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Many aspects of the collision dynamics of vibrational energy transfer are presented. Special emphasit
placed on three broad areas within this field: (1) vibrational energy transfer in large moleell@snpdes)

at low excitation, (2) vibrational energy transfer in large molecules at high vibrational excitation, and (3
vibrational energy transfer of highly excited small molecules. Advances in laser methods have revolutioniz
experimental investigations of all of these areas. Recent results are presented, and directions for the fu
are discussed.

Introduction to-state VET® In a complementary sense, the availability of
large scale computing has moved the theory of large molecule

phenomena. While its importance in high-temperature processes’ET from relatively simple models to successful th4ree-
such as combustion has long been obvious, other examples rangdimensional, fully quantal inelastic scattering algorithits:
from laser operation to light-induced reactions to energetic  In describing the present state of VET, the authors have
species used for surface etching. Vibrationally hot molecules forgone action as a committee that might have sampled every
are prominent players in schemes to achieve mode-selectivearea with a light dusting of citations. Even an avalanche of
chemistry. Experiments involving precisely prepared vibrational Citations would inevitably fall short of completeness in this
states continue to hold center stage in fundamental studies ofimmense field. With apologies to many, we have opted to focus
chemical reactivity. There has even recently emerged andiscussion on a few areas with which we are familiar by recent
appreciation of vibrationally hot molecules operating in the low- involvement. The treatments have been given some depth for
temperature environment of stratospheric chemistry. accurate depiction of the vigor of the areas and of the progress
Collisional vibrational energy transfer (VET) is fundamental ©on forefront issues.
to all of these processes, and as we celebrate the centennial of The discussions concern gas phase collisional systems, and
The Journal of Physical Chemistryve also approach the they are organized loosely by the vibrational complexity of the
centennial of VET study. It has been an active field for almost molecules. First, we consider large molecules (k4.0 modes)
the entire lifetime of this journal. Indeed, the earliest reference in ground electronic states that contain the high vibrational
in this discourse dates from 1911. As we shall relate, the activity energy content of reactive systems. The problem of vibrational
has at no time been more vigorous than the present, and areasactivation and deactivation of such highly excited molecules
of VET studies still emerge from time to time as hot topics. has been active for over 70 years. Novel approaches with new
While this continuum of attention attests to the central impor- laser technologies allow remarkably detailed descriptions of the
tance of VET, it also attests to the severe experimental collisional interactions in these hot systems where both the
challenges associated with characterizing the transfer. vibrational energy change and vibrational states must be
Even though progress has been steady, major advances haveescribed statistically. The second discussion also concerns
emerged only sporadically as technological developments large molecules, but at relatively low vibrational energies where
opened new approaches. For example, the combination of laserghe states are well-separated and zero-order harmonic descrip-
with high-sensitivity IR detectors and the tools of surface tions remain useful. Here the present ambitions are to learn
analysis permit direct time-domain vibrational relaxation studies the fate of molecules in a specific vibrational state that have
of adsorbates on metallf& semiconductof, and insulator undergone a single collisional encounter. With the introduction
single-crystal surfaces. The appearance of infrared lasers ledof cold expansions and crossed molecular beams, the large
to extensive studies of ¥V and V—T,R processes that molecule state-to-state VET now has rovibrational resolution
established many of the principles governing VET pathways in with good progress toward complete characterization of a
multicollisional system&.” Picosecond lasers opened the way rovibrationally inelastic encounter. The discussion is given
to defining the time scales of vibrational quantum loss in under the rubric of VET within excited electronic states since
liguids® The development of tunable UV sources led to studies much, but certainly not all, the work has concerngdtates of
of molecules in $electronic states that uncovered the existence the polyatomic molecules. We finally consider small molecules,
of unexpectedly strong propensity rules for singe-collision state- including diatomics, that in principle constitute the least complex
systems and, therefore, the area most accessible for both
@ Abstract published ilddvance ACS Abstractguly 1, 1996. experimental and theoretical study. For this reason, diatomic

Vibrational excitation plays a central role in many chemical
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molecules historically have received much of the energy transfer change in total energy. The rates and mechanisms fov V
attention. Advances in laser technology have transformed theenergy transfer processes were subsequently determined for
opportunities for instruction from study of small molecules, many small molecule®, 51 and the role of both long- and short-
especially those with high vibrational excitation. This field is range intermolecular forces in mediating such energy exchange

now one of the hot areas of gas phase dynamics. events was delineatéd.%¢ Progress included both an under-
standing of the fundamental processes which controlled the

Energy Transfer on the Ground Potential Energy exchange of energy between chemically distinct molecules and

Surface: Large and Medium Size Molecule Dynamics the rates and mechanisms by which different vibrational modes

L . . . . in the same molecule were equilibrated by collisions. In
_Historical Perspective. Ultimately, interest in the mecha-  4qgition, excellent coupling between theory and experiment was
nisms by which molecules lose or transfer energy during made for the first time through the study of the temperature-
collisions is driven by the effect such events have on the gependent vibration to translation/rotation energy transfer prob-
potential chemical reactivity of the individual molecular species. ability in H,, a molecular system sufficiently small to be
The availability of a minimum amount of energy during a theoretically tractablé”-5° For small molecules a general result
collision is thesine qua norfor a chemical reaction. Thus, ot these laser-based energy transfer studies was the “unfortunate”
nonreactive loss of energy almost always leads to a decrease inggization that collision-induced mode-to-mode vibrational

the probability that a reaction will occur during an encounter rg|axation almost always proceeds faster than bimolecular
between two molecules. Since virtually all thermally driven  -hemical reactiof70-72 Thus, in any environment where

chemu_:al reactions take place on the ground electronic St‘?temultiple collisions occur on the time scale of a chemical
potential energy surface, energy transfer processes occurringeaction, the vibrational modes of a polyatomic molecule will

on this su_rface are of ovgrwhelming importan.Ct.e to anyone equilibrate, and reaction occurs without the advantage of energy
interested in reactive chemical dynamics. Thus, it is no surprise |qcglization in a single mode.

that th_e study of molecular energy transfer_has occupied physical The past: Prologue to the Present.One of the continuing
chemists for almost the entire 100 year historyla Journal great frontiers in the study of vibrational energy transfer for
of Physical Chemistry During this period the loss of energy  pjecules in their ground electronic state is the quenching of
from the vibrational degrees of freedom of molecules in their adium to large molecules having “chemically significant”
ground electronic state has been a topic of special focus. Theamaynts of internal energy. The loss of energy from such highly
almost unique role of vibrational energy on the ground potential gy cited species is of particular interest in the field of unimo-
energy surface arises from the fact that all reactions ultimately |gcyjar chemical reactions which have been studied for roughly
involve the breaking and making of chemical bonds, a process 7 year§375 This long-standing preoccupation with the
that is accelerated by putting energy into the vibrational degrees g|axation of highly vibrationally excited molecules has been
of freedom of a molecule. Unlmolecular. chemical reactions carried forward to the present day where modern experimental
are a particularly cogent example of the importance of vibra- 5nq theoretical methods are being brought to bear on this
tional energy, representing as they do a competition betweengyceedingly important chemical problem. Unlike the infrared
vibrational energy transfer and chemical reactivity. In these |55¢er-pased studies of vibrational energy transfer characteristic
processes mqlecules with “chemically S|gn|f|cant” amounts of 5t ihe 1960s through the 1980s, in which the overwhelming
energy (sufficient energy for bond breaking to occur) can be gmphasis was placed on studying energy relaxation of molecules
quenched by energy-dissipating collisions. Indeed, the rates fori, their first few vibrationally excited states, many present-day
such reactions are critically determined by the competition gnergy transfer studies are being focused on molecules with an
between vibrational energy flow within the molecule (the time  jnternal vibrational energy comparable in magnitude to that of
scale on which sufficient energy for bond rupture finds its way 5 typical chemical bon&®
into a single chemical bond) and the flow of energy inand out  The simplest model for chemical reactions that proceed by
of the molecule via binary collisions. unimolecular decomposition in the gas phase is the Lindemann
A great deal of progress was made before the mid-1960s in mechanism, in which a substrate S is excited by collisions to
developing an understanding of the rates for vibration to s 3 |evel with energy sufficient to cause bond breaking or
translation/rotation (VT/R) energy transfer, the process by molecular rearrangemef:’> S* is thus said to have a
which Vibrationa”y hot molecules lose their internal vibrational “Chemica"y Significant” amount of energy. For |arge molecules
energy to the surrounding “heat bath” of cooler molecules. Much the time scale for decomposition of S* is sufficiently long that
of the experimental progress in this field was due to the use of fyrther collisions with the bath molecules can cause deactivation
ultrasonic (sound propagation and loss) and shock tube of the excited substrate, thus quenching the reaction process.
techniqueg?>~19 The overall mechanism can be summarized by the equations
It would be difficult to overemphasize the remarkable effect S+tB—S*+B )
that the invention of powerful pulsed lasers, and their subsequent
introduction into the field in 1966, had on the study of S*—P 2)
vibrational energy transféf25> The laser-based experiments .
were able for the first time to delineate the mechanism and S*+B—S+B (3)
characteristics of vibratioavibration (V—V) energy exchange  where B is a generalized representation for a bath molecule and
in which one molecule loses vibrational energy to an acceptor P is the product, chemically distinct from S. The close
species, which itself becomes vibrationally excited during a connection between unimolecular reaction kinetics and vibra-
collisional relaxation process. Although such events do not tional energy transfer is exemplified by this scheme and by
result in complete equilibration of vibrationally hot molecules, earlier methods of studying energy transfer for the high-energy
they almost always dominate the initial vibrational relaxation species S*. Falloff curves displaying the decrease in unimo-
of polyatomic molecules. Here we refer to collisions which lecular rate constant (the rate of production of product P) with
change the energy of the initially prepared state, and not decreasing pressure can be used to determine collision efficien-
intramolecular vibrational relaxation (IVR) in which vibrational cies and amounts of energy transferred per collision in the
energy is redistributed among the different modes without a quenching step (3). In addition to thermal reactions, reactions



Vibrational Energy Transfer J. Phys. Chem., Vol. 100, No. 31, 19962819

due to chemical activation (in which a vibrationally excited above, and their energy distribution subsequently broadens as
molecule is produced in an exoergic reaction such as radicalthe energy decreases. Two-photon ionization (one- or two-
addition) have been studied in detail. These earlier methodscolor) through the Sor S state is used for detection. If the
have been extensively reviewéd* 7678 energy of the first photorh§’) plus the $ energy is too large,

The obvious problem with such experiments is that the excited the excited state will undergo IC or some other intramolecular
molecules have a wide and not easily defined distribution of process, before ionization by the second photof'). If the
vibrational energies. An important step forward was made by energyhy' is too small, the second photon enetgy’ will not
taking advantage of the photophysics of a large class of aromaticbe large enough to ionize the molecule. Thus, the choice of
molecules, which can be excited to an & S state that hv' establishes the energy window, and the time-dependent ion
undergoes very rapid internal conversion (IC) to the ground current depends on the population gf rBolecules within the
electronic state. The excitation energy (well-defined by choice window. Experiments of this kind are capable of providing
of excitation wavelength) is converted to internal energy of the information about the probability distributioR(t,E). One of
ground state molecules. Using a pulsed laser as the excitationthe most striking results of this kind of study has been the
source and an appropriate spectroscopic technique to follow theobservation of a measurable number of molecules appearing at
time evolution of the excited state population provides a direct a low energyE at very short timeg, following excitation to
method for studying energy transfer either to the parent aromatic some initial high energ¥o. Since time and collision number
molecules or to added molecular species. In the initial applica- are essentially interchangeable variables in these experiments,
tions of this type of photoactivatiof};?° the collision-free this observation implies the existence of a small number of
unimolecular isomerization of cycloheptatriene was studied with collisions with a very largeAE or the presence of “supercol-
UV absorption (UVA) as the probe for vibrationally excited lisions”.

molecules. Soon thereafter, these studies were extended t0 The moment analysis method can be employed anywhere
determinations of collisional energy loss from vibrationally mytiple independent measurements can be made that sense th
excited toluene molecules, ~ 52 000 cm?) produced in  gistribution of molecules as a function of energy. An extension
the isomerization reactidh:22 More or less simultaneously with ¢ the moment method has been employed that takes advantage
this work, an analogous photoexcitation method was employed ot the emission at multiple infrared wavelengths from the
to investigate azulene, but the population of the vibrationally ;prational degrees of freedom of a highly excited moleééle.
excited molecules was followed by observing infrared fluores- gjnce a number of different vibrational modes are infrared-active
cence (IRF) in the €H stretching region at-3 um.* in large polyatomic molecules, it is almost always possible to
Since these initial pioneering experiments, both the UVA and measure IR emission at a number of different wavelengths and
the IRF methods have been applied to several molecules as thgg reconstruct the moment distribution based on the emission
excited donor and a very large number of added gases asintensity from the different bands. In principle, the number of
acceptor moleculeés™®® The results of these experiments show moments that can be extracted from the infrared data is equal
that the amount of energy lost per collisioMMEL) depends {5 the number of emission wavelengths probed, though as
roughly linearly on the energy content of the excited molecule zways, signal quality considerations limit the practical results
(CED. Initial results using the IRF and UVA methods gave more severely. So far, two-color IR fluorescence has been used
different energy dependencies fakEL) but neither technique {4 stydy benzene and fully deuterated benzene excited optically
is highly sensitive to the exact functional relationsip between 5 an energy of 40 700 cm. The results are again consistent
[AELand[EL] Ata given energy the value GAELTS strongly  yjth the presence of a small fraction of “supercollisions” in the

dependent on the size and complexity of the collision partner gyerq|| deactivation of these highly excited molecules.
(bath gas), ranging from tens of wavenumbers per collision for

the rare gases to a few thousand wavenumbers per collision for,
large molecules such asfGs.

High-Resolution Quantum State and Velocity Probes of
Energy Loss. These increasingly elegant studies of the
guenching of the highly excited substrate molecules S* are
providing detailed information about thdistribution as well
as the average total energy transferred during a quenching

Total Energy Loss Probability Distributions. The methods collision. Until recently, however, there were no techniques
described above for the study of energy transfer in molecules Which could be used to follow these processes with quantum-
with chemically significant amounts of vibrational energy, which  state-resolved detail on a single-collision time scale. The high
have characterized past efforts in the field, provide measure-density of quantum states of the substrate S* makes such studies
ments offAEL]the mean energy lost by a molecule per collision. difficult to perform experimentally. Nevertheless, the past few
This is the same as the first moment of the collisional energy years have produced some dramatic improvements in our ability
transfer probability distribution functiorR(t,E), which gives to probe such events in great def&il®” A key difference
the distribution of molecules at a given enefgwpt timet after between these guantum-state-resolved techniques and earliel
initial excitation to some high enerdss. A number of elegant  methods of studying energy transfer for highly energetic
methods have been developed very recéhfifor determining molecules is the ability to separate the total energy transferred
both the first and secondXE?) moments of the distribution.  in a single collision into its vibrational, rotational, and trans-
The master equation for sequential collisional deactivation from lational “subdivisions”, thereby providing remarkable insight
a narrow initial energy distribution indicates that the population into the energy transfer mechanism. The recent experimental
passing through a selected energy window far from the initial approaches being used to study these energy transfer processe
energy depends on the first and second moments. In addition,tend to fall into two general categories. In the first, substrates
the presence of “supercollisions” in whikE is abnormally of essentially arbitrary complexity are produced with high
large can be detected by the arrival at the window of a rapid energy by laser pumping methods, but the collision processes
precursor to the main population. One method used to establishthat relax these highly excited S* molecules are investigated
such an energy window is “kinetically controlled selective by probing the quantum states of the bath molecules B produced
ionization” (KCSI)891 Molecules are prepared in a narrow by the interaction between S* and B. By using relatively simple
energy range using the photoexcitatid® scheme described bath molecules and sophisticated laser probe methods to follow

Present State of the Art
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the quantum states of B, the nature of the mechanism for energy

loss by S* can be “seen” through the behavior of the energy g"'“’i Av, = 0.0042 em ' (T = 300 K)
acceptor molecule B! To fully analyze the deactivation process 3, ;1 4, - 0.0003 em’

for such highly vibrationally excited molecules as S*, however, ¢

the level of excitation, rotational profiles, and translational < o.06

recoils ofdifferentvibrational modes of the bath acceptor B, as -

well as the amount of energy transferred to the rotational and 5‘“’"‘ .
translational degrees of freedom of theund (vibrationless) s Aops = 0.013 em © (T = 3000 K)
state of the bath molecules, are required. Techniques capable

of supplying all of this extremely valuable information are now 0.00 - : ; .

at hand. In the second approach, relatively small, light -0.02  -0.01  0.00 0.0  0.02
molecules, whose quantum states can be resolved with consider- Frequency from Linecenter, cm'
able accuracy even at high energy, are produced in highly

excited states by a variety of clever laser pumping techniques. AVpager = 110 Avpo e, at 300 K
Loss of energy from these relatively simple, high-energy Mppoter = BIn2kT/mé)" ' ? v,

substrates can then be followed with a number of powerful laser _. . . L .
Figure 1. Shown are the laser line width for a typical infrared diode

probe methods that provide qiiantum state re;olution of the laser operating at 4.3m (0.0003 cm?), a Doppler broadened
relaxation processes by observing the S* donor itself. Though gpectroscopic line for a transition at 4.6 for a molecule of mass 44
limited to relatively small donor species with moderate vibra- ay at 300 K (width 0.0042 cr), and a Doppler broadened line for a
tional state densities in the energy region of interest, these transition at 4.3(tm for a molecule of mass 44 at 3000 K (width 0.013
techniques are frequently capable of revealing the underlying cm™).

fundamental relaxation mechanisms, especially the way in which

these processes differ for high and low levels of vibrational ~ Probing the Vibrational Modes of a Bath Molecule Excited
excitation. A variant on this approach is to produce medium by Collisions with a High-Energy Donor: A Prototype

to large molecules with just one or two quanta of vibrational Experiment. An appreciation for the usefulness of modern
excitation as donors and then to use high-resolution laser high-resolution spectroscopic methods in the study of energy
methods to probe the energy loss of these sp&&iéd _transf_er processes can be gaiined b_y cp_nS|der|ng collision events
Although the energies involved (typically 1008000 cnt?) in WhICh a_donor with a chemically S|g_n|f|cani amount of energy
are not “chemically interesting”, these large molecules have collides with a bath molecule, producing a vibrationally excited
rather high vibrational state densities even at low levels of State of the bath. A typical process of this type is the collision
excitation. Since many features of vibrational energy transfer between a gFs molecule with 5 eV (40 000 cnt or 115 kcal/

are sensitive to vibrational state densities, these experimentsT0l) of internal vibrational energy and a G@olecule in its
provide some insight into the features of interest for the 9round vibrationless state @) which produces C£n the first
relaxation of highly excited molecules and, in particular, the a@Symmetric stretch vibrational level @0'® This collision

influence of vibrational state density on the energy transfer Process resuilts in the loss of approximately 2300 trof
process. internal energy from the ¢Fs:

Philosophically, these two general approaches are quite 1 "
complementary.  In the first, all quantum state information about CeFe(E =40 000 cm”) + CO,(00°0;3 V) —
the donor, except for its energy, is surrendered in favor of really CsFs(E =37 700 Crﬁl) + COZ(OO°1;J,\/)
complete quantum state information about the acceptor and the
advantage of being able to study donor molecules of arbitrary y 54y represent the rotational angular momentum quantum
complexity in a “chemically significant" energy range. In bqth number and the velocity of the GOrespectively. The hot
variants of the second technique, donor species are kept in anyited GF; donor can be readily produced via absorption of a
energy range and/or size that still allows the quantum states ofo4g nm excimer laser pulse followed by rapid internal conver-
the donor to be reasonably well identified. Taken together, the g5 of electronic energy to vibrational enerfy8® The idea
two methods provide energy transfer information over a very of the experiments is to “view” the collision through the eyes
wide range of vibrational state density. Both approaches are ot the viprationally excited bath molecule, GO®1;J,V),
extremely powerful, giving substantial information about the - merging from the collisiof.94117 The excited bath molecule
relaxation processes of complex systems. can be probed using a high-resolution infrared laser that uniquely

A particularly appealing aspect of quantum state resolved identifies the vibrational and rotational quantum numbef4 00
experimental studies of energy transfer is their ability to provide of the scattered C© Even the velocity of the bath molecule
data that can be compared to theoretical calculations with acan be sensed by using this same infrared laser to measure the
relatively minimal amount of averaging. Historically, most Doppler profile of the recoiling C&00°1;J,V) at short times
theoretical calculations of energy transfer processes in large orafter the collisiorf3.9411&123 Figure 1 compares the laser line
highly excited molecules have tended to present data averagedvidth to the Doppler profile of a thermal (300 K) G@bsorption
over many quantum states and often over many collisions. Suchand the Doppler profile of a typical recoiling molecule. The
data can be compared conveniently to the huge body of laser line width is 10 times narrower than even the room
experimental information obtained before the advent of quantum temperature spectroscopic absorption profile.
state resolved methods. These same theoretical approaches A great deal of information can be obtained by this trick of
should be useful in analyzing state resolved results, since theviewing the collision process through the eyes of the “acceptor”
averaging process is usually the last step in any theoreticalmolecule. Indeed, momentum and energy conservation often
calculation. Of course, theoretical methods employing classical allow the behavior of the donor to be deduced quite accurately
or quasi-classical approaches must develop some algorithm forfrom the behavior of the acceptor so that this kind of experiment
quantizing inherently classical results, but techniques for doing provides deep insight into the mechanism of quenching for
this have been well establish&t0+-115 molecules with chemically significant amounts of vibrational
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energy. The average initial conditions for the collision are 00°0 must be determined. This has been done for firsthtes
defined with an energy spread of abddtsince the rotational of CO, with J = 58—82, much larger than the mead(= 23
angular momentum and velocity profiles of the collision partners at T = 300 K)1247126 These states are significantly populated
are both essentially thermal (300 K), and the internal vibrational by collisions and exhibit Doppler line widths much larger than
energy of the donor is determined by the photon used to excite thermal, indicating that the loss of vibrational energy from the
the GFs. Infrared laser probing allows the final quantum and donor produces large rotational and translational inelasticity in
velocity state of the recoiling acceptor to be defined with almost the bath acceptor. A particularly appealing aspect of these kinds
arbitrary accuracy, and the total energy and velocity of the of experiments is that they provide for the first time a picture
recoiling donor are known from energy and linear momentum of the separate behavior of the translational and rotational
conservation. Only the rotational angular momentum of the degrees of freedom or a measure of the amount of energy going
donor exiting from the collision retains significant ambiguity. from the vibrationally excited states of the hot, high-energy
The results of an energy transfer study of this kind are extremely donor into the translational degrees of freedom (trueTV
revealing and were, at least initially, quite surprisftig#116.117 energy transfer) as well as to the rotational degrees of freedom
The vibrationally excited acceptor emerging from a collision (true V—R energy transfer) of the bath acceptor. Even here
of this kind has been found to have rotational and translational the coupling of translational velocity recoil and angular mo-
energies very near thermal, indicating that little of the internal mentum, predicted by conservation of orbital angular momentum
vibrational energy of the hot donor is transferred to the rotational in the collision process,h(27)(AJ) = ulV., where h is
or translational degrees of freedom of the bath acceptor. Thus,Planck’s constanty is the collision reduced mas¥, is the
despite the dramatic increase in the vibrational energy of the collision recoil velocity in the center-of-mass frame, dni
CO; (the energy of the 30 level is 2300 cm?, more than 10 the mean impact parameter, has been found to hold at least for
times the mean thermal energy of €lefore collision), there  the pyrazine/C@collision systerm25126 This suggests that the
is no significant translational or rotational recoil. Momentum detailed partitioning of energy between rotational and transla-
conservation arguments rule out the possibility of significant tional degrees of freedom may be controlled by relatively simple
recoil for the GFs donor emerging from the collision and lead kinematic factors. Nevertheless, the fact that the relationship
almost inescapably to the conclusion that the collisions which between the recoil velocity and the change in angular momentum
produce vibrationally excited bath molecules must be soft, is related through the impact parameter should not be missed,
vibrationally resonant processes that occur at long range. Thussince this is a flag that molecular orientation, point of impact,
when the bath vibrational modes are excited in such an event,and distance of closest approach will control the fractional
there is an almost exact exchange of donor vibrational energy amount of energy transferred, respectively, to the rotational and
for acceptor vibrational energy! Indeed, temperature-dependenttranslational degrees of freeddA¥. 123 Ultimately, the hope
studies of similar processes in the hot pyrazine/C@llision lives that the intimate coupling amomyl, Ve, andb can be
system show both the characteristic “inverse temperature unraveled, thus providing probes of the potential energy surface
dependence” of a long-range, resonant energy transfer proces$or the collision process.
as well as some measure of the weak degree of rotational and  Although the particular prototype experiment described here
translational ine'aStiCity. It is worth noting that the prObablllty empioyed infrared absorption probing with Sub_Doppier resolu-
for such events in which the bath becomes vibrationally excited tion, a number of energy transfer experiments are now being
is small, ranging from roughly 1/70 to 1/1000 per gas kinetic developed or are already in use which employ other very high-
collision 394116117 So far, the characteristic signature of long-  resolution probe-1% Laser-induced fluorescence has been
range energy transfer in the quenching of molecules with ysed as a probe of both donor and acceptor molecules, providing
chemically significant amounts of vibrational energy has only rotational and vibrational resolution of the collisional energy
been observed with bath acceptors having stiff moties=t transfer process. As lasers improve in quality, these techniques
KT). Itis likely that low-frequency bath modeb( < kT) will should be capable of resolving Doppler profiles for recoiling
exhibit effects ariSing from Short-range force, hard collisions. molecules as We”' thereby providing an almost Comp|ete
These kinds of experiments are typical of quantum state and kinematic picture of these ubiquitous vibrational energy transfer
velocity resolved studies that provide sufficient information for processes. Indeed, the advent of diode lasers, with their
an unambiguous interpretation of collision mechanisms. The remarkably narrow line width, that are now pushing near the
combination of low angular momentum transfer and low velocity visible wavelength range, hold out the promise of sub-Doppler
recoil point almost uniquely to a long-range collision process. resolution experiments using electronic transitions in molecules
The existence of low angular momentum recoil by itself would to probe vibrational, rotational, and translational degrees of
not have proven such a mechanism since hard collisionsfreedom arising from energy transfer collisions.

occurring near the center of mass of the®@uld also produce “Supercollisions™ A Fascinating Anomaly? Molecular
low angular momentum in the bath but large translational energy encounters in which substantial amounts of enemty ¢ 1
recoil. eV) are transferred in a single collision can have a significant

Collisions that excite vibrational levels of the bath provide influence on the overall collisional relaxation of highly vibra-
exceedingly interesting insights into the energy transfer mech- tionally excited molecule¥?” Hence, much experimen-
anisms for quenching highly excited molecules. Nevertheless, talf®91.128.129gnd theoreticaf1-114.130-132 attention has been
they occur with sufficiently small probability that they amount focused on the nature of these “supercollision” energy transfer
typically (with small bath acceptors such as £&hd NO) to events, which have been observed experimer¥faify in
less than 10% of the total energy loss from the donor. To collisions between cold bath molecules and highly vibrationally
“complete” the picture of the quenching mechanism, the changesexcited molecules that undergo reaction if they gain a large
in rotational energy and the translational recoils for bath amount of energy in a single collision. In particular, excited
molecules that do not become vibrationally excited must be azulené with ~110 kcal/mol vibrational energy has been
measured. For example, in the quenching gf¢dy CO, the reported to transfer-33 kcal/mol in a single collision with
distribution of population in the rotational states with angular quadricyclane, although with low probability (0.001). Using
momentumJ and velocityV in the ground vibrationless state  kinetically controlled selective ionizatié 9 (see above), the
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collisional relaxation of highly vibrationally excited toluene

Flynn et al.

tions must necessarily proceed via a supercollision mechanism

(~140 kcal/mol) has been monitored, and the energy transferredsince these processes requrpriori the conversion of a large

per collision was found to have a large dispersion. Additionally,

some excited toluene molecules were observed to cool com-

pletely to 300 K after only a few collisions, presumably with
each collision relaxing the toluene considerably.

Classical trajectory calculatioHd-114.136-132 3|50 support the
existence of collisions which transfer unusually large amounts
of energy. Relaxation of excited HO(40 kcal/mol) by
collisions with He was found to produckE values up to 12

quantum of vibrational energy > KkT) into translational and
rotational energy. These examples of small molecule energy
transfer clearly have a number of features in common with
impulsive supercollisions observed in large polyatomic molecule
systems. Furthermore, if we use the rather arbitrary definition
that a supercollision is an event that transfers an energy greater
than say 1T (roughly 2000 cm! at room temperature), the
excitation of the stiffr3 mode of CQ by energy transfer from

kcal/mol% although, as noted above, these events occurredhot donors with chemically significant amounts of energy
relatively infrequently. For this system, a double-exponential (discussed above) is a supercollision. Note that this is a very
function was required to adequately describe the long tail of special kind of supercollision, brought about by a nonimpulsive
the energy transfer probability distribution. Quasi-classical collision process, with little angular momentum or translational
trajectory studi€$1132on the collisional deactivation of excited ~ €nergy imparted to the bath molecdf€* 116117 All of the
HgBr(B2S»=52) by a number of rare gases suggest that an e€nergy is instead placed neatly into the acceptor molecule’s
accurate description of the high-energy part of the transition Vibrational motion through long-range electrical forces.
probability function requires the use of double exponentials and Recent data collected for collisions involving hot pyrazine
sums of Gaussian and exponential functions as well as theand cold (300 K) CQ suggest that the postcollision GO
inclusion of the HgBr anharmonicity. In addition, the prob- molecules produced in high rotational states with large trans-
ability for collisional transfer of relatively large amounts of lational energy arise from collisions with a pyrazine molecule
energy 6000 cnt?) does not depend on the complexity of that is in the process of “exploding”, a true unimolecular
the encounter, with direct and multiple collision complexes quenching everit®® Theoretical modeling studies of the quench-
having similar probabilities{10%). The collisional relaxation ing of high-energy S® by argon atom¢! find that the

of excited C$ has been investigated in a number of theoretical magnitude of the energy transferred increases dramatically as
studiest0107 For CS with 57.2 kcal/mol internal energy, as the SQ donor internal energy increases frdeg — 20 kcal/
much as 36 kcal/mol is transferred to CO in a single collision. mol (20 kcal/mol below the threshold for fragmentation) up to
However, this type of event occurs only about 1 ir d@llisions. the dissociation limiEo. In a study using both vibrational close-

In trajectory studies of excited azulene colliding with Xe coupling, infinite-order sudden quantum scattering and classical
atoms!%8-114 supercollision events are observed, which are not trajectory methods, energy transfer for highly excited benzene/
associated with any particular range of impact parameters orrare gas collisions has been investigat®dThe results suggest
initial velocities but invariably involve the approach of the Xe that the mechanism for “supercollisions” involves a head-on
atom toward a hydrogen atom which is compressed against thecollision between a bath gas molecule and a rapidly moving
carbon backbone of azulene. This close approach forces thesubstrate atom involved in large-amplitude motion associated
hydrogen/xenon interaction far up on the repulsive part of their with a highly excited, low-frequency, out-of-plane vibration.
potential wall, which then results in an impulsive kick from Though these results are very new, they suggest that supercol-
the azulene to the Xe atom. These impulsive supercollision lision events may be a general phenomenon that becomes
events can be compared with a mechanism of energy transferparticularly important for molecules near or above the threshold
in which excited azulene and Xe undergo multiple atom/atom for fragmentation. The large-amplitude vibrations expected for
interactions during a single encounter, a so-called “chattering” a molecule undergoing dissociation in the energy region at or
collision198-114 | arge amounts of energy may be transferred above the transition state might explain the large collisional
in these events, but because the energy transfer occurs in mangnergy transfer observed in this system. In small (triatomic)
small steps rather than in a single interaction, they are not molecules the opportunity for studying quantum state resolved
generally considered to be true supercollisions. Nevertheless,collisional energy transfer for a dissociating donor species at
“chattering” collisions and supercollisions would be difficult or above its threshold for fragmentation is limited because of
to distinguish experimentally. As with the other theoretical the short lifetime of the decomposing species. The rather long
studies, this investigation indicates that supercollision events lifetimes associated with the breakup of large molecules at or
are rare, but pervasive; that is, they are seen in a wide range ofrelatively near their unimolecular dissociation threshold energy

simulations'08-114

Typically, supercollisions are assumed to involve large
polyatomic molecules. There are, however, reports of collisions
between an atom and a diatomic molecule which are ac-
companied by surprisingly large energy transfer. In the mo-
lecular beam scattering of internally excited KBi,{ = 41 kcal/
mol) with argont33-135as much as 28 kcal/mol was transferred
to the argon in a single collision for some scattering angles.
These results were successfully modéiedising a quantum
mechanical spectator model for inelastic scattering off the
repulsive part of the intermolecular potential. Ballistic collisions
in which a substantial fraction of the relative translational energy
(~1 eV) in a CsF/Ar collision is converted into internal energy
of the CsF have also been reporiéd. Using the impulse
approximation',?8139model calculations find that the ¥ V

provide an opportunity to study these processes using a variety
of high-resolution laser/spectroscopic probing methods.

There is a remarkable similarity between the present preoc-
cupation with and “controversy” surrounding supercollisidfs
and an earlier debate on the subject (in a slightly different guise)
extant several decades ago between the Seattle and Cambridg
unimolecular reaction grougé? At that time the argument
involved the relative importance of average versus high-energy
(read “super”) collisions in promoting “unimolecular” chemical
reactions. Today we are fortunate that the experimental tools
at our disposal (provided largely by the advent of high-
resolution, high-intensity lasers, supersonic cooling techniques,
and molecular beam machines) are capable of elucidating for
the first time a detailed quantitative picture of the collision
processes important in these ubiquitous chemical reactions.

energy conversion for this case may be as large as 96%. TheThus, the questions, having been around for 20 years (or perhaps

deactivation of diatomic molecules with high-frequency vibra-

70 counting from Lindemann’s original conjectiffeabout the



Vibrational Energy Transfer J. Phys. Chem., Vol. 100, No. 31, 19962823

mechanism of unimolecular reactions!), are well posed. To experiment due to the lack of requisite tools! (A particularly
appreciate how important such quenching collisions are, we needelegant set of experiments that sense both rotational and
only realize that such a large energy exchange is almost alwaystranslational inelasticity without vibrational state change have
capable of taking a molecule from above the energy threshold been performed using microwave absorption technidfed>

for unimolecular reaction to below threshold. Thus, quenching If similar studies can be performed in which vibrational states
by such supercollisions can have a dramatic effect on the change as well, the practice and art of vibrational relaxation
probability of unimolecular reactioH® Although such encoun-  studies will advance considerably. The challenge in these
ters are relatively improbable, they can carry away a substantialexperiments is the relatively low probability for vibrational
amount of the donor energy. guantum number changes in such collisions.)

The Present: Prologue to the Future. The present era of An important question that might be asked about the future
energy transfer studies on the ground potential energy surfaceof energy transfer studies is the degree to which the initial state
has been characterized by a continued reliance on the improvedf a highly vibrationally excited molecule can be defined. For
versatility and quality of pulsed lasers as pump sources. Perhapdarge molecules at low energy (one or two vibrational quanta)
far more important, however, has been the introduction of high- and for small to medium sized molecules with moderate
and superhigh-resolution spectroscopic probe methods thatvibrational excitation, preparation of single initial vibrational
employ lasers to achieve both the necessary resolution and theand rotational states of a donor are possible using a variety of
requisite sensitivity needed for the most sophisticated experi- methods such as stimulated emission pumping, overtone excita-
ments. Increasingly, these experimental techniques are movingtion, and Raman scattering. For large molecules with “chemi-
toward the complete definition of collisional energy transfer cally significant” amounts of energy, where vibrational state
processes in which the vibrational, rotational, and translational densities generally exceed®@m?, preparation of individual
motions of molecules can be defined before and after a collision vibrational levels appears to be beyond the ability of any present
has occurred3-9.147151 (Indeed on the distant horizon can technology. Nevertheless, it should be possible to prepare
be seen the possibility of studying collisions in which the spatial molecules with chemically significant amounts @brational
orientation dependence and the impact parameter distributionenergy where the initialotational state and the initiadelocity
can be controlled or revealdef-159 Equally impressive have  are relatively well defined. Linear and angular momentum
been theoretical developments that now provide predictive considerations limit the values dfandV that can be excited
values for quantum state resolved energy transfer processes aby a laser photon no matter what the total vibrational energy of
well as a description of collisional vibrational energy transfer the hot donor molecule. Indeed, for the prototype experiment
for small molecules with chemically significant amounts of described above involving energy transfer betweeghs @vith
energy. For example, the “azimuthal and vibrational close- 40 000 cm! of energy and thermal CO the amount of
coupling, infinite-order sudden approximation” theoretical ap- translational and rotational energy in the hgE§(40 000 cnT?)
proach has been used to make quantitative predictions of thedonor can safely be described as negligible, since the rotational
guantum state resolved rovibrational energy transfer in electronic excitation induced by laser pumping only add@z units of
ground state (§ glyoxall®” These calculations agree remark- angular momentum to the donor’s thermal rotational profile and
ably well with the rovibrational energy transfer cross sections essentially nothing to its velocity profile. Nevertheless, while
for collisions of glyoxal with He, H, and > measured in the  the energy represented by these two degrees of freedom is very
first electronically excited state {of this specied>8-160 (See small, the spread in angular momentum and velocity is both
below.) considerable and undesirable and limits the amount of informa-

Future experiments seem certain to continue the move towardtion that can be gleaned from the experiments. Of more
a better definition of both the initial and final states of the importance perhaps is the final angular momentum state of the
C0|||d|ng partners in a molecular encounter that involves hot donor which is eXCGeding'y difficult to determine after the
exchange of vibrational energy of a donor Species with the collision. (The VelOCity recoil of the hot donor can be deduced
vibrational, rotational, and translational degrees of freedom of reasonably well from the measurable velocity recoil of the bath
a bath acceptor molecule. Indeed, for donor species at low acceptor and linear momentum conservation.) The combination
vibrational energies (one or two vibrational quanta of excitation), 0f supersonic cooling techniques with clever laser excitation
where individual vibratior-rotation quantum states can still be  schemes provides an opportunity to produce a hot donor with
Separated’ assigned, and pumped by presenﬂy available “monochemically significant amounts of vibrational energy and very
chromatic” laser sources, experiments that fully define the initial Well-defined rotational and translational energy. Provided the
and final vibrational and rotational quantum numbers are now bath acceptor molecule used to carry away the energy is kept
being performed with excellent resuffs100.147,148,163168 | small, as in the prototype experiment described above, the final
fact, such studies have already shown that energy transfer procstate of the acceptor can be probed with almost arbitrary
esses can depend Sensitive|y on the Coup"ng between vibratiordccuracy while the initial state rotational and translational energy
and rotation in the donor and acceptor Speaéé48,169172 So can again be well-defined using laser pumplng and/or SUperSOﬂiC
far, velocity recoils have not been measured in such experimentsexpansion methods. The great challenge that remains is to
but seem certain to be determined in future studies with small, measure the rotational recoil of the hot donor as it emerges from
Weak|y excited molecule<?3 The requisitE, Sub_Dopp|er resolu- the collision still with so much vibrational energy that its
tion probe lasers are available already, and it only remains to SPectroscopy remains intractable.
find a molecular system with sufficient signal quality to perform Even without going to experiments of exceptional spectro-
these experiments. A particularly interesting area for study, scopic resolution, a number of exceedingly interesting challenges
which can be investigated with high-resolution sub-Doppler remain in studying energy transfer for molecules with chemically
absorption techniques, is the probing of translational energy significant amounts of energy. For example, it would be highly
exchange in long-range energy transfer processes. Well-defineddesirable to study systems that are in the process of breaking
prediction§263 for translational inelasticity in vibration-to-  up due to unimolecular dissociatiff 142 and to determine the
vibration energy transfer processes have existed for more thanenergy transfer properties of these species at different times
25 years, predictions that have never been directly verified by before the expected breakup. These experiments should be
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possible with long-lived species where several microsecondsbuilt-in molecular clock, to permit easy adjustment of added
passes between excitation by a laser photon and the onset ofjas pressures for single-collision conditions. Second, the
dissociation. To study shorter-lived species will require fem- vibrational or rovibrational structure in dispersed fluorescence
tosecond/picosecond laser pump and probe methods. can often be used to follow quantitatively the important energy
Ultimately, all energy transfer experiments provide informa- transfer channels occurring on the@®lyatomic surface. Since
tion that can be used to test the quality of the potential energy all S; vibrational states reached by the energy transfer participate
surfaces that define the collisional interaction between mol- in $—% fluorescence, the probe of dispersed fluorescence in
ecules. The outstanding progress that has been made in therinciple (and often in practice) allows one to sdlesignificant
theoretical description of these processes and the ever-increasinghannels. The result is a complete single-collision energy
power of modern computers leave the theoretical determinationtransfer map from the selected initialIBvel. If the experiments
of these potential energy surfaces a prime area of future effort. are repeated with the polyatomic entrained in a cold supersonic
In addition, methods to test the quality of these surfaces, beam, opportunity exists for introducing more definitive rota-
particularly individual regions of the surface, against the best tional state resolution in both initial state pumping and destina-
experimental data are sorely needed. The combination oftion state observations. The use of crossed molecular beams
elegant, incisive experimental techniques and powerful theoreti- adds collision energy control as well as the possibility of
cal methods coupled with the ever-increasing speed andinfluencing collision geometry and of obtaining differential cross
sophistication of modern computers suggest that “everything sections.
we ever wanted to know about energy transfer on the ground  Studies in 300 K Bulbs. The 300 K bulb studies are well
potential energy surface” just might be apparent to us before practiced while crossed beam studies are still relatively sparse.
we sit down to celebrate the 200th birthdayTdfe Journal of ~ The prototypical bulb experiments are those involving the B

Physical Chemistry O," state of p. Their origins have been tracgéfiback to 1911
when sunlight was the pump source and visual observations of

State-to-State Vibrational Energy Transfer within the fluorescence color changes in response to added gase:

Excited Electronic States of Polyatomic Molecules constituted the detectdf’178 A “chrestomathy” of the iodine

experiment¥® as well as a later revieMP summarizes the

. o . evolution of the } experiment as pump sources changed from
energy region of a vibrational manifold where the levels are . L ) ;
carbon arcs through atomic emission lines, laser lines, and,

well separated and usefully labeled with a zero-order normal ;
e . finally, tuned lasers. Photographic plates were used as the
mode description. Here we wish to measure absolute state-to-,

) ; o . fluorescence detector until 1964 when a switch to photomulti-

state VET cross sections for single collisions with, say, a rare liers provided mor ntitative m rement
gas atom. We would like to see this\I transfer from a pliers pro ? o.e qua ‘,”l € easg e. ents.
selection of initial vibrational states, where for each calie In comparison with the.lhistory, application of the tuned
important channels may be observed. It would be desirable to St PUmp-fluorescence probe approach to polyatomic molecules
extend the measurements to rotational resolution, both in initial IS @ Néwcomer. The 300 K bulb experiments began just prior
state selection and in destination state observations, so that thd® the introduction of commercial dye lasers by using excitation
competition between rotational channels{Rexchange) and  derived from Xe arcs coupled to a monochromat8r.They
rovibrational channels (¥T,R exchange) is mapped out. One have_, of course, been greatly refln_ed with laser pump sources
would like to repeat the experiment over a range of narrow and improved fluorescence detection schemes.
center-of-mass collision energy distributions. Ambitions may  Most data concern single ring aromatic molecules with 30
also extend to obtaining a measure of control over the collision 0Or more modes. With sometimes scores of vibrational levels
orientation and perhaps monitor the influence of impact occurring within XT of an initially pumped level, including
parameter. Differential cross sections may be added to thesome nearly resonant, one would anticipate that the multiplicity
aspirations, and of course these measurements should involvéf VET channels would completely obscure the outcome of
a wide enough variety of polyatomic molecules and collision Single-collision encounters. A remarkable phenomenon was
partners so that trends and generalities maybe perceived. discovered, however, in the first experiments. The state-to-

There is also a corresponding challenge for theoretical State VET was extraordinarily selective among the possible
treatments of VET since no simple model could handle such channels. Strong propensity rules were clearly at work. This
detailed results. Ideally, theoretical predictions would lead the high selectivity has since been seen in every polyatomic
way. molecule study. High selectivity is the hallmark of state-to-

While this wish list represents a road to a seemingly State VET.
unobtainable destination, the distance so far traveled is surpris- An example is shown in Figure 2. The ®nergy level
ingly great. Some of the intermediate goals have been reacheddiagram depicts the state-to-state channel competition from an
but, sadly, only for one or a few polyatomic molecules. Much initial level with e,i, ~ 410 cnTt in p-difluorobenzene in single
of this progress has come from studies of energy transfer within collisions with Ar18l It shows that transfer to a level nearly
excited electronic states. Ironically, excited state observations resonant with the initially pumped level is ignored while 56%
are among the oldest in the discipline, yet they still offer much of the transfer involves a single channel reaching a level buried
promise toward reaching further milestones in the quest for in the midst of many near neighbors about 120 ¢@bove the
satisfactory characterization of state-to-state energy transfer. initial level. Another 10% reaches a higher level, and still

Most excited electronic state explorations of polyatomic VET another 8% selects a third level, even higher in energy. In all,
are conceptually simple. Focus first on the most elementary five specific channels account for over 75% of the single-
experiment, namely a mixture of the polyatomic molecule with collision transfer probability.
its collision partner in a 300 K bulb. Absorption of a tuned The propensity rules that drive the aromatic selectivity were
laser pump creates an initia] @brational or rovibrational state initially extracted® by a simple application of a quantum model
in the polyatomic molecule. Fluorescence detection of this of atom—diatomic collision4®2183that was adapted for poly-
electronic state achieves two objectives. First, it takes advantageatomic molecule®* This so-called SSH-T model factors into
of the fluorescence lifetime (microseconds to nanoseconds), aa product of squared matrix element for each vibration

Consider the ideal experiment for exploring VET in the low-
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motions, the question arises whether it is the geometric character
as opposed to the low frequency that makes the modes so active
800~ == n With three-dimensional, fully quantal scattering calculations that

<07%(0.2) 6'30° reproduced aspects of the pDFB ditajt was possible to
n 3% (0.7) artificially reduce the frequency of some in-plane modes to that
of the lowest out-of-plane mode. With their newly acquired
8% (2.1) low frequencies, the in-plane modes also display the large cross
600~ 10% (2.8) sections of the favored channels.
56% (14) In addition_to high se]ectivity among possible-\r channells,
L _ a second universal trait has emerged from the polyatomic bulb
— studies. The most favoredVT channels have remarkably large
'g 1 cross sections, at least when gauged by the general experience
~ 400 g P . of diatomic V—T energy transfer that preceded the polyatomic
w studies. Cross sections of the dominant polyatomic channels

are in the range-115% of hard-sphere values. Low frequencies
are undoubtedly responsible for the generic Wefficiently in
polyatomic models. The SSH-T model is unable to account
for the large size of cross sections. Quantal scattering calcula-
1% (0.3) ————— == -8’ tions, on the other hand, reproduce the absolute magnitudes
reasonably welt8’

In addition to a critical review,a compendium of the 300 K
VET experiments has recently appeat&d.Only a few non-
of- _— = aromatic polyatomic molecules have been visited seriously by
the 300 K bulb technique of tuned laser pumping of a variety
Ar + pDFB(6") of levels with dispersed fluorescence detection. They include
Figure 2. S; vibrational levels inp-difiuorobenzene showing levels ~ difluorodiazirine (CNF,),189.1% glyoxal (CHOCHO);** and
populated by single collisions with Ar after pumping the in-plane ring  CF2.1°2 While none has been modeled well by SSH-T rules,
distortion fundamental,’6The dominant destination levels are identified the dominant characteristic of the propensity rules may still be
along with the percent of VET out oft@sing each channel and of the  seen to operate, at least in the two larger molecules. High
transfer efficiency given in parentheses as the number of effective selectivity occurs, and again small quantum changes in the lower
collisions per 100 gas kinetic encounters. Adapted from ref 9. frequency modes account for the majority of observed channels.
These cases also show some intriguing departures from the
rather uniform behaviors of the aromatic molecules. Those
differences underscore the need to explore single-collision state-
to-state V=T transfer in a much wider selection of molecules.
vibrational quantum change beyoridv| = 1 imposes an There are far too few examples from bulb studies to build even

additional order of magnitude restriction on the transition a reasonably encompassing picture of trends and generalities.
probability. Thel(AE) integrat8for a “heavy” collision partner Vibrat!onal relaxation studies of diatomic mplecules in excited
such as Ar as opposed to He op Heaks for =T process electronic states have shown that coupling among upper
with AE about 100 cm! and then falls to a small value by the electronic states introduces relaxation paths that are inaccessible
time AE reaches<300 cntl. The net result is thatansitions to ground state molecules. With this experience, a recurring
Wlth Sma" quantum Changésma”Av) in |Ow_frequency modes questIOI’l |S Whether VET |n]_$ta.tes Of p0|yat0mIC m0|ecu|eS
(Sma” AE) dominate the channel Competition_ is generically different from that in their ground electronic states.

A more recent version, only slightly less primitive than the N @ general sense, the answer appears to be “no”. For example.
first, emphasizes the favored channel bias to low-frequency While S—T mixing in pyrazine appears to reduce the\&eT
modes by including an SSH-T derived frequency_dependent Cross SeCtionS moderaté‘l%the effeCt iS We” UnderStOOd as a
termi8lin V2. The fidelity of these rules in their various versions SPecial casé?* The mixing seems to have little effect on the
to the observed competition among channels is often semiquan-channel competition. The best comment on thevS §
titative. Considering that the data include transfer from a variety guestion comes from an ensemble of tour-de-force VET studies
of initial modes in four aromatic molecules, the agreement is Of selected glevels of p-difluorobenzene. Using stimulated
far better expected from the simple modeling. emission pumping (SEP) to populate varioudesvels in both

The SSH-T modeling successes have been obtained without300 K and cold jet experiments (see below), abundant energy
making specific account of level symmetries or of mode transfer data emerged that may be compared withext
geometries. A systematic bud hoc treatment of mode  Perimentsi®>-1% The behavior in and § states is similar in
geometries has been introduced as an addendum with modes@ll respects.
improvement of the data for certain molecul€s.The lesson The theoretical modeling is consistent with this result.
one draws is that these characteristics are of secondaryQuantal theoretical accounts of 8ET in p-DFB fit both §
importance for aromatic state-to-state-V transfers. Small and $ data without special account of an excited electronic
guantum changes in low-frequency modes are the defining state!®’” In a more stringent test, the detailed and highly
aspects of the favored channels. successful theoretical fits to; $otationally and rovibrationally

The importance of low-frequency modes is underscored by inelastic scattering in glyoxal (CHOCHO) (see below) are also
a theoretical treatment of the pDFB transfer that investigated made without special attention to an excited electronic surface.
specifically the relative roles of mode geometry and mode Thus, certainly in these cases, and probably rather generally,
frequency. Since the low-frequency modes that dominate thethe § vibrational relaxation in polyatomic molecules is
VET in aromatic molecules are almost always out-of-plane electronically adiabatic. ;SVET appears to differ from what

1

2001

undergoing quantum change and an inte¢fAE) dependent
primarily on the amount of energy exchanged-V, the
temperature, and the collision-pair reduced mass. In their most
primitive form, the V2 terms become I0* so that each
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would be found in the &state only on account of incidental no need to invoke contributions from special mechanisms. Low
factors such as mode frequency differences, accidental Fermicollision energy VET cross sections tracked well with the L-J
resonances, and so forth. Cross sections.

The similarity of VET in ground and excited electronic states A most unique contribution to the discussion of polyatomic
may not occur so generally in diatomic or small polyatomic VET cross sections for very low energy collisions is found in
molecules. For example, if the frequency of an active mode a study of thep-difluorobenzene Ar system over the range
differs substantially among the electronic states, as is often thel—12 K% In this case, cross sections were obtained for the
case for diatomic molecules, then qualitative changes in VET S state where stimulated emission pumping (SEP) was used
cross sections may be expected for excited electronic statesfor level population. These SEP generated cross sections
Diatomic and small polyatomic molecules may also be subject exhibited ordinary behavior when scaled against Lennard-Jones
to collisional interactions between specific vibrational levels of elastic cross sections. Most remarkably, the correlation is
two electronic states. The excited electronic state VET is not sustained when extended to 300 K for the same SEP populated
then electronically adiabatic, leading to substantial changes fromSp levels!®® As the authors point out, “Clearly the attractive
ground electronic state characteristics. region of the intermolecular potential is an essential ingredient

Studies Using Cold Supersonic ExpansionsThe introduc- in understanding the c_:o_llision dyr}amics of molecular systems”
tion of supersonic cold jet expansions has had an impact onat these very low collision energies.
spectroscopy that ranks second only to that of lasers. Energy One of the great advantages of the cold jet experiments is
transfer is one of many fields to benefit from this new chemical the improvement in resolution that may be brought to the state-
environment where rotational and, in many cases, vibrational to-state experiments. With the narrow rotational band contours
degrees of freedom may be cooled to a few kelvin. The bulb of polyatomics in the low-temperature expansions, overlapping
optical pump-fluorescence detection method has been transferre®f absorption bands is minimized and laser pumping becomes
to these cold jets in two types of experiments. The simplest is more selective. Molecules whose study at 300 K was precluded
the study of energy transfer in the collisional part of the jet by thermal congestion in;SS, absorption become accessible
expansion that occurs within a few<{-5) nozzle diameters in cold jets. Naphthalene with 48 modes is a prime example
downstream of the nozzle orifice. Here the translational of a complicated vibrational system opened for VET study by
temperatures and hence collision energies have typically fallenthe cold jet approacH® 22 Another is GDs,?** a difficult case
to a few kelvin but with the collision frequency still high enough at 300 K.
to generate detectable VET from a Bumped level. The These cold jet studies have improved greatly the detail with
polyatomic molecule is usually seeded at a few mole percent which the individual state-to-state channel competition may be
in, say, an inert gas carrier that serves as the VET collision resolved. In 300 K bulbs, the dominant channels are often those
partner. The more ambitious cold jet studies use cross molecularthatadd single quanta of low-frequency modes to the pumped
beams where high (and tunable) collision energies are createdevel. In contrast, only the exoergic channels ¥ T) are
by the interaction of the beam carrying the polyatomic with a accessible in the very low energy collisions of cold jets. As a

separate target beam. result, competition between less favorable channels constitutes
Single-Beam Experiments. True to form, b in its B state ~ the energy transfer. Now the channels wittv| > 1 as well

led the way in the single-beam experimépftsvith the initial as the|Av| = 1 channels of higher frequency modes display

studies focusing on the very low collision energy vibrational their interplay.

transfer out ofv’ = 25 in one exploratio% v' = 14, 16, and The state-to-state VET competition in the very low energy

28 in anothef®? and, subsequently;, = 432 in a third. The collision domain of cold jets has been monitored for one initial
unique issue that arose from the iodine studies concerned theS; level and several collision partners in benzéfé?*benzene-
large size of cross sections. While the extraction of absolute ds,??1?22and naphthalen¥? It has also been observed from
cross sections involves the uncertainties associated with aseveral levels in § p-difluorobenzend®224.225 again with
collisional environment that is hard to quantify, all workers several collision partners. A compendium of conditions has
agreed that the cross sections for relaxation dfwith He, been givert®® In all cases the great rule of polyatomic VET is
primarily by Av' = —1 transitions, are on the order of 106 A  sustained; namely, high selectivity occurs among competing
as opposed to a geometric cross section of about 20 A channels. Beyond this, no universal characteristics of the
Argument ensued concerning the extent to which a special collisional energy flow emerge.

mechanisms such as orbiting resonances that lengthens the In all these cases, the channel competition is in qualitative
I.*—He collision duration contributed to the large cross accord with SSH-T predictions for at least some initial levels
sectiong92204212 Others have proposed that the data may be and some collision partners. As finer details are examined,
rationalized by ordinary impulsive collisioRs® A specific however, the limitations of SSH-T modeling are revealed.
revisitation of the 1—He system over a temperature range of These sticky points concern such observations as the temperature
2—12 K rather convincingly supported this interpretatféh. dependence of branching ratios for competing channels, or the
Indeed, there seems still no clear-cut experimental evidence forunique behaviors from different initial states in the same

the influence of resonances. molecule, or the response of the channel competition to different
The first extension of single-beam studies to thestate of  collision partners.

polyatomic molecules was almost contemporary with the | A particularly illustrative example concerns initial Bvels

experiments. Unusually large cross sections were again reportecand collision partners ip-difluorobenzene VET. The channel

for various molecules including glyoxal (CHOCH®&Y,216 competition from an initial glevel with €,;, = 350 cnT! has

aniline?'” and naphthalen®8 Later naphthalene studg220 been monitored with independent experiments for He and Ar

brought a new understanding to the issue by obtaining a set ofcollision!85225 SSH-T modeling fits the data as well as the
VET cross sections for temperatures ranging from 1.6 to 15 K. same VET observed at 300'®2 On the other hand, a similar
When scaled against the strongly temperature-dependent Lencold jet experimer?4 for another level withe,ip, = 238 cnr?!
nard-Jones elastic cross sections rather than the usual practiceeveals behavior for these collision partners that cannot be
of comparison with hard-sphere cross sections, the data revealedeconciled with a unified SSH-T model. Additional examples
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of cold jet VET from other $ p-difluorobenzene levels show molecule with 12 modes, as a function of collision eneijy.
flow patterns that fit SSH-T modeling from some levels but True to form, the technique was once again worked out with
not otherg25whereas the VET data at 300 K from many initial  1,.230
levels were all modeled well with SSH-T thed}. As an alternative crossed beam approach, the optical pump-
For the purposes of modeling, it is clear that the very low dispersed fluorescence detection scheme so effectively used in
collision energy regime is a far more subtle environment than 300 K bulbs has been moved into beams for study of inelastic
the broad collision energy distributions of 300 K VET. scattering in $polyatomic molecules. This change brings two
Although few polyatomic molecules have been studied, these great advantages to the beam experiments. (i) A variety of initial
experiments are particularly instructive on account of the levels is easily selected. (iBll of the major single-collision
demands they impose for the development of new theoretical channels may be observed. In bulbs, one obtain absolute cross
approaches. They need to be pursued for a far wider range ofsections. In beams, one obtains quantitatie&ative cross
polyatomic molecules. sections for the many channels defining the competition.

Crossed Molecular Beam Experiments.Crossed molecular Since crossed beams are in many aspects a hostile environ-
beams provide the greatest opportunities for instructive cold jet ment for the 300 K bulb method, what is the motivation for its
VET explorations. The vast majority of crossed beam experi- use? The great appeal is vastly improved resolution. With cold
ments do not deal with energy transfer but focus on reactive beams, it is practical to pump a vibrational level with a severely
scattering because of the availability of a quasi-universal restricted rotational distribution so that information about
detector. A mass spectrometer can easily distinguish the smallrovibrational and even rotational energy transfer emerges. When
reactive scattering signal, here a new chemical species, fromcombined with the relatively narrow collisional energy distribu-
the massive background of elastic scattering. To follow inelastic tion of crossed beams, the experiment gives an encompassing
scattering where only rotational and vibrational state changesview of the competitionamong single-collision state-to-state
occur, the detector faces more severe challenges. They haveenergy transfer channels that is far more detailed than any
been met by following changes of translational energy that previously seen. The improvement in resolution is quite
always accompanies the internal state changes (i.e., a time-of-analogous to that obtained when spectroscopic studies are
flight detector or Doppler spectroscopy) or by probing directly switched from 300 K bulbs to supersonic expansions. Thus,
the internal states themselves (i.e., various spectroscopies). Aas with the § crossed beam experiments, it has created an
review of of these “energy change” and “state change” methods entirely new game for large molecule energy transfer.
has been given with citations of many examples, most of which  Again, true to form, the first excited state studf@g3+233
involve diatomic or very small polyatomic molecufes. using this crossed beam approach involved the B state, of |

Application of crossed molecular beams to state-to-state VET the constant benchmark of energy transfer. (Indegserdved
in large polyatomics was pioneef8tby “state-change” studies  also as the precursor of thg §ossed beam experimefits 236
of aniline??” and p-difluorobenzen®8 with He atoms. Vibra-  and their theoretical interpretatiof¥) The S polyatomic
tional excitation from the = V inelastic scattering from the  studies so far have involved only glyoxal, CHOCH® 242
S zero-point level was followed with;S— S laser-induced ~ With 12 modes, it serves as a working example of a large,
fluorescence, a highly sensitive state detector. These experi-vibrationally complex molecule. On account of its symmetry
ments exploit the unique capability of crossed beams to tune and spectroscopic properties, glyoxal has exceptional experi-
the collision energy, and in this case, an ingenious experimentalmental accessibility. It is similarly accessible for theoretical
design with variable beam intersection geometries permitted thetreatment~14
relatively narrow collision energy distribution to range from Figure 3 displays all of the ;Sylyoxal vibrational levels up
about 150 to over 2000 cth. Many & fundamentals occur  to 1200 cnil. Each of the four bold levels has been pumped
within these energies, and a diligent search with highly by tuning a laser to rotational features in the appropriate S
sensitivity for their activity revealed the expected result. Only S, vibronic absorption band. Glyoxal is almost a symmetric
two modes in aniline and one mdifluorobenzene were active.  top (« = —0.99), and promineriR sub-band heads in the cold
They were always the lowest frequency modes, and all were (35 K) absorption spectrum allow selection of the angular
seen in onlyAv = 1 or Av = 2 channels. momentumKh about the top axis (thea” axis in Figure 3). In

The great strength of these experiments is their ability to work so far completed{’ = 0 has been selected. For example,
follow the cross section for a specific channel as the collision one may pump the :Sevel 7 with K' = 0 andJ' < 10, for
energy is tuned. They have provided the first (and still only) Wwhich the shorthand designation i&®.
view of the collision energy dependence of state-resolved Exceptionally strong vibrational propensity rules control the
vibrationally inelastic scattering in molecules of such vibrational S; vibrationally inelastic scattering. Cross sections far =
complexity. With one intriguing exception, the cross sections +1 changes in the lowest frequency mode, the CHEHO
of the T— V channels increase smoothly as collision energy is torsion v;/ = 233 cn1?l, exceed those for other vibrational
increased over a range of aboutdl5The trend is rationalized  changes by at least an order of magnitude (see Figure 3).
with a simple model as well as by a fully quantal 3-dimensional  The real power of crossed beams is the rotational resolution.
inelastic scattering calculatiofi! That resolution transforms an energy transfer schematic from

One of the limitations of the Scrossed beam approach the vibrational level diagram of Figure 3 to that of Figure 4
concerns selection of the initial rovibrational state from which involving many rovibrational levels. That schematic is for
inelastic scattering occurs. Unless tough pumping strategies areenergy transfer after pumping®R®. It is comprised of rovi-
imposed, the states are those produced by the cold expansionbrational levels within each of three types of inelastic channels.
namely a relatively narrow rotational distribution in thezéro- One may observe pure rotationally inelastic scattering wikh
point level. One of those pumping strategies involving three = 1 or 2 or 3... up to the collisional angular momentum limit.
laser frequencies has been employed. By using stimulatedOne may observe rovibrationally inelastic scattering, again with
emission pumping for initial state selection, several state-to- AK = 1 or 2 or 3... forAv; = +1 collisional transitions.
state rovibrationally inelastic scattering channels have beenFinally, one may observe rovibrationally inelastic scattering for
monitored fromsingle raiibrational levels of $ glyoxal, a the analogoud\v; = —1 channel.
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Figure 3. A display of all S glyoxal vibrational levels below 1200 300 200 -100 0 100 200 1300 400 500 600
) . oo - : ; :
cm™t. Arrows show the dominant vibrationally inelastic scattering AE (cm )

channels |Av;] = 1) from each of four initially pumped levels.
Reproduced with permission from ref 239. Copyright 1994 American Figure 5. A comparison of theoretical (open symbols, refs 13 and
Institute of Physics. 14) with experimental cross sections for inelastic scattering.cirtd

He from ?K° glyoxal. Cross sections are plotted against the amount
600 of transferred energy and labeled with the identity of the destination
states. The center set is for rotationally inelastic scattering. The right
and left sets are for rovibronic inelastic scattering with;y = +1 and
—1, respectively. Reproduced with permission from ref 240. Copyright
1994 American Institute of Physics.
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1 200 destination states with equalE may involve either pure
k0 | rotational energy transfer or rovibrational energy transfer. In
1 defiance of energy transfer traditions, one sees that cross section:
5 1 for the rovibrational channels equal or even exceed those for
250 rotational channels. In defiance of another tradition, cross
sections for adding a vibrational quantuwf = +1) are about
] the same as those for losing a quantum. Another counterin-
4 -200 tuitive trend concerns rovibrational cross sections ihetease
7'K° as the energy gapE grows. This series appears in Figure 5
Figure 4. A display of rovibrational levels in Sglyoxal to which as cross sections for thev; = —1 rovibrational channel where
energy transfer with He may be observed after pumping the kevel constraints on angular momentum transfer rather aappear
= 2,K’ = 0 (marked 7K°). AE is the energy of the destination levels to be in control.
relative to that _of the pumped Igvel. Reproduced with permission from |t these experimental advances have been evolutionary, the
ref 239. Copyright 1994 American Institute of Physics. recent theoretical advances might be considered revolutionary.
The venerable SSH-T model, long the main approach to large
This rich competition involving all important single-collision  molecules, is far too simple to deal with the subtle competition
channels emerges naturally from analysis of the resolved seen in crossed beam studies. In the past 10 years, a three
inelastic scattering fluorescence. Many such spectra have beerdimensional fully quantal scattering treatment has emerged with
presentet® together with computer-simulated spectra that are close allegiance to the quantum system. AVCC-10S (azimuthal
fit to the data with essentially only one adjustable parameter. and vibrationally close-coupled, infinite-order sudden) inelastic
That parameter is the set of relative state-to-state cross sectionscattering calculatioA%have been applied to the energy transfer
that are sought. data of several complicated polyatomic molecules with encour-
The end result of a2K? inelastic scattering experiment is  aging successi14.187.243.244
the set of quantitative relative cross sections such as those The abundance of1Sglyoxal data with well-defined error
displayed in Figure 5. With over 40 competing channels under bars and a narrow collision energy distribution provides fairly
observation, this is a picture of single-collision rotational and demanding benchmarks for theoretical predictions. The ac-
rovibrational energy transfer at a level of detail far beyond any curacy of the present theory may be seen by the overlay in
previously available for large molecules. The results are full Figure 5 of the predicted cross sections. Confidence in theory
of surprises. While many are discussed in a published is established by repeatedly successful comparisons with high-
comparison of data for various collision partners and initial quality experimental results. While the present comparisons
levels?40 only a few are considered here. For example, when are rigorous, they are also limited. Many more experimental
the transferred energAE is in the range 208300 cntl, examples (molecules and states) need to be generated.
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Quantum State Resolved Energy Transfer in Highly ev
Vibrationally Excited Molecules
10

Methods and Motivation. Quantum state resolved experi- \\
ments on highly vibrationally excited molecules have followed sl \
two important trails, blazed by the two laser-based methods: 3322‘ .
overtoné*>and stimulated emission pump#§24’(SEP). The ¢ \{?j,&”?/
thriving field of overtone spectroscopy and dynanfite48-287 6 ) DUMP
which is built entirely upon harmonically forbidden transitions, Lo
is testament to the amazing times in which we live. High al- ; PROBE
spectral brightness lasers in the infrared and visible force one X3zt r
to consider carefully the meaning of the phrase “forbidden o — PUMP

.. . . 10

transition”. Bolometric studies have recently compared the
pumping efficiency of hydride stretch fundamental transitions 14
with the first overtone. Single-mode continuous lasers irradiated or
a continuous molecular beam, dictating an illumination time of

only a few microseconds. The ratio of the bolometric (0pto- Figure 6. Potential energy curves for,Ghowing the way in which a
thermal) signals for overtone to fundamental was found to be stimulated emission pumping experiment can be carried out to obtain
about 2 to 1, confirming saturation of both the fundamental and vibrational state specific relaxation data. The scheme looks superficially
the nominally forbidden overtone transitioti. Pulse-amplified ~ like that of a STIRAP experiment.

single-mode CW lasers provide even greater spectral brightness.

For example, excitation of the forbidden NCI&—X2IT) bands, o ) )

which exhibit a radiative lifetimeA1,-x) of ~1 s, was easily =~ SEP but also eliminates any possible influence that the
observed with such a laser systé#h. Overtone experiments  intermediate excited electronic state may have on the experi-
are particularly effective for pumping large amounts of vibra- ment. o o .
tional energy into an anharmonic H atom stretching motion in I addition, significant contributions have been made using

. . i i i i —385 i
amolecule. The method allows single quantum state preparationchemical or photochemical aCt'Va_t'éﬁ- In experiments
over a wide range of initial energies. Overtone spectra can peSuch as these an exothermic chemical or photochemical reaction

detected by photoacoustic methdéfpvertone fluorescendd? is used to produce an ensemble of highly vibrationally excited
infrared double-resonant absorpt@#292 optothermal meth- molecules. By following the time evolution of the individual
0ds2%9 and the recently developed technique of Cl@ser- vibrational states, for example by infrared emission, information
assisted dissociation followed by laser-induced fluorescence ¢9arding the collisional relaxation of the highly vibrationally
(LIF) product detectioRs excited molecules can be gleaned.

In one way or another, the logic of experimental design
behind quantum state resolved studies of collisional energy
transfer of highly vibrationally excited molecules is profoundly
affected by the following fact: models of separable vibrational
motion break down with increasing vibrational energy. Enor-
mous state densities are found even for relatively small
molecules at moderate excitation. For example, a harmonic
approximation reveals that hexatomic propynal,==CCHO,
has more than 200/cth rovibrational states with the same
symmetry at a mere 23 kcal/mol of internal excitatidh.
Spectral resolution substantially better than 150 MHz is needed
simply to resolve individual quantum states. When the sym-
metry-selected state densities become so high, even small
€oupling matrix elements induce strong mixing between nearby
lying states69.270.279281,291,386:398 megning that the quantum
number assignment becomes problematic at best, even if the
spectrum can be resolved.

SEP has also found very wide application in the study of
highly vibrationally excited molecul€s?30-295365 This method
uses two laser pulses to excite molecules out of thermally
populated levels into highly vibrationally excited states through
an intermediate electronically excited state. See Figure 6. The
large structure change upon electronic excitation in many
molecules allows good FraneiCondon overlap to high vibra-
tional states in the two-photon transition. For example, ground
electronic state NO can easily be produced in vibrationally
excited states up te = 25°8 (80% of its bond energy in
vibration), and HCN can be prepared at internal energies above
the HCN=HNC isomerization barriet?0.315.320.346 |n 3 spec-
tacular new development, SEP has been used to prepar
HC(319.324,326,363,36 5 well as HFCE$9.364.364yell above their
dissociation limits. This has lead to some very important work
on quantum state specific unimolecular decomposition. Since
the two-photon SEP transition is a sequential combination of ~\;oiacules that are in an intermediate regime between
two, allowed one-photon electronic transitions, the transfer separable and nonseparable vibrational motion are usually
efficiency can be quite high. The biggest advantage of this {otratomic or smalle#39.364.365.367.399101 The benchmark ex-
approach is the ability to excite vibrations other than H atom g6 acetylene, exhibits assignable vibrational “feature states”,
stretching. meaning that separable vibrational motion exists only on the

Another exciting new method being developed is stimulated subpicosecond time scale in the highly vibrationally excited
raman scattering with rapid adiabatic passage (STIRARP}? 376 molecule343402-404 Even the spectroscopy of highly vibra-
which has been applied to some specific examples of moleculartionally excitedtriatomics can be a challenging undertaking,
energy transfef’%:372375376 The energy level diagram for a  although there are now a few well-understood examples. The
STIRAP experiment looks like SEP, but it is there that the vibrational structure of HCN has been investigated and rigor-
similarities end. In STIRAP, the coherent properties of single- ously understood up to~19 000 cnt! of excitation en-
mode lasers are used in the strong saturation limit to induced ergy?282,300.315,320.346 However, even for this simple case,
dressed optical/molecule states which under adiabatic passageheoretical calculations at energies high enough for isomerization
conditions evolve cleanly from the initial to the final vibra- to occur (forming HNC) reveal very complex nonseparable
tionally excited state with 100% efficiency. This method not motion4054%6 HCO is another recent example where fully
only improves the efficiency of preparation in comparison to resolved spectra have been understood and assifétf26.363.407
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even at vibrational energies well above the dissociation limit. mechanisms for molecules in> 1: V-V energy transfer. For
However, when the C atom is exchanged for O, theoretical example, the collisional process

prediction suggest that fully state resolved spectroscopy on

highly excited HQ will not be assignablé®4% This points HF(v) + HF(0) —~ HF(v—1) + HF(1)

out the subtle physics of vibration, even in a “small” molecule. has been observed to dominate o= 2. As v increases, this

For molecules much larger than diatomics, itis clear that the process slows down due to the anharmonicity-induced growth
effect of intramolecular vibrational anharmonicity in the isolated of the energy defed® For self-relaxation there is always a
highly excited molecule is pervasive. At high vibrational range ofs’s where V=R, T energy transfer is masked by-W
excitation, the large vibrational state density and intramolecular energy transfer. This problem was overcome in SEP studies
vibrational coupling gives rise to a unique and complex arena of the vibrational relaxation of NO(X) + NO.293-296,298,315,346
of collisional behavior that is yet to be fully understoei*>-417 In this work the vibrational quantum number dependence of
For diatomicsexcited with a large amount of vibrational energy, vibrational self-relaxation was measured over a wide range of

fully qguantum state resolved experiments are possible, and theyjprational excitation (8< v < 25). The analogous WV
quantum mechanical identities of all excited states are unam-process for NO self-relaxation,

biguous. Connection to rigorous theoretical calculations can
also be accomplished. For these reasons, the collisional dy- NO(v) + NO(0)— NO(v—1) + NO(1)
namics of highly vibrationally excited diatomics is an interesting

research area as it offers a clear bridge between experiments af® only important below = 8. For vibrational states up
low and high vibrational excitation. The investigation of small — 15, the relaxation rate constant was found to scale beautifully

molecules has had an impact in our understanding of the ask(v) = vk(1). This remarkable result shows that even up to

mechanisms of energy transfer present in highly vibrationally extremely high vibrational excitation (72 kcal/mol), many if not
excited molecules, and this is now reviewed. all of the aspects of low-energy MR, T energy transfer are

Important Mechanisms for Vibrational Energy Transfer retained.
in Collisions of Highly Vibrationally Excited Molecules. Studies on the temperature dependence of vibrational energy

Perh the most fundamental motivation for studving th transfer of highly vibrationally excited molecules are few.
erhaps the most fundamental motivation for studying the However, recent results have shown that®, T energy transfer
guantum state resolved energy transfer of highly vibrationally

. ; . 4 . in Ox(X,v=26) with O, does exhibit a strong positive temper-
excited molecules is the prospect of using such information to ature dependend@’3% while near-resonant ¥V energy

obtalhn a clea[I_EhySEal |ct))|cture regakrdlbrllg their ene_rgé[/hgransferdlralnsfer between £X,v=17) and CQ and NO%5 exhibits the
mechanism. There has been remarkable progress in this regard, o .t inverted temperature dependence.

The earliest theories Of. vibrational energy trans.fer WEre " One of the fundamental questions that permeates this field
de\qelopl)ed fo Itreat 'Expt.erlmlen'is ttéhgagifg tl):een Ctﬂmed OUt 0Nyt research concerns the differences that may exist between
mo eclu esin towtw. rational sta k. f that rom t'e enor- energy transfer collisions of highly excited molecules in
tmoudsy impor 3” %loneerlng lw_or do F a genelra |_(in, ma?ty comparison to those in low vibrational states. One way in which
fren ds t?lmterl'g?lt an”_vx_/ere eth’ ane h' or examtf) €, itwas o _C?nhighly vibrationally excited molecules may differ qualitatively
ound that Tight COlISION partn€rs nave a vastly moré rapia g, mojecules at low excitation is in their ability to participate
vibrational quenching gffect than. heavier ones. AIthpugh It in near-resonant ¥V energy transfer. For molecules at low
could hardly be tested in the garllest experiments which were levels of vibrational excitation, vibrational resonances occur by
performed only on molecules in = 1, theory predicted that accident. For example, G(,05=0—1) has an accidental

smgl_e quantum _relaxat|on (_"eA” = -1 wou_ld_ be the resonance with =1—0), which is important to the pumping
dominant relaxation mechanism. Another prediction of early mechanism of the CQlaser2%430 By varying the vibrational

th;aoryt_washthalt dvtl)brat:_on-to-frota:.lon-a:crlﬂ-tra}gsl?tlon—IW,T)t excitation of the energy donor molecule, energy resonance
re axl;':l |onTsh o'? eatlneadr uncollono e vibra 'Oni qua}n UM conditions are much more easily met. For example, if one
nUMbE. € temperature dependence 6RYT energy transfer considers the energy gap fAw = 1 andAv = 2 relaxation of

was also founq to be_ very strong and positive, whll_e_near- O3 as a function of vibrational excitation, the anharmonicity of
resonant vibration-to-vibration (WV) energy transfer exhibited the Oy bond gives rise to a smoothly changing energy function
inverted temperature dependencies. from ~1000 cnt? (E(v'=27) — E(+''=26)) to ~3200 cnr
Many similarities have been found between vibrational energy (E(v"'=2) — E(v'=0)). This means that there will be a possible
transfer at high and low excitation. For example, SEP prepara-1—1 or 2—1 resonance with a wide variety of molecules whose
tion of I(X,»=42) allowed experiments which showed a yjprational fundamentals fall within this range. Of course, the
preference for single quantum relaxat®3f:*2> The single  existence of an energy resonance is no guarantee that energy
quantum rate constants were found to depend strongly on thewill indeed be transferred.
mass of the collision partner, lighter collision partners relax-  Because of its atmospheric importance (see below), the
ing more rapidly than heavier ones. Such behavior was collisional processes in highly vibrationally excited Gave
also observed for similar SEP experiments carried out on pecome one of the most completely studied set of examples of
NO(X,y=23) 2937296.298.315.346 Of the collision partners inves-  collision dynamics in highly vibrationally excited molecules.
tigated (Ar, He, and b, only relaxation by H could be  SEP as well as chemical activation studies have now been car-
observed. In addition, it was found that single quantum ried out yielding a complete picture for vibrational states below

relaxation dominated even for NO@&18) + NO, a vibrational v = 28 for the following collision partners: £$03:304317.377379

state with more than 84 kcal/mol of internal energy. N,,303.377C(,,356.377and NyO.356 Chemical activation data on
The first experiments that had the chance to test the predic- O(v) with NO,,378:379CH,,378.379He 378379 and Q2% are also

tion of the linear quantum number dependence ofRT recently available. In all of these collision systems,12and/

energy transfer were performed with overtone pumping of or 1-1 V—V resonant energy transfer is found. For example,
HFF 290.292423428 This resulted in a complex vibrational quantum  Figure 7 shows the vibrational dependence of the total removal
number dependence that did not fit the predictions of theory. relaxation rate constant for(X,v) as a function ofy when
This work pointed out one of the characteristic self-relaxation quenched by N CO,, N;O, and Q.3% For CQ,, the data peak
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Figure 7. Vibrational state specific total removal rate constants for vibrational relaxation@FEy~,v) with M = N, CO; N,O, and Q. The
appearance of resonances in the vibrational quantum number dependence of the rate constants is indicatiarcb211 V—V energy transfer
in all of these molecules. Data for,(X3%;~,0=8-11) for M = N, CO,, and NO was used with the permission of the authgrs’®

1

was observed to skip cleanly from the initially preparee-
17 overv = 16 and intov = 15 when only 2% CQis present,

08 ——v=171 ] verifying the 2-1 resonant energy transfer mechanism. This
:'_':'_':z..:g can be seen in Figure 8. In this figure, the time dependence of

the population of the prepared state< 17) is shown as solid
circles, that forr = 16 as solid triangles, and that for= 15

as solid diamonds. The fit to the data (shown as lines) is a
. kinetic model which requires Orelaxation to take place in
single-quantum step3’ while CQ, relaxation occurs in two-
guantum steps only. With this kinetic model there is only a
single free parameter used for generating the three fitted lines
to the data in Figure 8, since the total removal rate constants

0.6

0.4

0.2

Vibrational State Population

0 - . -’i ---- = were already known from total removal rate constant measure-
0 110 210" 310° 410° 510° .
Probe Laser Delay (s) ments (Figure 7). _ _
Figure 8. Vibrational state-to-state relaxation of(@&°%y~,v=17) with Near-resonant ¥V energy transfer is also observed i-O
CO,. The time dependence was recorded with 2 mol %, GOO. (v) + N2O. Here one sees the analogousl2resonance
One can clearly see the population of the initially prepared state (
17) shown as solid circle skip over the next lowest state (L6) shown O,(X,v) + NZO(O(PO) — O,(X,v—2) + N20(0001)

as solid triangles and arrive in= 15 (shown as solid diamonds). The
lines are a kinetic model fit to the data which requires thes€lf-
relaxation to occur by a single-quantum mechanism and the relaxation
by CQ, to occur by a two-quantum relaxation mechanism. There is

peaking at @»=21). In addition, the +1 resonance

only one adjustable parameter to fit all three curves. Oy(X,v) + NZO(OG)O) — O, (X,v—1) + NZO(10°0)
atv = 18 where the energy defect for the process is observed peaking atO,(y=15). Notice that the width of
the vibrational quantum number scanned energy transfer reso-
O,(X,v) + COZ(OOOO) —O,(X,v—2) + C02(00°1) nance is much larger for the-1L resonance than for the-2

resonance. This is a result of the simple fact that the
is a minimum. State-to-state measurements were also carriedanharmonicity of @ is scanned twice as fast for the-2

out3%6 In those experiments, thex(X,») vibrational population resonance, and there is a narrower rangésofvhere the energy
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defect is comparable toT. The striking thing about this CO experiments have used a crossed molecular beam geometry, with
and NO data is that it shows the relative efficiencies of the laser excitation of N@ near to its dissociation limit36.437

2—1 vs 1-1 resonant energy transfer mechanisms. It is clear Collisions with Ar, CO, and @all result in collision-induced

that 2-1 resonant energy transfer can be even stronger than itsdissociation. The NO product could be observed with a probe

1-1 analog. LIF laser. No evidence for &formation was found in the ©
Also shown in Figure 7 is a similar-2L resonance for N experiments. The dissociation yield as a function of the initial
relaxatior”” NO; excitation energy was determined. The structure of the
CID signal was similar to that observed in the fluorescence
OZ(X3Zg_,u) + N,(0) — 02(X329_,u—2) + Ny(1) excitation spectrum of N& and the scaling of energy transfer
could be described by an exponential decay law. NO was
which has a minimum-energy defect fop®°Z,~,19) as well detected state selectively using laser ionization, and state
as V-V energy transfer in @relaxation distributions were determined.
One of the most beautiful quantum state resolved experiments
OZ(X3297,U) + O,4(000)— 02(X3ng,z/—1) + O4(100) carried out recently employed overtone pumping of both OH

and OD stretching motion of HOD in contact with H or ClI
For Os;, a minimum-energy defect calculation predicts a rate atoms, inducing the reaction
constant maximum i = 23. This was difficult to observe,
due to spectral congestion in this region of thg spectrum. HOD + H— OH + DH
However, a decrease in the relaxation rate constant on both sides —OD+H,
of v = 23 is apparent.

Another way that highly vibrationally excited molecules may
differ from their low-energy counterparts is in their ability to
sample low-lying chemical reaction transition states. This was
apparently observed in the SEP studies of highly vibrationally
excited N(Q?93-296,298,315346 Ag mentioned above, in that work
the V—R,T relaxation rate constants were found to scale linearly
with vibrational quantum number up to abaut= 15. Above
this level of vibrational excitation, a threshold for enhanced
vibrational relaxation was observed. Since it is at this energy
that the lowest transition state for a chemical reaction occurs

LIF was used to detect the OH or OD reaction product. The
branching ratio between the two was found to depend dramati-
cally on which vibrational mode had been excité# 278438
The investigation of the collisional properties of highly
vibrationally excited molecules is clearly of fundamental interest.
It has recently become clear that it is not only scientists working
in laboratories that are capable of producing these interesting
species. The atmosphere can do it as well!
The Atmosphere and Vibrationally Excited Molecules.
' The atmosphere is an extremely interesting chemical environ-
NO + NO—N,0+ O ment: essentially a low-pressure, low-temperature system,
energetically driven by photochemistry; the occurrence of
| excited states is ubiquitod®’44° Even the most mundane of
atmospheric photochemistry produces highly energetic products.
For example,

the enhanced vibrational relaxation was attributed to collisiona
events which are essentially failed reactitthsor transient
chemical bond formation. Above the threshold for this new
mechanism the presence of two quantuxe & —2) relaxation
could also be detected. O; +hv — Oy@A, 1.1eV)+ O('D, 2 eV)

Another way in which highly vibrationally excited molecules
differ from the low-energy counterparts is the possibility for is one of the most common reactions. The energies of the
vibrational-to-electronic or ¥E energy transfer. There isvery indicated excited states are given in electronvolts. Satellite
little information about this in the literature; however, recent observations of the Earth’s “night glow” are dominated by
experiments on Nohave shown some intriguing thing%434 atomic and molecular emissions of excited metastable electronic
In these experiments, the visible and near-infrared emission of states**? It has been known for years that the infrared emission
NO,, which had been excited by a UV laser, is resolved in time. from ozone results from vibrationally excited states as high as
A buffer gas is added to carry energy out of the excitecbNO half its dissociation energd#?443 This apparently results from
Although not truly state resolved, the average amount of the internal energy deposited irs ®y the reaction O O, +
vibrational energy lost per collisiobAEL] can be extracted from M — Oz + M. Satellite studies of the earth’s infrared emission
the data and is found to change with time, and therefdEe] have advanced dramatically in recent years. The CIRRIS-1A
is a function of the N@average energy contefi[] The results mission flown on the space shuttle used a cryogenically cooled
of this kind of experiment is a plot diAECas a function of interferometer to obtain high-resolution and high-sensitivity data
[ED For a number of different buffer gases, a marked threshold of unprecedented qualit#44° In those missions another
in the plot of LAEOvs [Eis found, and the position of the infrared-active molecule, NO, was observed in vibrational states
threshold is coincident with the lowest excited electronic state up tov = 8, and rotational bandheads in tinérared spectrum
of NO,. It appears that, in a molecule where the intramolecular prove that states as high gs= 100.5 occur with significant
vibronic coupling between the ground and excited electronic population in certain parts of the earth’s atmosphere. Similar
states is strong, collisional energy transfer is significantly more results from OH show vibrational states as highvas 9 and
efficient. Despite this unique dynamic, infrared Doppler pro- rotational states as high &= 35. Even translation may not
files of recoiling NO from NO* have given direct evidence  always be at equilibrium. Recent calculations of the transla-
of energy transfer mechanisms that resemble their low-energytional energy distribution of thermospheric N atom suggest that
counterparts: namely near resonant¥ and V—R,T energy kinetic energies as high as 3 eV may be importaht.
transfer!3> This is yet another example which shows nicely One of the most exciting developments in the quantum state
the differences and similarities encountered at high internal resolved investigation of highly vibrationally excited molecules
excitation in comparison to low-energy results. is the growing recognition that such molecules play an important

Another relaxation mechanism that distinguishes highly role in atmospheric chemistry. There have been a number of
vibrationally excited molecules is chemical reaction. Recent experiments that have shown to what an unexpected extent the
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atmosphere has the ability to produce highly vibrationally
excited molecule$377452 The method of ion imagiri§®453-459

J. Phys. Chem., Vol. 100, No. 31, 19962833

was immediately suspected that this threshold belonged to the
reaction

(discussed elsewhere in this issue) was used to study the

quantum state specific kinetic energy distributions of O atoms
emerging from ozone photolysis. These kinetic energy distribu-
tions suggested a bimodal vibrational distribution fos(>Q
when formed together with @&®). The occurrence of highly
vibrationally excited @ up to v 27 was subsequently
substantiated by direct spectroscopic observation using
LIF.

Given the strong laboratory evidence for the atmosphere’s
tendency to produce highly vibrationally excited,, Qyreat

interest has developed in the possible chemical consequence

of this trace atmospheric constituent. Laboratory observations
of ozone production from 248 nm photolysis 05, nm to

the red of the oxygen photodissociation threshold, led to
wavelength-dependent studies that identifies)OZ,,0=7)

as a reaction intermediate in the following autocatalytic

cycles60

O; + hv (200 nm< 4 < 300 nm)—

0,(X*%, v>>0) + OCP)
Oy(X°E, ,v>0)+ hw (A > 300 nm)— 20(P)

2{0CP)+ O, + M — O, + M}

net: 20 + hv (200 nm> 4 > 300 nm)-+

hv (A > 300 nm)— O, + OCP)

It was recognized that if highly vibrationally excited, @ere

formed in the stratosphere, it could be photodissociated by near-

UV and visible radiation. In comparison to vacuum-UV
radiation, which is normally required to photolyze,dight at
these longer wavelengths is much more abundant in the

0,+0,—~0,+0

The unambiguous proof of this relaxation channel is still lacking,
however, strong evidence supports this conclusion. Vibrational
state-to-state experiments were carried out which showed clearly
the existence of a dark chanriél. In that work, for example,

a controlled number of molecules could be preparedin27,

and the fraction of those molecules appearing i 26 and 25
could be determined. This allowed the determination of the
tate constant for the dark process, presumed to be chemical
reaction. The temperature dependence of that dark channel rate
constant was also investigated. This allowed determination of
vibrational state specific activation energies for the dark process.
These activation energies were found to agree closely with the
energy gap of the vibrational state below the known reaction
thresholdB'” Very recently, the reverse reaction has been
studied using LIF as a probe of the nascent vibrational state
distribution of GQ.357 Here, the second harmonic of a YAG
laser is used to photolyze pures @ the Chappuis bands,
producing ground electronic statex(®) and O(¢P;). The
undissociated @reacts with the O atoms, and highly vibra-
tionally excited Q is detected with LIF. This work has
confirmed that Q(v) is produced up ta = 27, the energetic
limit. This gives further, albeit qualitative, evidence that highly
vibrationally excited @ can react with @to from Gs.

The positive outcome of the self-relaxation studies led to
further investigation of the relaxation of highly vibrationally
excited Q by other atmospheric constituents, in particular N
CO,, and NOS35%6 |t was immediately realized that,Nvas a
much less efficient vibrational quench partner tharf@® those
vibrational states of @that could react. Later studies on €0
and NO revealed that any £produced irv = 26 and 27 would
not be quenched by either of these trace gases. The constantly
growing evidence for a new route to ozone lead to the first

stratosphere. This mechanism and the laboratory experimentsdtmospheric models which included the following chemical

that suggested it were the first evidence that highly vibrationally
excited Q might play a role in ozone formation.

Because of the relatively low solar photon fluxes, it was not
immediately clear that this mechanism would be important in
the atmosphere. Unfortunately, at that time there was no
information available concerning the competing collisional
relaxation processes. SEP304317.35%6 gnd chemical acti-
vatior?’7-379 studies have now been carried out for vibrational
states of Qup tov = 28 with a variety of atmospheric collision

mechanism:
0, + hv — O(X*P)) + O,(X,v=26)
O,(X,v=26)+ 0,—~ 0+ O
20+ 20, + 2M — 20, + 2M

net: 3Q + hv— 20,

partners. The SEP studies use a tunable argon fluoride laser to

gain access to the38,” excited electronic state. Stimulated
emission down from this state provides good FranClondon
overlap with vibrational states betweer= 13 and 29. In these
experiments it was possible to prepare individual vibrational
states, applying pseudo-first-order kinetic theory to interpret the

This work showed that the effect of highly vibrationally excited
O, would be most important in the tropics at an altitude-@if3
km,! filling in a well-known systematic ozone deficit in previous
modeling attempt462.463

Directions for the Future. The time is truly prime for

time dependence of the data. Initial experiments revealed roomexciting investigations of the quantum state specific nature of
temperature collisional relaxation rate constants with respectcollisional energy transfer in highly vibrationally excited
to O; and N. These results as well as analysis of the complex molecules. One extremely logical direction is to carry out such
vibrational cascade process occurring in chemical activation experiments in the controlled environment of crossed molecular
experiment®! both led to the conclusion that the fate of highly beams. Up to now there are few examples. Recent work
vibrationally excited @ would be a collisional one and not showed the collisional energy dependence of specifie> v/
photochemical. It appeared that the hot-band solar photolysistransitions in SEP prepareg?® Such experiments also promise
mechanism was dead. to reveal the truly state-to-state nature of the collisional energy
Initial investigation of the collisional relaxation of highly  transfer of highly vibrationally excited molecules. What, for
vibrationally excited @ focused on vibrational states belaw example, is the role of rotation in the\R,T energy transfer?
= 23. It turned out that the most intriguing results appeared Except for some simple hydrides, which can convert the largest
for v > 25. Here, a dramatically sharp threshold for a new amount of energy to rotation, with the smallest change of the
collisional process was observed using the SEP meifidd. rotational quantum number, there is little experimental data.
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(17) Stretton, J. L. InVibrational and Rotational Relaxation in Gases

What is the role of spin in an open-shelled system like NO?
Burnett, G. M., North, A. M., Eds.; Wiley-Interscience: New York, 1969;

The Nikitin mechanism®* originally proposed for NO/NO Vol 2

relaxation in 1960, has yet to be confirmed or disproved. The " (1g) |ambert, J. DVibrational and Rotational Relaxation in Gases
application of molecular beams would facilitate the investigation Clarendon Press: Oxford, 1977.

of free radical and atomic collision partners. What will be the ~ (19) Taylor, R. L.Can. J. Chem1974 52, 1436.

Av propensity rule for a relaxation process like the following: Let(f%géygnég' W.; Kovacs, M. A; Rhodes, C. K.; JavanApl. Phys.

(21) Flynn, G. W.; Hocker, L. O.; Javan, A.; Kovacs, M. A.; Rhodes,
C. K. IEEE J. Quantum Electrorl966 2, 378.

(22) Hocker, L. O.; Kovacs, M. A.; Rhodes, C. K.; Flynn, G. W.; Javan,
A. Phys. Re. Lett. 1966 17, 233.

(23) Yardley, J. T.; Moore, C. BJ. Chem. Phys1966 45, 1066.

(24) Yardley, J. T.; Moore, C. BJ. Chem. Phys1968 49, 1111.

(25) DeMartini, F.; Ducuing, JPhys. Re. Lett. 1966 17, 117.

(26) Bates, R. D., Jr.; Knudtson, J. T.; Flynn, G. W.; Ronn, AQ¥iem.
Phys. Lett1971 8, 108.

(27) Bates, R. D., Jr.; Knudtson, J. T.; Flynn, G. W.; Ronn, A.M.
Chem. Phys1972 57, 4174.

(28) Knudtson, J. T.; Flynn, G. WI. Chem. Phys1973 58, 1467.

(29) Weitz, E.; Flynn, G. WAnnu. Re. Phys. Chem1974 25, 275.

NO(>0) + O — NO* — NO(®') + O

In this reaction the formation of a stable intermediate, with
strong intramolecular coupling and presumed statistical decom-
position, is thought to lead primarily to N@€0,1). What
becomes of all of the excess energy in such a collision?
Another fascinating area of research that offers itself to this
field is that of surface scattering. Molecular beams of vibra-
tionally excited molecules can be prepared using lasers and
directed to well-characterized metal, semiconductor, and insulat- g% ghe;gfeE';;lg]h'F?h w*g’vwc“g&-mphgﬁlgfggg-?z 1175
ing surfaces. This represents an area of rgseal_rch where nothlng (32) Weitz, |)£/ Flynn, 8;’ W.: Ronn, A. M. C{mm Phys1972 56,
is known for molecules above the first vibrationally excited 6060.
state?6s (33) Weitz, E.; Flynn, G. WJ. Chem. Physl973 58, 2679.
_Of course, the existing methodologies can be applied to g‘s‘g %ea'lﬁ’ FE.';: IIZZII))//rTr? g V\’\\/’j ((::r?:nT 5#33311377;‘ 55;3 ;ngfé
different molecules, and one is always tempted to push methods  (36) yuan, R.; Flynn, G. WJ. Chem. Phys1973 58, 649.
to larger molecules. As discussed above, this may be an (37) Knudtson, J. T.; Flynn, G. W. Chem. Phys1973 58, 2684.
inherently difficult approach to the investigation of collisions ggg g@f’é?frb.F'Fef"prylﬁﬁ,"’cfmmcﬁgﬁqmbﬁ?é%%“ei?ﬁgggj
in highly vibrationally excited molecules. There are, however,
a number of molecules that are clearly tractable. One of these

(40) Mandich, M. L.; Flynn, G. WJ. Chem. Phys198Q 73, 1265.
is HCN, and there has been some work done using overtone (42) Slater, R. C.; Flynn, G. W1. Chem. Physl1976 65, 425.

(41) Siebert, D. R.; Flynn, G. Wi. Chem. Phys1975 62, 1212.
pumping?83-287 Eventually one must come to grips with the

(43) Casleton, K.; Flynn, G. WJ. Chem. Physl1977, 67, 3133.
(44) Anl, J. L.; Bohn, R. K.; Casleton, K. H.; Rao, Y. V. C.; Flynn, G.

fact that larger molecules have complex spectra that cannot bew. 3. Chem. Phys1983 78, 3899.

easily assigned. It remains a fascinating challenge for the future
to see what can be learned about the collisional properties of

such molecules.

Acknowledgment. Work performed at Columbia University

in the group of G.W.F. was supported by the Department of
Energy (DE-FG02-88-ER13937), with equipment support pro-
vided by the National Science Foundation (CHE-94-19465) and
the Joint Services Electronics Program (U.S. Army, U.S. Navy,

(45) Apkarian, V. A.; Weitz, EJ. Chem. Physl979 71, 4349.

(46) Drozdoski, W. S.; Fakhr, A.; Bates, R. D., @hem. Phys. Lett.
1977, 47, 309.

(47) Drozdoski, W. S.; Bates, R. D., Jr.; Siebert, D.JRChem. Phys.
1978 69, 863.

(48) Apkarian, V. A.; Weitz, EChem. Phys. Lett1978 59, 414.

(49) Mehl, R.; McNeil, S. A.; Napolitano, L.; Portal, L. M.; Drozdoski,

W. S.; Bates, R. D., Jd. Chem. Phys1969 69, 5349.

(50) Moser, M.; Apkarian, A.; Weitz, El. Chem. Physl981, 74, 342.

(51) Fujimoto, G. T.; Weitz, EJ. Chem. Phys1976 65, 3795.

(52) Stephenson, J. C.; Moore, C. B.Chem. Phys1972 56, 1295.

(53) Rosser, W. A, Jr.; Sharma, R. D.; Gerry, E.JT.Chem. Phys.

and U.S. Air Force; DAAH04-94-40057). Some of the work 14977754 1106.

of the C.S.P. group described in this report was supported by

(54) Gueguen, H.; Arditi, I.; Margottin-Maclou, M.; Doyennette, L.;

the National Science Foundation. Some of the work from the Henry, L.C. R. Seances Acad. StB72 272 1139.

A.M.W. research group described in this article was supported

(55) Rosser, W. A., Jr.; Gerry, E. T. Chem. Phys1971, 54, 4131.
(56) Margottin-Maclou, M.; Doyennette, L.; Henry, Appl. Opt.1971

by the NSF under Grants CHE-9318885 and ATM-9300074. 10, 1768.

References and Notes

(1) Miller, R. L.; Suits, A. G.; Houston, P. L.; Toumi, R.; Mack, J. A,;
Wodtke, A. M. Science (Washington, D.C1p94 265 1831.

(2) Harris, A. L.; Rothberg, L.; Dubois, L. H.; Levinos, N. J.; Dhar,
L. Phys. Re. Lett. 1990 64, 2086.

(3) Beckerle, J. D.; Casassa, M. P.; Cavanagh, R. R.; Heilweil, E. J.;

Stephenson, J. ®hys. Re. Lett. 1990 64, 2090.
(4) Guyot-Sionnest, P.; Dumas, P.; Chabal, Y. J.; Higashi, ®h$s.
Rev. Lett. 199Q 64, 2156.
(5) Chang, H.-C.; Ewing, G. BPhys. Re. Lett. 199Q 65, 2125.
(6) Flynn, G. W.Acc. Chem. Red.981, 14, 334.
(7) Flynn, G. W.; Weitz, EAdv. Chem. Phys1981, 47, 185.
(8) Owrutsky, J. C.; Raftery, D.; Hochstrasser, R.Afnu. Re. Phys.
Chem.1994 45, 519.
(9) Krajnovich, D.; Catlett, D. L., Jr.; Parmenter, C. Ghem. Re.
1987, 87, 237.
(10) Clary, D. C.J. Phys. Chem1987, 91, 1718.
(11) Clary, D. C.; Dateo, C. EChem. Phys1989 154, 62.
(12) Kroes, G.-J.; Rettschnick, R. P. H.; Dateo, C. E.; Clary, DJ.C.
Chem. Phys199Q 93, 287.
(13) Kroes, G.-J.; Rettschnick, R. P. H.; Clary, D.@hem. Phys199Q
148 359.
(14) Kroes, G.-J.; Rettschnick, R. P. Bl.Chem. Phys199Q 94, 360.
(15) Herzfeld, K. T.; Litovitz, T. A.Absorption and Dispersion of
Ultrasonic Waes Academic Press: New York, 1959.
(16) Cottrell, T. L.; McCoubrey, J. OMolecular Energy Transfer in
Gases Butterworths: London, 1961.

(57) Kovacs, M. A.; Rao, D. R.; Javan, A. Chem. Phys1968 48,
3339.

(58) Stephenson, J. C.; Finzi, J.; Moore, CJBChem. Physl972 56,
5214.

(59) Osgood, R. M., Jr.; Sackett, P. B.; JavanJAChem. Physl974
60, 1464.

(60) Osgood, R. M., Jr.; Sackett, P. B.; JavanAfpl. Phys. Lett1973
22, 254.

(61) Osgood, R. M., Jr.; Javan, A.; Sackett, PABpl. Phys. Lett1972
20, 469.

(62) Sharma, R. D.; Brau, C. Al. Chem. Physl969 50, 924.

(63) Sharma, R. D.; Brau, C. &hys. Re. Lett. 1967, 19, 1273.

(64) Dillon, T. A.; Stephenson, J. Q. Chem. Phys1973 58, 2056.

(65) Dillon, T. A.; Stephenson, J. ®hys. Re. A 1972 6, 1460.

(66) Dillon, T. A.; Stephenson, J. Q. Chem. Phys1973 58, 3849.

(67) Ducuing, J.; Joffrin, C.; Coffinet, J. Bpt. Communl197Q 2, 245.

(68) Frey, R.; Lukasik, J.; Ducuing, J. Chem. Phys1972 14, 514.

(69) Audibert, M. M.; Joffrin, C.; Ducuing, J. Chem. Phys1973 19,
26.

(70) Shamah, I.; Flynn, G. WI. Am. Chem. S0d.977, 99, 3191.

(71) Shamah, I.; Flynn, G. Wl. Chem. Physl978 69, 2474.

(72) Shamah, I.; Flynn, G. WChem. Phys1981 55, 103.

(73) Tardy, D. C.; Rabinovitch, B. S£hem. Re. 1977, 77, 369.

(74) Oref, I.; Tardy, D. CChem. Re. 199Q 90, 1407.

(75) Weston, R. E., Jr.; Flynn, G. WAnnu. Re. Phys. Chem1992
43, 559.

(76) Quack, M.; Troe, J. In Ashmore, P. G., Donovan, R. J., Eds.;
Chemical Society: London, 1977; Vol. 2, pp 17338.

(77) Quack, M.; Troe, Jint. Rev. Phys. Chem1981 1, 97—147.

The



Vibrational Energy Transfer

(78) Gilbert, R. G.; Smith, S. C. Blackwell: Oxford, 1990.

(79) Hippler, H.; Luther, K.; Troe, J.; Walsh, R. Chem. Phys1978
68, 323.

(80) Hippler, H.; Luther, K.; Troe, Faraday Discuss. Chem. Sd®79
67, 173.

(81) Hippler, H.; Troe, J.; Wendelken, H. Chem. Phys. Lett198],
(82) Hippler, H.; Troe, J.; Wendelken, H. J. Chem. Phys1983 78,
6709.

(83) Smith, G. P.; Barker, J. Ehem. Phys. Lettl98], 78, 253.

(84) Damm, M.; Deckert, F.; Hippler, H.; Troe,d.Chem. Physl991,
95, 2005.

(85) Damm, M.; Hippler, H.; Olschewski, H. A.; Troe, J.; Willner, J.
Z. Z. Phys. Chem. (Munich)99Q 166, 129.

(86) Yerram, J. L.; Brenner, J. D.; King, K. D.; Barker, J. RChem.
Phys.199Q 94, 6341.

(87) Toselli, B. M.; Brenner, J. D.; Yerram, J. L.; Chin, W. E.; King,
K. D.; Barker, J. RJ. Chem. Phys1995 95, 176.

(88) Hippler, H.; Troe, J. IPAdvances in Gas-Phase Photochemistry
and Kinetics: Biomolecular Collision#Ashford, M. N. R., Baggot, J. E.,
Eds.; Royal Society of Chemistry: London, 1989; pp 2262.

(89) Lohmannstben, H.; Luther, KChem. Phys. Letl988 144, 473.

(90) Reihs, K. Ph.D. Dissertation, Gottigen, 1989.

(91) Luther, K.; Reihs, KBer. Bunsen-Ges. Phys. Chel88 92, 442.

(92) Brenner, J. D.; Erinjeri, J. P.; Barker, J.Ghem. Physl1993 175
99.

(93) Chou, J. Z.; Flynn, G. WJ. Chem. Phys199Q 93, 6099.

(94) Zheng, L.; Chou, J. Z.; Flynn, G. W. Chem. Phys1991, 95,
6759.

(95) Carrasquillo, M. E.; Utz, A. L.; Crim, F. RI. Chem. Phys1988
88, 5976.

(96) Temps, F.; Halle, S.; Vaccaro, P. H.; Field, R. W.; Kinsey, Jl.L.
Chem. Phys1987 87, 1895.

(97) Bewick, C. P.; Haub, J. G.; Hynes, R. G.; Martins, J. F.; Orr, B. J.
J. Chem. Phys1988 88, 6350.

(98) Orr, B.J. Chem. Phys1995 190, 261.

(99) Orr, B.Int. Rev. Phys. Chem199Q 9, 67.

(100) Bewick, C. P.; Martins, J. F.; Orr, B. J. Chem. Phys199Q 93,
8643.

(101) Schatz, G. IMolecular Collision DynamicsBowman, J. M., Ed.;
Speringer-Verlag: Berlin, 1983.

(102) Breuhl, M.; Schatz, G. d. Phys. Chem1988 92, 7223.

(103) Breuhl, M.; Schatz, G. Cl. Chem. Phys1988 89, 770.

(104) Breuhl, M.; Schatz, G. G. Chem. Phys199Q 92, 6561.

(105) Lendvay, G.; Schatz, G. @. Phys. Cheml199Q 94, 8864.

(106) Lendvay, G.; Schatz, G. G. Phys. Chem1992 96, 3752.

(107) Lendvay, G.; Schatz, G. @. Chem. Phys1993 98, 1034.

(108) Gilbert, R. GInt. Rev. Phys. Chem1991, 10, 319.

(209) Lim, K. F.; Gilbert, R. GJ. Phys. Chem199Q 94, 77.

(110) Clarke, D. L.; Oref, I.; Gilbert, R. G.; Lim, K. K. Chem. Phys.
1992 96, 5983.

(111) Clarke, D. L.; Thompson, K. C.; Gilbert, R. Ghem. Phys. Lett.
1991, 182 357.

(112) Gilbert, R. GJ. Chem. Phys1984 80, 5501.

(113) Lim, K. F.; Gilbert, R. GJ. Chem. Phys1986 84, 6129.

(114) Lim, K. F.; Gilbert, R. GJ. Chem. Phys199Q 92, 1819.

(115) Blais, N. C.; Truhlar, D. GJ. Phys. Cheml1982 86, 638.

(116) Sedlacek, A. J.; Weston, R. E., Jr.; Flynn, G.JMChem. Phys.
1991, 94, 6483.

(117) Michaels, C. A.; Mullin, A. S.; Flynn, G. Wi. Chem. Physl995
102 6682.

(118) Hershberger, J. R.; Chou, J. Z.; Flynn, G. W.; Weston, R. E., Jr.
Chem. Phys. Letf1988 149 51.

(119) Khan, F. A;; Kreutz, T. G.; Flynn, G. W.; Weston, R. E., Jr.
Chem. Phys199Q 92, 4876.

(120) Hewitt, S. A.; Zhu, L.; Flynn, G. WJ. Chem. Phys199Q 92,
6974.

(121) Kreutz, T. G.; Flynn, G. WJ. Chem. Phys199Q 93, 452.

(122) Khan, F. A,; Kreutz, T. G.; Flynn, G. W.; Weston, R. E., Jr.
Chem. Phys1993 98, 6183.

(123) Weston, R. E., Jr,; Flynn, G. W. Advances in Chemical Kinetics
and DynamicsBarker, J. R., Ed.; JAl Press: Greenwich, CT, 1995; Vol.
2A, pp 75-103.

(124) Michaels, C. A.; Mullin, A. S,; Lin, Z.; Flynn, G. W.

(125) Mullin, A. S.; Park, J.; Chou, J. Z.; Flynn, G. W.; Weston, R. E.,
Jr. Chem. Phys1993 175 53.

(126) Mullin, A. S.; Michaels, C. A.; Flynn, G. WI. Chem. Physl995
102 6032.

(127) Bernshtein, V.; Oref, J. Phys. Chem1993 97, 12811.

(128) Hassoon, S.; Oref, I.; Steel, @. Chem. Phys1988 89, 1743.

(129) Morgulis, J. M.; Sapers, S. S.; Steel, C.; Orefl.IChem. Phys.
1989 90, 923.

(130) Brown, N. J.; Miller, J. AJ. Chem. Phys1984 80, 5568.

(131) Bollati, R. A.; Ferrero, J. CChem. Phys. Lett1994 218 159.

(132) Bollati, R. A.; Ferrero, J. Cl. Phys. Chem1994 98, 3933.

J. Phys. Chem., Vol. 100, No. 31, 19962835

(133) Crim, F. F.; Chou, M. S.; Fisk, G. &Lhem. Phys1973 2, 283.

(134) Crim, F. F.; Bente, H. B.; Fisk, G. Al. Phys. Cheml974 78,
2438.

(135) Fisk, G. A.; Crim, F. FAcc. Chem. Red.977, 10, 73.

(136) Sharma, R. D.; Sindoni, J. Nbhys. Re. A 1992 45, 531.

(137) Loesch, H. J.; Herschbach, D. R.Chem. Physl972 57, 2038.

(138) Sindoni, J. M.; Sharma, R. Phys. Re. A 1992 45, R2659.

(139) Sharma, R. D.; Sindoni, J. M. Chem. Phys1993 98, 1018.

(140) Michaels, C.; Tapalian, C.; Lin, Z.; Sevy, E.; Flynn,karaday
Discuss. Chem. Sqdn press.

(141) Lendvay, G.; Schatz, G. C.; Harding, L. Baraday Discuss.
Chem. Sog.in press.

(142) Clary, D. C.; Gilbert, R. G.; Bernshtein, V.; Oref, Haraday
Discuss. Chem. Sqan press.

(143) Oref, I. InAdvances in Chemical Kinetics and DynamiBarker,
J. R., Ed.; JAI Press: Greenwich, CT, 1995.

(144) Rabinovitch, B. S.; Carroll, H. F.; Rynbrandt, J. D.; Georgakokos,
J. H.; Thrush, B. A.; Atkinson, R. dl. Phys. Cheml1971 75, 3376.

(145) Lindemann, F. ATrans. Faraday Socl922 17, 598.

(146) Bernshtein, V.; Oref, J. Phys. Chem1993 97, 6830.

(147) Steinfeld, J. I. IPAdvances in Chemical Kinetics and Dynamics
Barker, J. R., Ed.; JAI Press: Greenwich, CT, 1995; Vol. 2A, pil8.

(148) Orr, B. J. IMAdvances in Chemical Kinetics and DynamiBgrker,
J. R., Ed.; JAI Press: Greenwich, CT, 1995; Vol. 2A.

(149) Flynn, G. W.; Weston, R. E., Jr. Advances in Chemical Kinetics
and DynamicsBarker, J. R., Ed.; JAIl Press: Greenwich, CT, 1995; Vol.
2B.

(150) Baskin, J. S.; Saury, A.; Carrasquillo, E. @hem. Phys. Lett.
1993 214, 257.

(151) Huang, R.; Wu, J.; Gong, M.-X.; Carrasquillo, E. ®hem. Phys.
Lett. 1993 216, 115.

(152) Block, P.; Bohac, E.; Miller, R. Rhys. Re. Lett.1992 68, 1299.

(153) Friedrich, B.; Hershbach, Phys. Re. Lett. 1995 74, 4623.

(154) Wu, M.; Bemish, R. J.; Miller, R. El. Chem. Phys1994 101,
9447.

(155) Weida, M. J.; Nesbitt, D. J. Chem. Phys1994 100, 6372.

(156) Acquilanti, V.; Ascenzi, D.; Cappelletti, D.; Pirani, Rature1994
371, 399.

(157) Clary, D. C.; Kroes, G. J. IAdvances in Chemical Kinetics and
Dyanmics Barker, J. R., Ed.; JAl Press: Greenwich,CT, 1995; Vol. 2B,
pp 135-168.

(158) Gilbert, B. D.; Parmenter, C. S.; Krajnovich, DJJPhys. Chem.
1994 98, 7116.

(159) Gilbert, B. G.; Parmenter, C. S.; Krajnovich, DJJChem. Phys.
1994 101, 7440.

(160) Gilbert, B. G.; Parmenter, C. S.; Krajnovich, DJJChem. Phys.
1994 101, 7423.

(161) Dubs, M.; Harradine, D.; Schweitzer, E.; Steinfeld, J. |.; Patterson,
C.J. Chem. Phys1982 77, 3824.

(162) Harradine, D.; Foy, B.; Laux, L.; Dubs, M.; Steinfeld, J.IChem.
Phys.1984 81, 4267.

(163) Laux, L.; Foy, B.; Harradine, D.; Steinfeld, J.JI. Chem. Phys.
1984 80, 3499.

(164) Klaassen, J. J.; Coy, S. L.; Steinfeld, J. I.; Roche).GCChem.
Phys.1994 100, 5519.

(165) Abel, B.; Coy, S. L.; Klaassen, J. J.; Steinfeld, J. Chem. Phys.
1992 96, 8236.

(166) Fraser, G. T.; Domenech, J.; Junttila, M.-L.; Pine, AJ.SVlol.
Spectrosc1992 152, 307.

(167) Pine, A. SJ. Chem. Physl1992 97, 773.

(168) Pine, A. S.; Looney, J. B. Chem. Physl992 96, 1704.

(169) Parsons, Rl. Chem. Phys1989 91, 2206.

(170) Parsons, Rl. Chem. Phys199Q 92, 304.

(171) Parsons, Rl. Chem. Phys199Q 93, 8731.

(172) Parsons, Rl. Chem. Phys1991, 95, 8941.

(173) Michaels, C. A.; Tappalian, C.; Fynn, G. W. Manuscript in
preparation.

(174) Matsuo, Y.; Lee, S. K.; Schwedeman, RJHChem. Physl989
91, 3948.

(175) Matsuo, Y.; Schwendeman, R. H.Chem. Phys1989 91, 3966.

(176) Steinfeld, J. IJ. Phys. Chem. Ref. Date984 13, 445.

(177) Franck, J.; Wood, R. WRhilos. Mag.1911 21, 314.

(178) Franck, J.; Wood, R. Werh. Dtsch. Phys. Ge4911, 13, 78.

(179) Krajnovich, D. J.; Butz, K. W.; Du, H.; Parmenter, CJSChem.
Phys.1989 92, 7725.

(180) Parmenter, C. S.; Tang, Khem. Phys1978 27, 127-150.

(181) Catlett, D. L., Jr.; Parmenter, C. S.; Pursell, Cl. Phys. Chem.
1994 98, 3263-3269.

(182) Schwartz, R. N.; Slawsky, S. I.; Herzfeld, K. F.Chem. Phys.
1952 20, 1591.

(183) Schwartz, R. N.; Herzfeld, K. B. Chem. Physl1954 22, 767.

(184) Tanczos, F. J. Chem. Physl956 25, 439.

(185) Pursell, C. J.; Parmenter, C.B.Phys. Cheml1993 97, 1615~
1621.

(186) McDonald, D. B.; Rice, S. Al. Chem. Phys1981 74, 4918.



12836 J. Phys. Chem., Vol. 100, No. 31, 1996

(187) Clary, D. C.J. Chem. Phys1987, 86, 813.

(188) Waclawik, E. R.; Lawrance, W. 0. Chem. Phys1995 102
2780.

(189) Vandersall, M.; Rice, S. Al. Chem. Phys1983 79, 4845.

(190) Rolfe, T. J.; Rice, S. Al. Chem. Phys1983 79, 4863.

(191) ten Brink, H. M.; Langelaar, J.; Rettschnick, R. PGhem. Phys.
Lett. 198Q 75, 115.

(192) Dornhofer, G.; Hack, W.; Langel, W. Phys. Chem1983 87,
3456.

(193) McDonald, D. B.; Rice, S. Al. Chem. Phys1981 74, 4907.

(194) Knight, A. E. W.; Parmenter, C. 3. Phys. Chenil983 87, 417.

(195) Lawrance, W. D.; Knight, A. E. WJ. Chem. Phys1982 77,
570.

(196) Lawrance, W. D.; Knight, A. E. WJ. Chem. Phys1983 87,
389.

(197) Muller, D. J.; Lawrance, W. D.; Knight, A. E. W. Phys. Chem.
1983 87, 4952.

(198) Kable, S. H.; Knight, A. E. WJ. Chem. Phys1987, 86, 4709.

(199) Kable, S. H.; Knight, A. E. WJ. Chem. Phys199Q 93, 3151.

(200) Sharfin, W.; Johnson, K. E.; Wharton, L.; Levy, D. H.Chem.
Phys.1979 71, 1292.

(201) Russell, T. D.; DeKoven, B. M.; Blazy, J. A.; Levy, D. H.Chem.
Phys.198Q 72, 3001.

(202) Sulkes, M.; Tusa, J.; Rice, S. A.Chem. Physl198Q 72, 5733.

(203) Baba, H.; Sakurai, KI. Chem. Phys1985 82, 4977.

(204) Toennies, J. P.; Welz, W.; Wolf, @. Chem. Phys1979 71,
614.

(205) Cerjan, C.; Lipkin, M.; Rice, S. Al. Chem. Phys1983 78, 4929.

(206) Sethuraman, V.; Rice, S. A. Phys. Chem1981, 85, 3187.

(207) Villarreal, P.; Delgado-Barrio, G.; Mareca, P. A.Chem. Phys.
1982 76, 4445.

(208) Cerjan, C.; Rice, S. Al. Chem. Phys1983 78, 4952.

(209) Rice, S. A.; Cerhan, Caser Chem1983 2, 137.

(210) Gray, S. K.; Rice, S. AJ. Chem. Phys1985 83, 2818.

(211) Rice, S. AJ. Phys. Chem1986 90, 3063.

(212) Schwenke, D. W.; Truhlar, D. @. Chem. Physl985 83, 3454.

(213) Gentry, W. RJ. Chem. Phys1984 81, 5737.

(214) Rock, A. B.; Van Zoeren, C. M.; Kable, S. H.; Edwards, G. B.;
Knight, A. E. W.J. Chem. Physl988 89, 6777.

(215) Jouvet, C.; Sulkes, M.; Rice, S. A.Chem. Physl983 78, 3935.

(216) Sulkes, M.; Jouvet, C.; Rice, S. 8hem. Phys. Letl982 93, 1.

(217) Tusa, J.; Sulkes, M.; Rice, S. A.; JouvetJCChem. Phys1982
76, 3513.

(218) Moss, D. B.; Kable, S. H.; Knight, A. E. W. Chem. Phys1983
79, 2869.

(219) Muller, D. J.; McKay, R. I.; Edwards, G. B.; Lawrance, W. D.;
Hardy, J. P.; Rock, A. B.; Selway, K. J.; Kable, S. H.; Knight, A. E. 3.
Phys. Chem1988 92, 3751.

(220) Kable, S. H.; Knight, A. E. WJ. Chem. Phys199Q 93, 4766.

(221) Rainbird, M. W.; Webb, B. S.; Knight, A. E. W. Chem. Phys.
1988 88, 2416.

(222) Waclawik, E. R.; Lawrance, W. D.; Borg, R. AJl.Phys. Chem.
1993 97, 5798.

(223) Waclawik, E. R.; Mudjijono; Borg, R. A. J.; Lawrance, W. D.
Chem. Phys. Lett1994 218 320.

(224) Mudjijono; Lawrance, W. DChem. Phys. Lettl994 223 173.

(225) Mudijijono; Lawrance, W. DChem. Phys. Lettl994 227, 447.

(226) Gentry, W. R. IrElectronic and Atomic Collisionslnuited Papers
of ICPEAC XIV Lorents, D. C., Meyerhof, W. E., Peterson, J. R., Eds.;
North-Holland: Amsterdam, 1986; p 13.

(227) Liu, K.; Hall, G.; McAuliffe, M. J.; Giese, C. F.; Gentry, W. R.
J. Chem. Phys1984 80, 3494.

(228) Hall, G.; Giese, C. F.; Gentry, W. R. Chem. Phys1985 83,
5343.

(229) Jons, S. D. Ph.D. Dissertation, University of Minnesota, 1992.

(230) Ma, Z.; Jons, S. D.; Giese, C. F.; Gentry, W.JRChem. Phys.
1991, 94, 8608.

(231) Krajnovich, D. J.; Butz, K. W.; Du, H.; Parmenter, CJSPhys.
Chem.1988 92, 1388-1392.

(232) Krajnovich, D. J.; Butz, K. W.; Du, H.; Parmenter, CJSChem.
Phys.1989 92, 7705-7724.

(233) Du, H.; Krajnovich, D. J.; Parmenter, C.B Phys. Cheml991
95, 2104-2107.

(234) Hall, G,; Liu, K.; McAuliffe, M. J.; Giese, C. F.; Gentry, W. R.
J. Chem. Phys1983 78, 5260.

(235) Hall, G.; Liu, K.; McAuliffe, M. J.; Giese, C. F.; Gentry, W. R.
J. Chem. Phys1984 81, 5577.

(236) Hall, G.; Liu, K.; McAuliffe, M. J.; Giese, C. F.; Gentry, W. R.
J. Chem. Phys1986 84, 1402.

(237) Schwenke, D. W.; Truhlar, D. @. Chem. Physl984 81, 5586.

(238) Gilbert, B. D.; Parmenter, C. S.; Krajnovich, DJJPhys. Chem.
1994 98, 7116.

(239) Gilbert, B. D.; Parmenter, C. S.; Krajnovich, DJJChem. Phys.
1994 101, 7440.

Flynn et al.

(240) Gilbert, B. D.; Parmenter, C. S.; Krajnovich, DJJChem. Phys.
1994 101, 7423.

(241) Butz, K. W.; Du, H.; Krajnovich, D. J.; Parmenter, CJSChem.
Phys.1988 89, 4680.

(242) Butz, K. W.; Du, H.; Krajnovich, D. J.; Parmenter, CJSChem.
Phys.1987, 87, 3699.

(243) Peet, A. C.; Clary, D. QVol. Phys.1986 59, 529.

(244) Clary, D. CJ. Chem. Phys1984 81, 4466.

(245) Crim, F. F.Annu. Re. Phys. Chem1984 35, 657.

(246) Hamilton, C. E.; Kinsey, J. L.; Field, R. WAnnu. Re. Phys.
Chem.1986 37, 493.

(247) A representative collection of recent work using stimulated
emission pumping can be found in a special issue devoted to that tdpic:
Opt. Soc. Am199Q B7.

(248) Vaittinen, O.; Saarinen, M.; Halonen, L.; Mills, I. M. Chem.
Phys.1993 99, 3277.

(249) Holland, S. M.; Stickland, R. J.; Ashfold, M. N. R.; Newnham,
D. A;; Mills, I. M. J. Chem. Soc., Faraday Trank991, 87, 3461.

(250) Boyarkin, O. V.; Rizzo, T. RJ. Chem. Phys1995 103 1985.

(251) Settle, R. D. F.; Rizzo, T. R. Chem. Phys1992 97, 2823.

(252) Luo, X.; Fleming, P. R.; Rizzo, T. R. Chem. Phys1992 96,
5659.

(253) Fleming, P. R.; i. Mengyang, L.; Rizzo, T. BR. Chem. Phys.
1991, 94, 2425.

(254) Luo, X.; Rizzo, T. RJ. Chem. Phys199Q 93, 8620.

(255) Grosskloss, R.; Wenz, H.; Rai, S. B.; Demtroder,Mdl. Phys.
1995 85, 71.

(256) Campargue, A.; Permogorov, D.; Jost,JRChem. Phys1995
102 5910.

(257) Gambogi, J. E.; Pearson, R. Z.; Yang, X.; Lehmann, K. K.; Scoles,
G. Chem. Phys1995 190, 191.

(258) Timmermans, J. H.; Lehmann, K. K.; Scoles@Bem. Physl1995
190 393.

(259) Romanini, D.; Lehmann, K. KI. Chem. Phys1995 102, 633.

(260) Scott, J. L.; Luckhaus, D.; Brown, S. S.; Crim, F.JF.Chem.
Phys.1995 102, 675.

(261) Grosskloss, R.; Rai, S. B.; Stuber, R.; DemtroderC¥\em. Phys.
Lett. 1994 229, 609.

(262) Becucci, M.; Gambogi, J. E.; Timmermans, J. H.; Lehmann, K.
K.; Scoles, G.; Gard, G. L.; Winter, Ehem. Phys1994 187, 11.

(263) Farrell, J. T.; Sneh, O.; Nesbitt, D.Jl. Phys. Chem1994 98,
6068.

(264) Gambogi, J. E.; Kerstel, E. R. T.; Lehmann, K. K.; Scoles].G.
Chem. Phys1994 100, 2612.

(265) Romanini, D.; Lehmann, K. KI. Chem. Phys1993 99, 6287.

(266) Tobiason, J. D.; Utz, A. I.; Crim, F. B. Chem. Phys1993 99,
928.

(267) Farrell, J. T.; Sneh, O.; McLlroy, A.; Knight, A. E. W.; Nesbitt,
D. J.J. Chem. Phys1992 97, 7967.

(268) Suhm, M. A,; Farrell, J. T.; Mcllroy, A.; Nesbitt, D. J. Chem.
Phys.1992 97, 5341.

(269) Kerstel, E. R. T.; Lehmann, K. K.; Mentel, T. F.; Pate, B. H;
Scoles, GJ. Phys. Chem1991, 95, 8282.

(270) Pate, B. H.; Lehmann, K. K.; Scoles, &.Chem. Phys199]
95, 3891.

(271) Garcia-Moreno, |.; Lovejoy, E. R.; Moore, C. B.; Duxbury, 5.
Chem. Phys1993 98, 873.

(272) Brouard, M.; Martinez, M. T.; O’'Mahony, J.; Simons, JMl.
Phys.199Q 69, 65.

(273) Metz, R. B.; Thoemke, J. D.; Pfeiffer, J. M.; Fleming CrimJF.
Chem. Phys1993 99, 1744.

(274) Sinha, A.; Thoemke, J. D.; Fleming Crim, J-Chem. Physl992
96, 372.

(275) Hsiao, M. C.; Sinha, A.; Fleming Crim, B. Phys. Cheml991
95, 8263.

(276) Sinha, A.; Hsiao, M. C.; Crim, F. B. Chem. Phys199], 94,
4928.

(277) Sinha, A.; Hsiao, M. C.; Fleming Crim, B. Chem. Phys199Q
92, 6333.

(278) Vander Wal, R. L.; Scott, J. L.; Crim, F. F.Chem. Phys199Q
92, 803.

(279) Mcllroy, A.; Nesbitt, D. J.; Kerstel, E. R. T.; Pate, B. H.; Lehmann,
K. K.; Scoles, GJ. Chem. Phys1994 100, 2596.

(280) Gambogi, J. E.; L'Esperance, R. P.; Lehmann, K. K.; Pate, B.
H.; Scoles, GJ. Chem. Phys1993 98, 1116.

(281) Gambogi, J. E.; Lehmann, K. K.; Pate, B. H.; Scoles, G.; Yang,
X. J. Chem. Phys1993 98, 1748.

(282) Smith, A. M.; Coy, S. L.; Klemperer, W.; Lehmann, K. K.Mol.
Spectroscl1989 134, 134.

(283) Baskin, J. S.; Saury, A.; Carrasquillo M, Ehem. Phys. Lett.
1993 214, 257.

(284) Huang, R.; Wu, J.; Gong, M.-X.; Saury, A.; Carrasquillo M, E.
Chem. Phys. Lett1993 216, 108.

(285) Huang, R.; Wu, J.; Gong, M.-X.; Saury, A.; Carrasquillo M, E.
Chem. Phys. Lettl993 216 115.



Vibrational Energy Transfer

(286) Saury, A.; Wu, J.; Carrasquillo M, B. Mol. Spectrosc1994
164, 416.

(287) Wu, J.; Huang, R.; Gong, M.; Saury, A.; Carrasquillo M,JE.
Chem. Phys1993 99, 6474.

(288) Yang, X.; Scoles, G. Private communication.

(289) Drabbels, M.; Morgan, C. G.; Wodtke, A. Nl.Chem. Phys1995
103 7700.

(290) Douglas, D. J.; Moore, C. B. In Kompa, K. L.; Smiths, S. D.,
Eds.; Springer-Verlag: Edinburg, UK, 1979; p 336.

(291) Go, J.; Cronin, T. J.; Perry, D. €hem. Phys1993 175 127.

(292) Rensberger, K. J.; Robinson, J. M.; Crim, FJFChem. Phys.
1987, 86, 7340.

(293) Yang, X.; Wodtke, A. Mint. Rev. Phys. Chem1993 12, 123.

(294) Yang, X.; Price, J. M.; Mack, J. A.; Morgan, C. G.; Rogaski, C.
A.; McGuire, D.; Kim, E. H.; Wodtke, A. MJ. Phys. Chem1993 97,
3944.

(295) Yang, X.; Kim, E. H.; Wodtke, A. MJ. Chem. Phys199Q 93,
4483.

(296) Yang, X.; Wodtke, A. MJ. Chem. Phys199Q 92, 116.

(297) Yang, X.; McGuire, D.; Wodtke, A. Ml. Mol. Spectroscl992
154, 361.

(298) Yang, X.; Kim, E. H.; Wodtke, A. MJ. Chem. Phys1992 96,
5111.

(299) Yang, X.; Wodtke, A. M. IrSPIE Conference Proceedindsos
Angeles, CA, 1992.

(300) Yang, X.; Rogaski, C. A.; Wodtke, A. M. Chem. Phys199Q
92, 2111.

(301) Yang, X.; Wodtke, A. MJ. Chem. Phys199Q 93, 3723.

(302) Jonas, D. M.; Yang, X.; Wodtke, A. M. Chem. Physl992 97,
2284.

(303) Rogaski, C. A.; Price, J. M.; Mack, J. A.; Wodtke, A. GBleophys.
Res. Lett1993 20, 2885.

(304) Price, J. M.; Mack, J. A.; Rogaski, C. A.; Wodtke, A. @hem.
Phys.1993 175, 83.

(305) Yang, X.; Wodtke, A. MJ. Chem. Phys1992 96, 5123.

(306) Meijer, G.; Bogaarts, M. G. H.; Jongma, R. T.; Parker, D. H.;
Wodtke, A. M.Chem. Phys. Lettl994 217, 112.

(307) Rogaski, C. A.; Price, J. M.; Mack, J. A.; Wodtke, A. M.
Manuscript in preparation.

(308) Michelsen, H. A.; Rettner, C. T.; Auerbach, D. J.; Zare, RIN.
Chem. Phys1993 98, 8294.

(309) Brown, R. D.; Burden, F. R.; Cuno, Astrophys. J1989 347,
855.

(310) Cromwell, E. F.; Stolow, A.; Vrakking, M. J. J.; Lee, Y. J.
Chem. Phys1992 97, 4029.

(311) Meijer, G.; Wodtke, A. M.; Voges, H.; Schluter, H.; Andresen,
P.J. Chem. Phys1988 89, 2588.

(312) Sang, K. K.; Choi, Y. S.; Pibel, C. D.; Qi-Ke, Z.; Moore, C. B.
J. Chem. Phys1991, 94, 1954.

(313) Green, W. H.; Mahoney, A. J.; Qi-Ke, Z.; Bradley Moore,JC.
Chem. Phys1991 94, 1961.

(314) Neshitt, D. J.; Petek, H.; Foltz, M. F.; Filseth, S. V.; Bamford, D.
J.; Moore, C. BJ. Chem. Phys1985 83, 223.

(315) Yang, X.; Rogaski, C. A.; Wodtke, A. Ml. Opt. Soc. Am. B
199Q 7, 1835.

(316) Drabbels, M.; Morgan, C. G.; McGuire, D. S.; Wodtke, A. M.
Chem. Phys1995 102 611.

(317) Rogaski, C. A.; Mack, J. A.; Price, J. M.; Wodtke, A. Faraday
Discuss, in press.

(318) Boogaarts, M. G. H.; Hinnen, P. C.; Holleman, I.; Jongma, R. T.;
Meijer, G. AIP Conf. Proc.1995 429.

(319) Williams, S.; Tobiason, J. D.; Dunlop, J. R.; Rohlfing, E.JA.
Chem. Phys1995 102, 8342.

(320) Jonas, D. M.; Rogaski, C. A.; Yang, X.; Wodtke, A. M. In
Molecular Dynamics and Spectroscopy by Stimulated Emission Pumping
Dai, H.-L., Field, R. W., Eds.; World Scientific: Singapore, 1995; Vol. 4,
p 513.

(321) Yang, X.; Price, J. M.; Mack, J. A.; Morgan, C. G.; Rogaski, C.
A.; Wodtke, A. M. InMolecular Dynamics and Spectroscopy by Stimulated
Emission PumpingDai, H.-L., Field, R. W., Eds.; World Scientific:
Singapore, 1995; Vol. 4, p 513.

(322) Lewis, B. R.; Gibson, S. T.; Dooley, P. Nl.. Chem. Phys1994
100, 7012.

(323) Wittig, C.; Nadler, I.; Reisler, H.; Noble, M.; Catanzarite, J.;
Radhakrishnan, Gl. Chem. Phys1985 83, 5581.

(324) Tobiason, J. D.; Dunlop, J. R.; Rohlfing, E. A.Chem. Phys.
1995 103 1448.

(325) Jonas, D. M.; Solina, S. A. B.; Rajaram, B.; Silbey, R. J.; Field,
R. W.J. Chem. Phys1992 97, 2813.

(326) Adamson, G. W.; Zhao, X.; Field, R. W. Mol. Spectrosc1993
160 11.

(327) Geers, A.; Kappert, J.; Temps, F.; Wiebrecht, JJVChem. Phys.
1994 101, 3618.

(328) Geers, A.; Kappert, J.; Temps, F.; Wiebrecht, JJVChem. Phys.
1994 101, 3634.

J. Phys. Chem., Vol. 100, No. 31, 19962837

(329) Sussmann, R.; Neuhauser, R.; Neusser, H.Ghem. Physl994
100, 4784.

(330) Ross, S. C.; Butenhoff, T. J.; Rohlfing, E. A.; McMichael Rohlfing,
C. J. Chem. Phys1994 100, 4110.

(331) Rogaski, C. A.; Wodtke, A. MJ. Chem. Phys1994 100, 78.

(332) Jonas, D. M.; Solina, S. A. B.; Rajaram, B.; Silbey, R. J.; Field,
R. W.; Yamanouchi, K.; Tsuchiya, S. Chem. Phys1993 99, 7350.

(333) Geers, A.; Kappert, J.; Temps, F.; Wiebrecht, JJVChem. Phys.
1993 99, 2271.

(334) Lundberg, J. K.; Field, R. W.; Sherrill, C. D.; Seidl, E. T.; Xie,
Y.; Schaefer, H. FJ. Chem. Phys1993 98, 8384.

(335) Geers, A.; Kappert, J.; Temps, F.; Sears, T1.XChem. Phys.
1993 98, 4297.

(336) Whang, T.-J.; Stwalley, W. C.; Li, L.; Lyyra, A. Ml. Chem.
Phys.1992 97, 7211.

(337) Wilkie, J.; Brumer, P.; Pique, J. P.; Chen, Y.; Field, R. W.; Kinsey,
J. L. Phys. Re. Lett. 1992 69, 2018.

(338) Jonas, D. M.; Solina, S. A. B.; Rajaram, B.; Silbey, R. J.; Field,
R. W.; Yamanouchi, K.; Tsuchiya, S. Chem. Phys1992 97, 2813.

(339) Choi, Y. S.; Moore, C. BJ. Chem. Phys1992 97, 1010.

(340) Takayanagi, M.; Hanazaki, Chem. Phys. Lettl992 190, 115.

(341) zZhang, Q.; Kandel, S. A.; Wasserman, T. A. W.; Vaccaro, P. H.
J. Chem. Phys1992 96, 1640.

(342) Olawsky, F. J.; Ziade, M.; Sitja, G.; Pique, JJPPhys. 1V199],
1, 347.

(343) Yamanouchi, K.; Ikeda, N.; Tsuchiya, S.; Jonas, D. M.; Lundberg,
J. K.; Adamson, G. W.; Field, R. Wl. Chem. Phys1991, 95, 6330.

(344) Geers, A.; Kappert, J.; Temps, F.; Wiebrecht, JONem. Phys.
Lett. 1991, 178 317.

(345) Sepiol, JChem. Phys. Letfl99Q 175 419.

(346) Yang, X.; Rogaski, C. A.; Wodtke, A. Ml. Opt. Soc. Am. B
199Q 7, 1835.

(347) Takayanagi, M.; Hanazaki, J. Opt. Soc. Am. B99Q 7, 1898.

(348) Celii, F. G.; Maier, J. PJ. Opt. Soc. Am. B99Q 7, 1944.

(349) He, G.-Z.; Kuhn, A.; Schiemann, S.; Bergmann JKOpt. Soc.
Am. B199Q 7, 1960.

(350) Chen, Y.-T.; Watt, D. M.; Field, R. W.; Lehmann, K. &.Chem.
Phys.199Q 93, 2149.

(351) Geers, A.; Kappert, J.; Temps, F.; Wiebrecht, JJVWChem. Phys.
199Q 93, 1472.

(352) Lambert, H. M.; Carrington, T.; Filseth, S. V.; Sadowski, C. M.
Chem. Phys. Lett1990Q 169 185.

(353) Sepiol, J.; Kolos, RChem. Phys. Lettl99Q 167, 445.

(354) Celii, F. G.; Maier, J. P.Chem. Phys. Lettl990 166, 517.

(355) Buntine, M. A.; Baldwin, D. P.; Chandler, D. W. Chem. Phys.
1992 96, 5843.

(356) Mack, J. A.; Mikulecky, K.; Wodtke, A. MJ. Chem. Phys.
submitted.

(357) Mack, J.; Wodtke, A. MJ. Chem. Physsubmitted.

(358) Chuang, C.-C.; Andrews, P. M.; Lester, MJIChem. Physl995
103 3418.

(359) Orr, B. J.Chem. Phys1995 190, 261.

(360) Yang, X.; Price, J. M.; Mack, J. A.; Rogaski, C. A.; Morgan, C.
G.; Wodtke, A. M.Adv. Chem. Kinet. Dyn1995 2A, 105.

(361) Reid, S. A.; Kim, H. L.; McDonald, J. Q1. Chem. Phys1990
92, 7079.

(362) Droz, T.; Burgi, T.; Leutwyler, Sl. Chem. Physl995 103 4035.

(363) Sappey, A. D.; Crosley, D. R. Chem. Phys199Q 93, 7601.

(364) Choi, Y. S.; Moore, C. BJ. Chem. Phys1991, 94, 5414.

(365) Temps, F.; Halle, S.; Vaccaro, P. H.; Field, R. W.; Kinsey, J. L.
J. Chem. Soc., Faraday Trank988 84, 1457.

(366) Schinke, R.; Keller, H.-M.; Stumpf, M.; Dobbyn, A.J.Phys. B
1995 28, 3081.

(367) Choi, Y. S.; Teal, P.; Moore, C. B. Opt. Soc. Am. B99Q 7,
1829.

(368) Bergmann, KAIP Conf. Proc.1991 336.

(369) Coulston, G. W.; Bergmann, K. Chem. Physl992 96, 3467.

(370) Keller, H. M.; Kulz, M.; Setzkorn, R.; He, G. Z.; Bergmann, K;
Rubahn, H.-GJ. Chem. Phys1992 96, 8819.

(371) Rubahn, H.-G.; Konz, E.; Schiemann, S.; Bergmanry,.Khys.
D: At., Mol. Clusters1991, 22, 401.

(372) Rubahn, H.-G.; Bergmann, KComments At. Mol. Phy4.993
28, 211.

(373) Shore, B. W.; Bergmann, K.; Oreg, 4. Phys. D: At., Mol.
Clusters1992 23, 33.

(374) Steuerwald, S.; Schiemann, S.; Kuhn, A.; BergmanIR.Conf.
Proc. 1995 122.

(375) Ziegler, G.; Kumar, S. V. K.; Radle, M.; Jung, K.; Ehrhardt, H.;
Bergmann, K.; Meyer, H. DZ. Phys. D: At., Mol. Cluster&99Q 16, 207.

(376) Ziegler, G.; Kumar, S. V. K.; Rubahn, H.-G.; Kuhn, A.; Sun, B.;
Bergmann, KJ. Chem. Phys1991 94, 4252.

(377) Park, H.; Slanger, T. G. Chem. Phys1994 100, 287.

(378) Klatt, M.; Smith, I. W. M.; Symonds, A. C.; Tucket, R. P.; Ward,
G. N.J. Chem. Soc., Faraday Transn press.



12838 J. Phys. Chem., Vol. 100, No. 31, 1996 Flynn et al.

(379) Klatt, M.; Smith, I. W. M.; Tuckett, R. P.; Ward, G. \Chem. (424) Robinson, J. M.; Rensberger, K. J.; Crim, FJFChem. Phys.
Phys. Lett.1994 224, 253. 1986 84, 220.

(380) Poole, P. R.; Smith, I. W. Ml. Chem. Soc., Faraday Trans. 2 (425) Rensberger, K. J.; Copeland, R. A.; Robinson, J. M.; Crim, F. F.
1977, 73, 1447. J. Chem. Phys1985 83, 1132.

(381) Braithwaite, M.; Smith, I. W. MJ. Chem. Soc., Faraday Trans. (426) Robinson, J. M.; Pearson, D. J.; Copeland, R. A.; Crim, B. F.
21976 72, 288. Chem. Phys. 1985 82, 780.

(382) Braithwaite, M.; Smith, I. W. MJ. Chem. Soc., Faraday Trans. (427) Douglas, D. J.; Bradley Moore, @..Chem. Physl979 70, 1769.
21976 72, 299. o (428) Douglas, D. J.; Moore, C. EChem. Phys. Lett1l978 57, 485.
69(3%35;) Smith, I. W. M.; Wittig, CJ. Chem. Soc., Faraday Trans1273 (429) Rossner, W. A.; Wood, A. D.; Gerry, E. T. Chem. Physl969

h : 50, 4996.

(384) Wittig, C.; Smith, I. W. M.Appl. Phys. Lett1972 21, 536. . . .

(385) Hancock, G.; Smith, . W. MAppl. Opt.1971, 10, 1827. oo 1066 48 4ssp " | 00% R B3, B L vardley, J. 3. Chem.

(386) Kerstel, E. R. T.; Lehmann, K. K.; Pate, B. H.; Scoles]) GChem.
Phys.1994 100, 2588.
(387) Lehmann, K. K.; Pate, B. H.; Scoles, &.Chem. Phys199Q

(431) Cousins, L. M.; Leone, S. R. Chem. Phys1987, 86, 6731.
(432) Hartland, G. V.; Dong, Q.; Dai, H. 1. Chem. Phys1995 102

8677.
93, 2152. . - Pai
(388) Bethardy, G. A.; Perry, D. S. Chem. Phys1993 99, 9400. 85%21133) Hartland, G. V.; Dong, Q.; Dai, H. LJ. Chem. Physl1994 101,

gggg Erearfirb(.;'s};gﬁé%'. Bhﬁ&% ggmygéggla 175 223. (434) Hartland, G. V.; Qin, D.; Dai, H.-LJ. Chem. Phys1994 100,

(391) Jungsung, G. O.; Bethardy, G. A.; Perry, D.JSPhys. Chem. 7832.

199q 94, 6153. (435) Chou, J. Z; .Flynn, G. W] Chem. P.hysl_990 93, 6099.

(392) Cameron Miller, C.; Stone, S. C.; Philips, L. A.Chem. Phys. 19513823 ‘i'(%%rr C. R, Sanov, A; Hunter, M.; Reisler, #1.Phys. Chem.
1995 102, 75. ' : . .

(393) Li, H.; Miller, C. C.; Philips, L. A.J. Chem. Phys1994 100, 13%%377) Sanov, A,; Bieler, C. R.; Reisler, H. Phys. Chem1995 99,
8590. - ,

(394) Miller, C. C.; Philips, L. A.; Andrews, A. M.; Fraser, G. T.; Pate, (438) Vander Wal, R. L.; Scott, J. L.; Crim, F. &.Chem. Phys1991,
B. H.; Suenram, R. DJ. Chem. Phys1994 100, 831. 94, 3548.

(395) Brummel, C. L.; Shen, M.; Hewett, K. B.; Philips, L. A. Opt. (439) Taylor, R. L.Can. J. Chem1974 52, 1436.
Soc. Am. BL994 11, 176. (440) Cvetanovic, R. Xlan. J. Chem1974 52, 1452.

(396) Li, H.; Ezra, G. S.; Philips, L. AJ. Chem. Physl992 97, 5956. (441) Krasnopolsky, V. APlanet. Space Scil981 29, 925.

(397) Brummel, C. L.; Mork, S. W.; Philips, L. Al. Chem. Phys1991 (442) Mlynczak, M. G.; Drayson, S. Rl. Quant. Spectrosc. Radiat.
95, 7041. Transfer1991, 46, 463.

(398) Brummel, C. L.; Mork, S. W.; Philips, L. Al. Am. Chem. Soc. (443) Mlynczak, M. GJ. Geophys. Re4991, 96, 17217.

1991, 113 4342. ) ) ) (444) Lipson, S. J.; Armstrong, P. S.; Dodd, J. A.; Lowell, J. R;
(399) Reisner, D. E.; Field, R. W.; Kinsey, J. L.; Dai, H.-L.Chem. Blumberg, W. A. M.; Nadile, R. MGeophys. Res. Lett994 21, 2421.
Phys.1984 80, 5968. o . (445) Armstrong, P. S.; Lipson, S. J;; Dodd, J. A; Lowell, J. R;;

Ph(40;)%8lgaé,2Hi6I§éKorpa, C. L.; Kinsey, J. L.; Field, R. W. Chem. Blumberg, W. A. M.; Nadile, R. M.Geophys. Res. Lettl994 21,
yS. , . ) ] 2425,
(401) Temps, F.; Halle, S.; Vaccaro, P. H.; Field, R. W.; Kinsey, J. L. (446) Dodd, J. A.; Lipson, S. J.; Lowell, J. R.; Armstrong, P. S.;
J. Chem. Phys1987 87, 1895. Blumberg, W. A. M.; Nadile, R. M.; Adler-Golden, S. M.; Marinelli, W.
(402) Yamanouchi, K.; Tsuchiya, 8hys. Theor. Chen1994 82, 217. J.; Holtzclaw, K. W.; Green, B. DJ. Geophys. Red.994 99, 3559.
(403) Yamanouchi, K.; Miyawaki, J.; Tsuchiya, Baser Chem1994 (447) Smith, D. R.; Ahmadijian, MGeophys. Res. Lett993 20, 2679.
14, 183. . . (448) Sharma, R. D.; Sun, Y.; Dalgarno, &eophys. Res. Lett993
(404) Yamanouchi, K.; Tsuchiya, S. Phys. B: At. Mol. Opt. Phys. 20, 2043.
1995 28, 133. '

(449) Dodd, J. A.; Blumberg, W. A. M.; Lipson, S. J.; Lowell, J. R.;
Armstrong, P. S.; Smith, D. R.; Nadile, R. M.; Wheeler, N. B.; Huppi, E.
R. Geophys. Res. Lett993 20, 305.

(450) Smith, D. R.; Blumberg, W. A. M.; Nadile, R. M; Lipson, S. J,;
Huppi, E. R.; Wheeler, N. BGeophys. Res. Lett992 19, 593.

(451) Sharma, R. D.; Kharchenko, V. A.; Sun, Y.; Dalgarno, JA.

(405) Bowman, J. M.; Gazdy, B.; Bentley, J. A.; Lee, T. J.; Dateo, C.
E. J. Chem. Phys1993 99, 308.

(406) Bentley, J. A.; Huang, C.-M.; Wyatt, R. E. Chem. Phys1993
98, 5207.

(407) Pan, B.; Bowman, J. M. Chem. Physto be published.

(408) Dobbyn, A. J.; Stumpf, M.; Keller, H.-M.; Hase, W. L.; Schinke,

Geophys. Resin press.
R. J. Chem. Phys1995 102, 5867. . . . .
f v . (452) Kinugawa, T.; Sato, T.; Arikawa, T.; Matsumi, Y.; Kawasaki, M.

93€(3409) Chadwick, B. L.; Milce, A. P.; Orr, B. Lan. J. Phys1994 72, J. Chem. Phys1990 93, 3289. -

410) Milce, A. P.: Barth, H.-D.; Orr, B. JI. Chem. Phys1994 10 (453) Heck, A. J. R.; Chandler, D. Vlinnu. Re. Phys. Chemin press.
23S()8. ) Milce A el em y 4 100 (454) Mastenbroek, J. W. G.; Taatjes, C. A.; Nauta, K.; Janssen, M. H.

(411) Chadwick, B. L.; Milce, A. P.; Orr, B. Lhem. Phys1993 175 M. Stolte, S.AIP Conf. Proc.1995 117.
113. (455) Buntine, M. A.; Baldwin, D. P.; Zare, R. N.; Chandler, D. W.

(412) Chadwick, B. L.; Orr, B. 3. Chem. Phys1991, 95, 5476. Chem. Phys1991, 94, 4672.

(413) Tobiason, J. D.; Utz, A. L.; Crim, F. B. Chem. Phys1992 97, 5 8436)cﬂrad”b\r/{ 51';9 ggzggl;i,4 E-égiewitt,s-/\.: Houston, P. L.; Whitaker,
7437. .J.J. Chem. Phy: , 4455. _

(414) Tobiason, J. D.; Fritz, M. D.; Crim, F. B. Chem. Phys1994 Ph(457c)hBngggné7L'6§f1 ZSUIts, A. G.; Houston, P. L.; Whitaker, BJ.J.
101, 9642. ys. Chem ! . _

(415) Tobiason, J. D.; Utz, A. L.; Crim, F. H. Chem. Phys1994 (458) Suits, A. G.; Bontuyan, L. S.; Houston, P. L.; Whitaker, BJ.J.
101, 1108. Chem. Phys1992 96, 8618.

(416) Utz, A. L.; Tobiason, J. D.; Carrasquillo M, E.; Fritz, M. D.; Crim, (459) Suzuki, T.; Hradil, V. P.; Hewitt, S. A.; Houston, P. L.; Whitaker,
F. F.J. Chem. Phys1992 97, 389. B. J.Chem. Phys. Lettl991, 187, 257.

(417) Utz, A. L.; Carrasquillo M, E.; Tobiason, J. D.; Crim, F.Ghem. (460) Slanger, T. G.; Jusinski, L. E.; Black, G.; Gadd, G.S€Eience
Phys.1995 190, 311. (Washington, D.C.1988 241, 945.

(418) Schwartz, R. N.; Slawzky, Z. |.; Hertzfeld, K. ¥.Chem. Phys. (461) Patten, K. O.; Connell, P. S.; Kinnison, D. E.; Wuebbles, D. J.;
1952 20, 1591. Slanger, T. G.; Froidevaux, L1. Geophys. Re4.994 99, 1211.

(419) Yardley, J. T.Introduction to Molecular Energy Transfer (462) Allen, M.; Delitsky, M. L.J. Geophys. Re4.991, 96, 12883.
Academic Press: New York, 1980. (463) Eluszkiewicz, M. A. JJ. Geophys. Re4.993 98, 1069.

(420) Nowlin, M. L.; Heaven, M. CJ. Chem. Phys1993 99, 5654. (464) Nikitin, E. G.Opt. Spectrosc196Q 98, 8.

(421) Nowlin, M. L.; Heaven, M. CJ. Phys. 1V1994 4, C4. (465) Gostein, M.; Parhikhteh, H.; Sitz, G. ®hys. Re. Lett. 1995

(422) Nowlin, M. L.; Heaven, M. CChem. Phys. Lettl995 239, 1. 75, 342.

(423) Rensberger, K. J.; Blair, J. T.; Weinhold, F.; Crim, FJRChem.
Phys.1989 91, 1688. JP953735C



