  
11. First use of multiphoton laser excitation together with a reflectron 

time of flight mass spectrometer. Discovery of the tuned reflection 
field as a method of analysis..With Weinkauf and Boesl  

12. The activity of hydrogen bonds in proteins only activated by the 
solvent    

 
 
 Lasers have contributed immeasurably to our modern understanding of 
molecules, their structure and their behaviour. Much of what we know 
about molecular behaviour today is the result of advances in laser 
techniques.  
 
As a result of the uncertainty principle it has been necessary to employ 
two separate tools of this laser revolution. Both have contributed in 
complementary ways to our current understanding of molecular 
behaviour---the time structure, pushing us to the realm of femto- and 
now attoseconds -uncovering very short lived molecular intermediates 
for the first time- although averaging over many uantum states—and 
secondly the complementary aspect of single state measurements—ultra 
high resolution---pushing us even below the Doppler limit for molecules-
-- states which are ipso facto not covered by short pulses thus 
uncovering the fine details of structural motions—even for single 
rotations of complex molecules, leading now to an understanding of 
molecular structure and couplings of individual eigenstates even to their 
finest details. Lasers in recent years have thus revolutionized our whole 
understanding of molecular behaviour—both for timing and single 
quantum state behaviour.  
This was the first molecular application of the extreme high resolution—
sub-Doppler spectra previously applied to atoms by Haensch and 
Schalow employing two photon counter propagating techniques Here the 
technique for the first time revealed thousands of molecular 
eigenstates—here for the case of benzene—demonstrating now single 
state couplings within a molecular framework. Together with Neusser, 
and Riedle this were the first experiments to apply molecular very high-
resolution spectroscopy below the Doppler width to provide extremely 
high resolution electronic spectroscopy for polyatomic molecular systems 
–here benzene [121]. The work, a prototype system, revealed thousands 
of separate individual ro-vibrational states, many with individual 



interactions in the polyatomic system. By further studying this system 
with increasing energy they showed the onset of the elementary 
perturbations between otherwise isolated states [137], thus displaying 
directly the mechanisms responsible for the coupling of states in such a 
large polyatomic system – the essential nascent process prior to 
statistical coupling leading to chemical reaction. This work contributed 
to a detailed understanding of single state intermolecular coupling 
processes in benzene—such as the elucidation of “channel three” 
mechanisms. The results formed the state-to-state basis leading to 
statistical, strongly coupled channels - a system on the way to reaction 
[233].  
Laser spectroscopy at the highest resolution also was greatly furthered 
by showing that resonant states as intermediates on the ladder to final 
excitation were a powerful selection process. By such resonant 
intermediate state selection---REMPI(REsonant MultiPhoton Ionization) 
—a technique developed in 1978 with Boesl and Neusser in this 
laboratory at the same time as Zandee and Bernstein at Columbia. This 
enabled precise measurements in a natural mixture which were specific 
even to a single isotope—thus obtaining the pure C13 benzene spectrum 
from the unseparated mixture. It even lead to the preparation of 
isotopically pure molecules.  
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This new high resolution method for molecules is now so pervasive in all 
laser laboratories that is has become perhaps the most widely applied 
high-resolution detection scheme in molecular spectroscopy and 
dynamics—it is so commonplace that it is typically used without 
reference, perhaps the ultimate in recognition.  
In the most recent applications laser excitation, and in particular REMPI 
was combined in this laboratory with RETOF-MS (Reflecting Time Of 
Flight - Mass Spectroscopy) developing an important new technique for 
laser mass spectrometzy. In latest applications it has been used for the 
study of reaction kinetics. Here Schlag with Boesl, by modulating the 
reflecting field in the RETOF [140], and thus modulating the 
metastables, introduced an analytic tool into this RETOF mass 
spectrometry which enables for the first time the direct study of parent-
daughter relationships in mass spectrometry. This is now widely used in 
commercial instruments for the characterization of large molecules in 
mass spectrometry.  
The ultimate in fine details of molecular structure with high resolution 
lasers had to await the new detection scheme based on detecting zero 
energy electrons---electrons with no kinetic energy---developed in 
principle together with Peatman, Baer, and in a high resolution variant 
with Mueller-Dethlefs which now enabled single state resolution even for 
molecular ions. This latter method was based on a method of laser 
excitation with ionizing wavelengths in the absence of an electric field, 
and delaying an extraction pulse until the laser is turned off—-this led to 
the discovery that there exist states which have the very peculiar 
properties of extreme longevity—islands of stability in the ionization 
continuum—this became the key to their detection. All ionic states are 
the final extrapolation of a Rydberg series, and hence we are focussing 
on the Rydberg states just below ionization. This technique has recently 
been carried out at the sub-Doppler level as well. Such long lived island 
states have now been found to be pervasive even to very high energies 
even into the vacuum ultraviolet—so that the most modern techniques 
here had to go beyond high resolution lasers and make use of the new 
resolution found in the latest generation of synchrotron machines, such 
as the ALS. This has become the basis of a new field of spectroscopy, 
ZEKE--(ZEro Kinetic Energy spectroscopy) a widely recognized new form 
of molecular ion spectroscopy. It now adds ion spectroscopy to the realm 
of extreme high resolution techniques revealing new molecular detail at 
the ionic level. This very high-resolution spectroscopy for the first time 
now produces extreme high resolution spectra of molecular  
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ions at very high energies up to the vacuum ultraviolet. ZEKE 
spectroscopy has been employed by numerous research groups 
worldwide. These extremely long-lived “ZEKE states” have lifetimes in the 
100 μsec range. This effect was particularly surprising as it is also 
observed at these high photon energies. The spectroscopy has now 
provided the basis for an extremely high accuracy technique never before 
possible in photoelectron experiments, even down to sub-Doppler 
resolution. Such island states are present in all direct ionization 
experiments, and in ZEKE are filtered out of the total ion or electron 
signal. Such huge Rydberg states have in 2007 even been reported in 
outer space for stars on the edge of the milky way.  
The initial experiment measuring zero kinetic energy electrons directly 
were carried out by Schlag and Peatman before lasers, and was termed 
threshold electron spectroscopy (TPS)-and was the beginning of detecting 
states with no kinetic energy. It demonstrated the unique ability of a 
steradiency detector to observe threshold ionization events [37]. This 
apparatus served as a state selector for molecular ions and has been 
employed in many laboratories across the world as TPES, threshold 
photoelectron-spectroscopy. It has become a method of choice for 
precisely controlling the energetics of unimolecular reaction of ions in 
coincidence experiments. Baer on the ALS has now extended this 
method of energy definition to ZEKE. TPES already was an important 
advance after the landmark experiments on photoelectron spectroscopy, 
a method which had provided much of our present information on 
molecular orbital levels, originally developed by Turner and Terenin and 
for inner core electrons by Siegbahn.  
The very first experiment on the pulsed field variant already in its 
inception revealed for the first time detailed rotational resolution in the 
ionic state . For the first time a rotationless state was observed at the 
onset of the ionization threshold [154], here for the case of nitric oxide. 
The discovery of the extremely long lifetimes and the islands of stability, 
the origin of this effect, was made in 1988 [213]. This technique has now 
been adopted by some hundred laboratories around the world and has 
been applied to the study of many types of chemical systems such as 
molecular cation spectra, fragment spectra of cations, spectra of 
complexes of cation, van der Waals energies, molecular anion spectra, 
fragment anion structures, short lived transients, anions or cations, 
ground state spectra of short lived species, ground state fragment 
spectra, transition states of chemical  
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reactions and reactive intermediates [326]. The advent of ZEKE 
spectroscopy has has been the subject of many international 
conferences.  
The ZEKE method can even be applied to extremely short lived species 
by direct ionization from a suitable precursor. The neutral ZEKE states 
bear the signature of the mass and its rotational or vibrational state, no 
matter how short-lived. A most direct demonstration of this combination 
of resolution with extreme timing has been the first direct measurement 
of the highly elusive  
transition state of chemical reactions (Neumark) postulated by Polanyi 
and Eyring some fifty years ago. Such transition states have been a 
cornerstone in our explanation of chemical pathways, but now here are 
directly visible. With ZEKE spectroscopy this transition state with its 
vibrations can be spectroscopically analyzed. The  
width of the spectrum predicts a lifetime of 130 fsec.  
Hence the laser revolution that enabled us to apply ultra short time 
structure to molecules and their short-lived intermediates now using 
laser ultra high resolution methods applied to molecules has enabled us 
to reveal the structure and kinetics of molecular behaviour at the single 
eigenstate level, and as such has vastly increased our understanding of 
molecular behaviour. For a recent review of ZEKE see Cockett 
Chem.Society Rev 2005, p. 935 giving a current perspective.  
Schlag with von Weyssenhoff and Selzle developed a new method for 
vaporizing fragile unmodified, neutral biomolecules intact into the gas 
phase [201] by employing laser vaporization at the opening of the nozzle, 
in the direct presence of adiabatic cooling found in the throat of the 
expanding jet thus cooling the molecules and thus prevent 
decomposition. The method has found widespread applications and has 
become the method of choice permitting the preparation and study of 
gas phase molecular beams of fragile molecules, such as natural plant 
chlorophyll and long chain polypeptides [197]. It has also now been 
applied successfully to new methods for the spectroscopy of polypeptides 
and other biomolecules using improved substrates.  
HISTORY  
Previous experimental and theoretical contributions set cornerstones in 
the present understanding of dynamic processes in molecular systems. 
The first experimental tests that initially  
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demonstrated the usefulness of the now widely-employed statistical 
theory of unimolecular reactions, the RRKM theory. In this  

early work with B.S. Rabinovich he synthesized the stereospecific 
isomers of cis and trans dideuterocyclopropane [1,2] and studied 
their geometric isomerization .This study was the first to show the 
cis/trans isomerization of the cyclopropane ring, and provided the 
first direct evidence for small ring opening in a biradical intermediate-
--a wide field in organic chemistry. It predated the  

subsequent rich literature on biradicals mechanisms. These 
intermediate species then postulated have now been seen directly in 
ultra short pulsed experiments by Zewail.  
Early state selective photochemistry was carried out by Schlag and 
Campbell - here for cyclobutanone [25] - as being an example of non-
statistical energy distribution in photochemical reaction products - 
showing for the first time that statistical behavior cannot be simply  
assumed for product states—in fact there being direct evidence for non 
statistical distribution in product states here.  
One of the early questions in chemical kinetics was the exact and 
perhaps absolute measurement of lifetimes in excited states not relative 
to another internal value such as a collision frequency,but rather by 
direct reference to a precise laboratory clock. This lead to the first 
experimental test of the theory of radiationless transitions. Here direct 
energy dependent measurement of clocked lifetimes of a molecule in the 
isolated gas phase were performed for the first time. This was early work 
on direct timing before lasers—on ß-naphthyl amine Schlag and von 
Weyssenhoff. These were absolute rate determination of the energy 
dependence for a radiationless process for an isolated molecule. This 
showed by direct timing that the radiationless process was exponentially 
increasing with energy over two orders of magnitude. These experiments 
formed an experimental basis for a new theoretical understanding of 
radiationless processes [39] which has become the present basis of our 
understanding of radiationless transitions.  
More recently Schlag with Selzle applied ZEKE spectroscopy together 
with REMPI to the detailed spectra of molecular clusters with total mass 
resolution. This enabled him to apply this method to a mixture of van 
der Waals species - and select each species to obtain bond distances in 
ground and excited states for these clusters [236]. The work on clusters, 
particularly of the benzene dimer with Selzle and Hobza[145], has 
revealed structural details employing a new mass selective hole burning 
spectroscopy which permits the direct  
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observation of several conformers for a given mass. Schlag and Selzle 
observed the excitation splitting by the charge in this species, giving 
detailed information on the basic coupling between two otherwise 
isolated aromatic rings in the gas phase this demonstrated for the first 
time that there are two interconverting conformers of the benzene dimer.  
A new area of work by Schlag and Weinkauf’s was the recent 
experimental, and later detailed molecular dynamic calculations with 
D.Y.Yang on the study of long-range charge transfer and reactivity in 
polypeptides [319]. The question is how organic systems are able to 
transport an electric charge over large molecular distances at all, let 
alone at the phenomenal speeds observed. Here they showed for the first 
time that action introduced at one end of the peptide could be 
transferred with very high efficiency and extremely fast to produce 
reactivity at a very distant site. Chemical reaction rate theories based on 
statistical models are quite incapable to explain such behaviour. 
Statistical models involve all the internal degrees of freedom of a 
molecule, and as such, for a peptide, lead to an astronomical number of 
degrees of freedom. As such the sampling of so many degrees of freedom, 
no matter how fast, would consume an inordinate length of time, the 
basis of the Levinthal paradox. Also such a large number of degrees of 
freedom would lead to a dissipation of any initial energy, long before it 
arrives at any distant site. Such distant transport of information is 
however a key feature of many biological processes.  
In the model here reactivity does not occur until charge transport has 
located the distant site of reaction. Here the transport is in the 100 
femtosecond regime, and as such below the coupling (IVR) limit. It 
depends on these fast motional degrees of freedom of the protein 
molecule and on the energy landscape of the protein and. This reduces 
the phase space enormously No motion—no transport. This leads to 
models of signal transduction in biological systems where now also the 
motional freedom of the molecule provided by the environment plays a 
crucial role in the transduction---if the environment inhibits motion then 
there will be no transduction. This transduction was shown to be a 
“through-bond” process [300]. The charge transports the excitation 
energy to the point of reactivity in the protein provided the motional 
freedom is available. They then found that reactivity can ensue at this 
point, which can be far removed from the initial excitation. This 
constitutes the first model and experiments displaying distal reactivity in 
a prototype peptide system—a property unique to the motional 
peculiarities of peptide structures.  
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