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Modern lasers now routinely allow experiments where large populations of highly excited molecules can be
prepared with perfect quantum state selection. In a sense, the laser has become the physical chemist’s synthetic
tool, allowing “optical distillation” of chemical reactants in the most purified form imaginable, individual
quantum states. This article describes applications from the authors’ laboratory of these methods to studies
in chemical reaction dynamics. A detailed description of the PUMP, DUMP, and PROBE technique is presented
with specific emphasis on the use of stimulated emission pumping in scattering experiments. Many aspects
of the behavior of highly vibrationally excited molecules are presented. These topics include infrared emission,
rotational energy transfer, vibrational energy transfer, super-excited molecules colliding with surfaces, and
the role of highly vibrationally excited £in the stratosphere.

1. Introduction Consequently, if we are ignorant of the chemical behavior of

. . ) super-excited molecules, it may be impossible to model certain
A full understanding of how chemical reactions occur must jmportant chemical systems.

provide knowledge of both the interatomic forceggractiong Much of our understanding about how molecular vibration
as well as the atomic and molecular responses to those forcesg rejated to chemical reactions is based on experiments that
(dynamic$ as bonds are broken and formed. Armed with such eaqre aspects of the product energy distribution. Nobel Prize
an understanding, we could approach the ultimate goal of the yinning work using infrared chemiluminescence, laser-induced
field of molecular reaction dynamics: to be able to predict the florescence, and crossed molecular beams scattering have
outcome of individual chemical events and to model accurately provided much of this kind of informatiof1° The continued
comp_lex systems involving many different e_Iementar_y reactions. development of high-power lasers has changed the course of
Despite considerable recent advances in experimental ands field during the last 10 years. We are no longer restricted
theoretical studies of elementary reactiénSwe are still far 5 |ooking at molecular emissions or using the laser as a probe
from this goal. Theoretical methods have difficulty accurately of population distributed among molecular quantum states.
describing bond formation and cleavage; chemical transition yjodern lasers now routinely allow experiments where large
states remain more difficult to characterize than equilibrium populations of highly excited molecules can be prepared with
structures”’ Future advances in this area are extremely perfect quantum state selection. In a sense, the laser has become
important since it is the nature of the transition state that the physical chemist's synthetic tool, allowing “optical distil-
effectively governs the rates and pathways of chemical reactions. atjon” of chemical reactants in the most purified form imagin-
Particularly relevant to the investigation of the chemical able, individual quantum states.
transition state is the study of highly vibrationally excited The sheer power of modern lasers has not outshone the
molecules. Transition states are often characterized by structuresngenuity of the scientists using them. Modern methods of
dramatically distorted from the equilibrium geometry of either 0ptica| pumpmg go much further than mere gquantum state
the reactants or the products. Consequently, collisions betweenselectiont-14 The ambitious technical goal of preparing any
molecules in extreme states of distortion and bond extension arbitrary quantum state of any arbitrary molecule will never be
may exhibit chemical behavior that is particularly sensitive to reached in a literal sense. On the other hand, for many
the nature of the transition state. molecules, we can come close. For these systems, we can treat
On a more practical note, many elementary chemical and the reactant quantum numbers as adjustable microscopic reaction
photochemical reactions form products with large vibrational conditions to be “dialed in” by the researcher.
energies (hundreds of kJ/mol). Large-amplitude vibrational = This places us in a remarkable position to address many
motion can make it more likely for a chemical reactant to reach questions regarding the properties of molecules in extreme states
the transition state, markedly increasing the reaction rate. of bond extension and distortion. As chemists, we are intrigued
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by the idea that high vibrational states of reactants can exhibit

specific kinds of organized internuclear motion. We wish to \ v=5
know how vibration influences the outcome of chemical N
reactions, for example, in isomerizati&t2! atom transfef2.23
and dissociative adsorption on solid surfates.

An issue intertwined with reactivity is molecular energy

- o
:ransferz. Here_, we are striving to _understand how_ energy AMA AN N /' v=13
ransfer may disrupt the organized internuclear motion men- \VA/RVAVAV
tioned above before reactions can occur. We can now make % ;
guantitative measurements of the processes that allow highly
vibrationally excited molecules to release their energy, probing
the pathways by which they return to thermal equilibrium with  ~g 5 o 0.2 0.4 0.6
their environment. Specific relaxation processes include infrared r-r,
radiative emission, rotational and vibrat.ionall energy transfer to Figure 1. Stimulated emission pumping method as applied to NO.
other gas-phase molecules as well as vibrational energy transfefryis figure shows the electronic energy as a function of the displacement
to solid surfaces. of the atomic separation, from the equilibrium separations, for two

Another important issue concerns excited electronic states. electronic states of NO (XI and BII). IN SEP molecules are excited
When vibrational energy is comparable to electronic excitation 0ut of ground state levels through an allowed transition to an excited
energies, the BorOppenheimer approximation can break electronic state _Wlth a dlstqrted structure. ITaser-lndut_:ed emission
down and vibration may be converted to electronic energy. transfers population back to sn_ngle h|gh|yV|brat|on_aIIy e>§0|teq guantum

. . . * states of the ground electronic state. Three realistic vibrational wave
Consequently, nonadiabatic curve crossing between electronicnctions are shown. Energies accessible with this method can be large
states can play an important role for super-excited moleéflles. (greater than 400 kJ/mol), and pumping can be efficieritq1-2).
Physically, this means that large-amplitude vibrational motion
may induce significant electronic reorganization, influencing
chemical properties.

All of these questions and many others arise when one
considers the properties of super-excited molecules. This paper
presents a few highlights from our research showing some
examples of the behavior of highly vibrationally excited
molecules. Before embarking on this endeavor, we want to stress:-
that this article is not meant to be a review of the field. We
apologize in advance for any failure to refer to the enormous ' .
quantity of truly inspiring work that has been carried outin the Figyre 2. Experimental set up for detection of SEP transitions in a
field of chemical reaction dynamics. fluorescence dip experimerRUMP laser induced fluorescence (LIF)

The paper is organized as follows. The stimulated emission is detected at right angles by a photomultiplier tube (PMT). Stimulated
pumping (SEP) method has been and will continue to be one emission effected by the DUMP laser appears along the propagation
of the most important experimental methods in this field. 2XiS of the DUMP laser and reduces the side fluorescence seen by the

Therefore, we present (in section 2) some of the basic princi IeSPMT. These “fluorescence dips” are recorded as a function of the
! P ; >IC P PIeSHUMP laser frequency to map out the spectroscopy of highly
necessary to understand SEP experiments. In section 3, we tUrjiprationally excited molecules. The signal indicated “on the oscil-
to the main body of the article, which highlights results from |oscope” results when the DUMP laser is delayed with respect to the
our laboratory using the SEP method. The topics of this section PUMP laser. By recording the early and late parts of the decay, the
include infrared emission, rotational and vibrational energy shot-to-shot fluctuations in the PUMP LIF can be accounted for and
transfer, atmospheric chemistry, surface scattering and reactivity,gseoI t%'“crr]ease t of thﬁ Spealr um. A.'te"}at"’g'y' two PMThS can
and nonadiabatic electronic coupling in highly vibrationally Lﬁ:“.se » where one views the two laser signal and one views the PUMP
. . . . . in a separate cell.
excited molecules. Section 4 indulges in speculation about the

future of the field.

Energy
dump )

v=0

integral of the two vibrational states, Q") = | [y (r — re)
yo(r — 1e) dr}2, referred to as the FranelCondon factor.
Because of the large changes in the interatomic potential upon

Figure 1 shows an energy level diagram of a specific SEP electronic excitation, the “Franck Condon matrix”,:Q(""), is
transition for the illustrative example of nitric oxide, NO, with highly nondiagonal favoring large changes in the vibrational
accurate Morse potentials and wave functions for tAE Bnd quantum number for both the PUMP and DUMP steps. For the
X211 states. The sample is excited with a narrowband pulsed €xample shown in Figure 1, the strongest DUMP transitions
laser operating at the “pump” frequeneypump Out of thermally ~ result in very highly vibrationally excited states, e @' =
populated states into an excited electronic state. A second pulsed, " = 19) = 0.2. The Franck Condon principle explains why
laser, tuned tawaump Stimulates emission out of the excited preparation of highly vibrationally excited molecules, in general,
electronic state transferring population back to a single highly and NO in particula?8is so straightforward.
vibrationally excited quantum level in the ground electronic  The SEP transition may be detected in a number of ways
state. including ion dip3° and degenerate four-wave mixi&gHow-

In NO, the PUMP step promotes a bonding electron to an ever, due to its simplicity, the “florescence dip” method is used
antibonding orbital. Consequently, in the excited state, the most commonly and has been a powerful tool for spectroscopic
equilibrium bond length is greatly extended and the Hooke’s investigation of highly vibrationally excited molecul&s3!
Law force constant is reduced. The fundamental quantity Figure 2 shows a schematic of this kind of experiment. The
governing the probability of vibrational quantum number PUMP and DUMP beams are collinearly overlapped and a
changes in electronic transitions is the square of the overlap photomultiplier views the PUMP laser induced florescence

2. Stimulated Emission Pumping
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Figure 3. Crossed molecular beams with PUMBUMP—PROBE
geometry A molecular beam is excited by SEP preparing single

DUMP laser

+ OH(v), produces OH radicals in states upter 9, resulting

in intense emissions in the-B um region of the spectrum.
These “Meinel atmospheric band$®>are one of the strongest
atmospheric emissions of the night sky. Similarly, auroral
emission in the 5um regiorf® is attributed to NOf < 9),
produced by nonthermal N- O, — O + NO(v).37-38

These examples show one of the curious properties of highly
vibrationally excited molecules, infrared overtone emission. The
two molecular properties that govern infrared emission (or for
that matter absorption) are the dipole moment functign,—
re), and the intermolecular potentis{r — r¢). Herere is the
bond length at the minimum of the molecular potenti4t. —
re) governs the motion of the atoms and together with— re)
dictates how the charge distribution oscillates in time.

For a diatomic molecule, if the dipole moment function is

quantum states of highly vibrationally excited molecules at the “pump linearly proportional ta — r. and the intermolecular potential
region”. PMT-1 views this region allowing fluorescence dip measure- is harmonic, i.e.,V(r — re) O (r — re)?, only fundamental
ments. Several centimeters downstream, the sample is detected by th?ransitions Qv = 1) are possible. In general, for low

PROBE laser. When pulsed valve-2 is turned off, the results of infrared
emission occurring during the flight time between preparation and
detection can be observed (section 3.1). With pulsed valve-2 turned

vibrational states, the variation of— re¢ is small. As a result,
even an anharmonié(r — re) may be assumed harmonic and

on, the results of single collisions are detected by the probe laser (sectiond nonlinearu(r — re) may be assumed linear. Consequently,

3.2,3.3, and 3.5).

perpendicular to laser beams. When the DUMP laser hits
stimulated emission resonances, spontaneous side rorescenCﬁ(r —r
is reduced and stimulated emission along the DUMP laser
propagation axis is increased. Shot-to-shot normalization to the

fluctuating PUMP laser intensity, using either the dual-b&am
or double-boxc&? approach, allows detection of dips as small
as 1%.

We can also use a third laser to probe the sample after the
preparation of the highly vibrationally excited molecules. We

refer to this as the “PUMPDUMP—PROBE” geometry. When

done in a cell, state-to-state kinetics measurements are possible.
Alternatively, one may use molecular beams (Figure 3). Here,
the molecules prepared with SEP are detected by laser-induce

fluorescence (LIF) at a different position and time. Likewise,

only Av = +£1 transitions are in general observed for low
vibrational states of most molecules.

However, for super-excited molecules, both the curvature of
¢) (electrical anharmonicity) and the anharmonic nature
of V(r — re) (mechanical anharmonicity) are not negligible. This
can mean that overtone emission becomes just as important as
fundamental emission. To illustrate this, Figure 4 shows the
wave functions forv = 0 and 25 of NO along with the true
interaction potential and dipole moment functi®rFor com-
parison, we also show the harmonic approximation to the
interaction potential and linear dipole moment function.

The interaction potential can be found from high precision
spectroscopic constants, using the semiclassical Ryeberg

{lein—Rees (RKR) approact-? Finding the dipole moment

function requires accurate measurements of transition intensities

resonant enhanced multiphoton ionization (REMPI) detection @nd is, therefore, more difficutt™*> The experimental setup

is possible. The temporal and spatial separation of the preparaShown in Figure 3 allows a direct determination of the rates
tion step from the detection step allows detection of much and branching ratio’s for infrared emission from high vibrational

weaker transitions and, of course, provides a probe of collisional States, yielding the dipole moment function over a wide range

events.
PUMP-DUMP—PROBE experiments make up most of what

of vibrational amplitude.
Figure 5 shows two spectra of NO(= 19) and their

is described in this article. This approach has allowed SEP to difference (bottom panel). In both of these spectra, the PUMP
go beyond spectroscopy of super-excited molecules and beginlaser excites ground-state NO to thé[Bstate, preparing a

providing information on their collisional properties. Highlights
of our research using PUMMDUMP—PROBE are presented

singled = 2.5 level at the preparation zone (see Figure 3; only
one molecular beam is used) and spectra are recorded 6 cm

in section 3, progressing from the simple to the complex. In downstream at the detection zone. In the top panel, the detected

this spirit, we start with an example obllision-freerelaxation

states are populated by spontaneous visible emission out of the

(infrared emission). We then proceed sequentially to examplesB state, the selection rules for which favor populationJcf
of rotational energy transfer, vibrational energy transfer, and 3.5 and 1.5. A barely detectable signal frah= 4.5 is also
energy transfer at solid surfaces. We then turn briefly to one of seen, apparently violating th®] = +1 selection rules. These
the first examples of vibrationally enhanced surface chemistry levels are populated by two stages of emission: visibte K
and finish by describing our serpentine exploration of atmo- emission to vibrational states above= 19 (inJ = 1.5 and

spheric chemistry.

3. Highlights of Recent Work
3.1. Infrared Emission of Highly Vibrationally Excited

3.5) followed by infrared emission to = 19 (populatingd =
0.5, 2.5, and 4.5).

Consider now the middle panel of Figure 5. Here, the DUMP
laser stimulates emission o = 21, J = 3.5[] two vibrational

NO. Radiation is perhaps the most common means of removing quanta above the probed state. With the DUMP laser on, some
energy from an excited molecule. Emission and absorption of lines in the probe spectrum go up and some go down compared
light can even be the dominant means of energy transfer, e.g.,to the lines in the top panel. This is clearer from the difference
in interstellar space. Closer to home, one must only look to the spectrum (lower panel). Some lines (probing populatioh#n
night sky to witness super-excited molecules struggling toward 1.5 and 3.5) lose intensity as population that was bound for

nighttime equilibrium. An exothermic reaction, H O3 — O,

=19 is forced intov = 21 by stimulated emission. Other lines
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Figure 4. Vibrational wave functions and potential energy curve for ‘ !

NO(v = 0 and 25) in its ground electronic stafiehe thick black line 18630 18640 18650
in the upper panel shows the dipole moment function for NO as Frequency (cm')
determined in our experiments. The thin line is an extrapolation to
shorter and longer bond distances. Clearly, the linear approximation
given by the dotted line, is only valid in a small interval around the
equilibrium distance. The lower panel shows the NO potential
determined by the RKR procedure, see text, and the corresponding wav
functions forv = 0 andv = 25. The harmonic approximation of the
potential, given by the dashed line, is only useful for the lowest
vibrational levels.

Figure 5. Infrared emission from highly vibrationally excited NO.
’When NO is excited with the PUMP laser preparild B(v = 5,J =
2.5), spontaneous emission populates a whole host of vibrationally
excited levels in the ground,?KI, electronic state. In the upper panel,
Sve show an LIF spectrum of molecules ifIX (v = 19) populated in
this way. Due to the optical selection rules odly= 1.5, 2.5, and 3.5
should be present. In the middle panel, the same spectral region is
scanned while the DUMP laser is stimulating a large fraction of the
molecules from the BI (v = 5,J = 2.5) level to XI1 (v = 21,J =
(probing population iy = 19,J = 2.5 and 4.5) gain intensity, 3.5). Population observed ih= 4.5 and 2.5 increases due to infrared
as the SEP prepared stdte= 21, J = 3.5radiates to them. emission fromy = 21 to » = 19, which is governed b\J = +1
Using the flight time between preparation and detection, we selection rules. Population i = 3.5 and 1.5 decreases due to the
could derive the infrared emission rates, that is, the Eingiein PUMP laser induced depletion of population iflB(v = 5,J = 2.5).
coefficients®® By doubling the DUMP and PROBE laser light, The bottom panel shows the difference of the two spectra for clarity.
the experiment was repeated on lower vibrational states. Early experiments on rotational energy transfer in cells
Combining these results with a conventional RKR analysis to revealed no unusual behavior for highly vibrationally excited
determine the interaction potential, we were able to derive the molecules compared to vibrational ground state molecles.
dipole moment function between 0.9 and 1.7 A (Figure 4) and More recently, we performed crossed molecular beams experi-
predict all of the infrared emission and absorption properties ments on NO¢ = 20) colliding with H&” to obtain more
of NO up tov = 253° detailed information. The experimental arrangement is shown
This example shows some of the unusual properties of super-in Figure 3 (this time using two beams). For the crossed beams
excited molecules. Even for isolated diatomics, our notions of experiments, the collision energy is well defined since the beams
simple molecular quantum mechanics are inadequate. We shoulgossess narrow velocity distributiond/v ~ 0.1) and are
not be surprised that more complex chemical events than constrained to cross at a well-defined angle. In this experiment,
emission and absorption of light are likewise replete with rich the collision energy was 28 0.8 kJ/mol, close to the average
dynamics. The following sections present examples of what can collision energy at room temperature. The use of molecular
happen when highly vibrationally excited molecules collide with beams furthermore ensures that we observe single collision
other molecules. dynamics. The state preparation was also improved from the
3.2. Rotational Energy Transfer. Under most conditions,  earlier experiments by the use of a high-resolution PUMP laser
rotational energy transfer is the most likely outcome of any (Figure 6). This made it possible to specify all of the molecular
collision. How rotational energy transfer may differ for vibra- quantum numbergA, =, Q, v, J, e/f parity> but not magnetic
tionally excited state is, therefore, of significant interest. Our hyperfine sublevels) in addition to the translational energy of
work has shown that, at least for diatomics, super-excited the collision.
molecules behave like stretched ground-state molecules, the Furthermore, the system is simple enough that high-level ab
major influence of vibration being the lengthening of the average initio theoretical simulations of the experiment could be carried
internuclear separation. out. For comparison, quantum dynamical calculations carried
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Figure 6. Schematic diagram of the pulsed dye amplifier system used in the molecular beam expefimemtstput of an Ar ion laser pumped

a ring-dye laser which is pulse-amplified in three stages (AH1by the output of a Nd:YAG laser. After frequency-doubling the amplified light

in a KDP crystal and subsequently mixing it with the fundamental light in a BBO crystal, radiation at a wavelength around 199 nm is generated
with a bandwidth of 180 MHz and a pulse energy ef2mJ. Frequency calibration is performed by recording trebkorption spectrum and the
transmission fringes of an FabryPerot interferometer (FPI). Legend: OD, optical diode; FR, Fresnel rhomb;3y1&teering mirror; BS, beam
splitter; WP,1/2 wave plate.

out by Millard Alexander and co-workers were done on two approach transition states of chemical reactions, even very
potential energy surfacé$.The first surface was calculated endothermic ones. For collisions that approach the transition
fixing the bond length akr — re> of NO(v = 0). The second state but fail to react, the forces exerted on the vibrationally
surface fixed the NO bond length at the average bond length of excited bond may induce efficient vibrational energy tran&fer.
NO(v = 20). Ouir first foray into this problem involved SEP experiments
Figure 7 shows the comparison of relative spambit preparing highly vibrationally excited NO in a céf>° We
conserving collision cross sections, both measured and calculatedneasured total removal rate constants for NO self-relaxation
for scattering of NO¢ = 20) from He. A marked oscillation in ~ over a wide range of vibrational states with energies between
the scattering cross section is easily seen. For collisions that do160 and 450 kJ/mol. This gave the first look at the vibrational
not change the/f parity, aAJ-even propensity is seen. Feff quantum number dependence of vibrational deactivation over
parity changing collisions, one finds/aJ-odd propensity. This such a wide energy range. A threshold for enhanced vibrational
shows that the overall rovibronic parity is approximately relaxation appeared at about= 13. Below v = 13, the
conserved. While this result is visually striking, experiments relaxation rate constant was proportionabks, wherek; is the
on NO@ = 0) show the same behavitt. v = 1 relaxation rate constant. Linear dependencevads a
Careful inspection of Figure 7 shows that the calculations prediction of SSH theoP} of V—R, T energy transfer, resulting
using the two potential surfaces give slightly different but from making the interaction potential linear and using harmonic
experimentally distinguishable results. This arises from the fact oscillator wave functions. Above = 13, relaxation rates
that the “stretched NO potential” exhibits a larger degree of increased much faster than linearly so that N@ i1 24 relaxed
angular anisotropy, resulting in somewhat larger values.bf more than 200 times faster thanair= 1.
more closely matching experiment. This work gives a simple It is interesting to note that N@(= 13) lies close in energy
picture for rotational energy transfer of highly vibrationally to the theoretically predicted activation barrier for formation
excited diatomics. Despite the large-amplitude vibrational of the lowest of a series of high-energy isomers of the NO
motion in » = 20, the time scale separation of rotation and dimer32 Furthermore, the calculated structure at the barrier is
vibration simplifies the dynamics. The angular forces exerted asymmetric, with one short (1.184 A) and one long (1.439 A)
on the diatomic by the collision are averaged over the vibrational NO bond. The short NO bond resembles ground-state NO. The
motion, making a stretched rigid rotor model suitable. Well- lengthened NO bond is somewhat shorter than the most probable
controlled experiments and comparison to high-quality theory bond length of NO inv = 13 (rmp = 1.52 A). We speculate
are required to observe the subtle differences in rotational energythat collisions between one vibrationally excited NO molecule
transfer exhibited by super-excited molecules. Observing the and one inv = 0 could access this isomer. Complex formation
unusual vibrational relaxation properties of these species is awould explain more efficient vibrational relaxation abave=

much simpler matter. 13. We might also expect multiquantumif < 1) relaxation to
3.3. Vibrational Energy Transfer. In general, vibrational take place. Experiments carried outosr 19 indeed confirmed

energy is converted to translation and rotatior-@¥,T) of the the importance of multiquantum relaxation. In light of these

scattered molecules or to vibration W) of the collision results, it is interesting (and logical) to speculate that complex

partner. Super-excited molecules possess so much vibrationaformation is responsible for the enhanced vibrational deactiva-
energy that excited electronic states—<K) also come into tion of NO aboverv = 13, but the truth behind this conjecture
consideration. Highly vibrationally excited molecules may awaits future study.
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Figure 7. Comparison of the experimental and theoretical cross
sections for spirorbit conserving @ = ¥, — Q = 1/,) collisions
between NOf = 20) and HeUpper panel:e/f-conserving transitions.
Lower panel: e/f-changing transitions. The circles with error bars are
the experimental points. The circles without error bars are the theoretical

values using a potential energy surface where the NO bond length is

fixed at the average value of= 0. The triangles are theoretical values
from a second potential energy surface where the NO bond length is
fixed at the average value of = 20. The agreement shows that the
rigid rotor pituce of rotational energy transfer for NO€ 20) is still

a good one.

Let us now consider the nature of a near resonant vibrational
vibrational (V—V) energy transfer for super-excited molecules.
If a diatomic molecule formed in a high vibrational state relaxes
one vibrational quantum at a time, due to anharmonicity the

amount of energy transferred slowly increases as the relaxation.

progresses. For near resonantV energy transfer, the relaxing

super-excited molecule effectively scans a range of frequencies

in the acceptor molecule. The range of “scanned” acceptor
frequencies can be quite large. Look, for example, alfd—1
and 2-1 resonances are considered,

O,(v) + A(0) = O,(v — 1) + A(1)
O,(v) + A(0) = O,(v — 2) + A(1)

an O, molecule relaxing fronv = 27 down tor = 0 scans a
range of acceptor molecule frequencies frerh000 ¢ = 27
— 26) to 3200 ¢ = 2 — 0) cnrL. Clearly, such a molecule
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Figure 8. 2—1 resonance in vibrational relaxation ot(@) by CO,.

The sharp resonance at= 18 indicates the dominant relaxation
channel: Q(v) + CO,(000) — Ox(v — 2) + CO,(001). Such 21
resonances are commonly seen for highly vibrationally excited mol-
ecules and exhibit cross sections as large as the better-knevin 1
resonances. The = 8—11 points were taken from the following
work: Klatt, M.; Smith, I. W. M.; Symonds, A. C.; Tuckett, R. P.;
Ward, G. N.J. Chem. So¢Faraday. Trans1996 92, 193.

hereafter referred to aﬁz of Oy(v) with a number of typical
atmospheric collision partners. These included=ND,, Oz, N,
CO,, and NO. In every case, we have found strong evidence
for near resonant ¥V energy transfep354

An illustrative example of WV transfer is shown in Figure
8, where the vibrational relaxation rate constant for the-€0O
O, system,kﬁzzcoz(u), is plotted as a function of Ovibration.
The vibrational relaxation is dramatically enhanced (by about
a factor of 100) near &v = 18). The 2-1 near-resonant energy
transfer process responsible,

O,(v) + CO,(000)— O,(v — 2) + CO,(001)

has a minimum energy defect of only a few wavenumbers for
O(v = 18). More direct evidence for the-2 resonance came
from PUMP-DUMP—PROBE experiments preparing@ =

17) in mixtures with CQ@ and watching the population evolve
in v = 16 and 15. In these experiments, one can see that
population initially iny = 17 skipsy = 16 and appears in =

15. Similar 2-1 and -1 resonances were found to be important
for all the systems studied.

Since near-resonant-W transfer appears to be so common,
we wish to understand its nature better. From a perturbation-
theoretical point of view, minimizing the energy defect enhances
the transfer probability. However, we do not know which
molecular motions effectively compensate for the inevitable
finite energy defect. What allows energy defect compensation
is the essential physical element determining the resonance
widths and thereby the overall importance of-V transfer.

For small defects~+20 cnt?) optical-like selection rules
explain V=V energy transfer weft>56 This implicates the
importance of long-range, high impact parameter interactions
(e.g., dipole-dipole or dipole-quadrupole) and requires] to
be small, even in higher orders of perturbation theory. By
necessity, this approach means that rotational motion does not
effectively compensate the energy mismatch. These models,
however, underestimate the importance efWenergy transfer
for larger energy defect.This suggests that rotational motion
may be important, a suspicion further supported by measure-
ments of the temperature dependence ofW transition

experiences manifold opportunities to exchange quanta of probability5®

vibration with its environment.
We have become interested in highly vibrationally excited

The role of rotation in compensating for the energy defect is
also supported by the observation that, in vibrationally elastic

O, because of its possible significance to stratospheric ozoneenergy transfer, many rotational quanta can be exchanged.
formation (see section 3.5). This led us to carry out painstaking Determining the relative importance of rotation vs translation
measurements of the vibrational relaxation rate constants,in compensating for the energy defect has, however, remained
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Figure 9. Rotational compensation of the energy defect in\Wenergy
transfer In the upper panel, we show relative vibrationally elastic state-
to-state cross sections for NG (v = 20 and 21,) = 0.5) collisions
with NO (collision energy 125 cr). In the lower panel, we compare

0 25 175

transfer is quite similar for both vibrational levels in line with
the results of section 32.

In comparison, the lower panel of Figure 9 shows the (peak-
normalized) relative state-to-state cross sections for the vibra-
tionally inelasticchannels. The rotational distributions are clearly
shifted with respect to the vibrationaasticdistribution, given
by the solid line. The endoergic channel £ 22 — 21) is
rotationally cooled, whereas the two exoergic channels are
rotationally hotter. The observed shifts in the rotational distribu-
tions correspond almost exactly to the-V energy mismatch
for these channels. This clearly shows that the energy defect,
which is varied smoothly in the experiment, is nearly completely
compensated for by NO rotational energy.

These results indicate that rotational motion is effective in
compensating for the energy mismatch in near-resonaif V
transfer. In light of this, it is clear that the overall importance
of V=V energy transfer can be dramatically underestimated if
the role of rotational excitation is not adequately accounted for.

3.4. Super-Excited Molecules Colliding With SurfacesUp

to this point, we have only considered gas-phase collisions of
super-excited molecules. When a vibrationally excited molecule
in the gas-phase collides withsalid, energy can be transferred
to electronic states and phonons of the solid, in addition to the
conversion of vibrational energy to rotational and translational
(V—R,T) energies. The large number of energy-accepting
degrees of freedom in the solid can lead to different energy
transfer dynamics and can dramatically influence the rate of
energy transfer. For molecules in low-lying vibrational states,
several mechanisms for vibrational energy transfer have been
identified. These include excitation and de-excitation via trap-
ping (long-lived complexes),-62nonadiabatic (i.e., vibrational-

state-to-state cross sections for vibrational inelastic channels to thoseto-electronic) coupling? direct “mechanical coupling® and

for the vibrationally elastic channel (Solid line). As the prepared

vibrational state is varied, so is the energy deficit for the near resonant

V-V transfer. The rotational distribution of the scattered NO clearly
shifts to compensate the change in energy deficit. (See section 3.5)

a difficult problem in the field of molecular energy transfer,
and little direct experimental evidence is available.

The PUMP-DUMP—PROBE technique in combination with
molecular beams allows us to gain insight into this intriguing
question. We studied the specific example

NO(XI1,v) + N,O(0,0,0)— NO(X?IT,»—1) + N,O(0,0,1)

using the setup shown in Figure®BHere, (1,00,03) indicates

the number of quanta excited in the symmetric-stretch, bend,

and asymmetric-stretch, respectivélyVibrational relaxation

was observable for N@(= 20, 21, and 22), where the energy

defect is—49,—18, and+14 cntl, respectively. Energy transfer

was found to be approximately 5 times more efficient for zhe

= 21 level than for the other two vibrational levels. ko= 19

and 23, which have energy defects 80 and+47 cnt?,

respectively, no vibrational energy transfer could be detected.
Energy transfer from = 22 — 21 (AE = +14 cntt) was

found to be substantially less efficient than that frone 21

— 20 (AE = —18 cn1?), despite the availability of 125 cmh

of kinetic energy. This is direct evidence that translational energy

is not effective in compensating for the positive energy defect.

The role that rotations play in compensating for theWenergy

stretching of bonds in frustrated surface chemical reacfioffs.

Which of these or other dynamics are important for vibrational
energy transfer involving super-excited molecules at surfaces?
How will the probability of vibrational energy transfer change
for highly excited molecules? Will vibrational relaxation rates
scale with the vibrational energy of the initial state as theory
predicts97-68At present, we have almost no direct experimental
data to address these important questions.

Figure 10 shows an experimental apparatus, recently devel-
oped in our laboratory, that is providing some of the first
information on how highly vibrationally excited molecules
interact at solid interfaces. A pulsed molecular beam is excited
by the PUMP and DUMP lasers. A photomultiplier views the
region where the laser beams cross the molecular beam allowing
fluorescence dip measurements to characterize the optical
excitation efficiency. The highly vibrationally excited NO
molecules then travel through a set of differential pumping
apertures and enter the ultrahigh vacuum (UHV) scattering
chamber where they collide with a crystalline copper (111)
surface at normal incidence. The scattered NO molecules are
ionized with REMPI, and the ions are extracted back along the
original direction of the molecular beam and turned 9-
axis to a two-stage multichannel plate detector.

As copper is slowly oxidized by exposure to N®/!
experiments were carried out on the O-covered copper surface.
Oxygen adlayers on copper were prepared by exposure of the

mismatch becomes clear when comparing the rotational energyclean Cu(111) surface to N@ollowed by elevating the surface

distributions for vibrationallyelastic and ineleasticchannels.

temperature to 800 K for several seconds. This ensured that

These are shown in Figure 9. The upper panel shows the relativeonly chemisorbed O atoms remain on the surface. After

state-to-state cross sections for vibrationallgstictransfer of
NO(v = 20 and 21, = 0.5) with N,O. The rotational energy

calibrating the Auger electron spectrometer’s (AES) response
against a previous study the ratio of AES signals for Cu and
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Figure 10. Experimental apparatus for studying the interactions of 08
highly vibrationally excited molecules with solid surfacB&MP and
DUMP lasers prepare highly vibrationally excited NO in the second
differential pumping chamber downstream from a pulsed molecular o2 § 23
beam of NO. A photomultiplier tube is used for fluorescence dip ; ii
spectroscopy, which helps control the optical excitation step. PUMP 0
laser induced fluorescence was also monitored by a photomultiplier 34399 31320 31340 31360 31380 31400
for signal normalization. The excited molecules travel through one more
region of differential pumping and collide with a well-characterized
copper surface or oxygen adlayer on copper. Scattered NO is stateFigure 11. Scattering of NOf = 15,J = 2.5, |Q| = 0.5) from an
selectively ionized using#1 REMPI. The ions are extracted back along  O-covered copper surfacEhe REMPI spectrum) of the scattered
the molecular beam direction and deflected by & #fte to a molecules is shown compared to two modeled fits (solid lines). Upper
microchannel plate detector. By scanning the frequency of the probe panel: fit includes contributions from both the A4¥(13) and A(2)-
laser, we could measure the vibrational and rotational state distribution X(10) y bands. Lower panel: fit includes contributions from only the
of the scattered NO. Translational energy distributions of the products A(4)—X(13) y band. This shows clearly that N@€ 15) scatters from
are measured by recording the intensity of the REMPI signal as a the surface iy = 13 and 10. Other spectra also showed= 0, —1,
function of the time delay between the excitation and the probe lasers. —3, and—A4.

Angular distributions were recorded by translating the probe laser across

04

REMPI frequency (cm’)

the direction of incident molecular beam. & 1 T T T T T
O on this surface revealed a ratio of O adatom to surface Cu % 08 ]
atom of ~1:3. g 062_ o
Experiments carried out with this apparatus showed the most = I R 4 °
remarkable and efficient vibrational energy transfer process we E 0.4F 4 § A 4 .
have ever seen, where up to five quanta of NO vibration are S 1
transferred to an O atom covered copper surfadégure 11 g 0'2;' ]
shows a portion of the REMPI spectrum obtained when NO, o oh I L ! ! !

with a mean kinetic energy of 63 kJ/mol and initial state= 0 -1 -2 A -3 -4 -5
15,3 =2.5,Q = 0.5]s incident on the O/Cu(111) surface and ) ) v ) .
the scattered NO is detected with the probe laser tuned in thefigure 12. Multiquantum relaxation: scattering probabilities. Prob-

S o i - . ability of scattering as a function of change in vibrational quantum
vicinity of the A(4) X(13) y-band. The solid lines in the number. All data correspond to a kinetic energy of 29 kJ/mol. Values

figure are the results of a least-squares fit to the data using anyere optained from experiments with incident NG£ 15) (O) and
experimentally determined laser line shape function and theo- incident NOg = 13) (a). The three sets of points correspond to three
retical (nonadjustable) transition frequencies and line-strengths.alternative interpretations of the raw data. See Hou ét al.

The upper panel in Figure 11 shows results of a fit that included ¢q)5\yed by desorption from the surface is not responsible for
both the A(4)— X(13) and the A(2)— X(10) y-bands. The o gpserved multiquantum relaxation. We also see that
excellent agreement with the data shown is typical of the entire tational energy in the scattered molecules accounts for less
spectrum over some 500 cth The lower panel in the figure a1, 704 of the available energy and the average translational
shows the resulting fit if only the A4y~ X(13) y-band is  anergy of the scattered molecules is nearly equal to that of the
simulated. Clearly, the fit is inadequate. Figure 11 givVes jhcoming beam. One should note that the velocity resolution

unambiguous evidence that bty = —2 and—5 vibrational = 4t 5 present experiment needs to be improved. Small changes
relaxation channels are important for the scattering of N©( in velocity upon impact are not yet ruled out. The very small
15). changes in rotational and translational energy withindicate

Figure 12 shows the relative probabilities for the observed that the rotation and translation are effectively “spectator”
vibrational relaxation channels. Due to technical problems, it degrees of freedom during the collision and that vibrational
was not possible to record reliable data for channels transferringenergy is transferred to surface degrees of freedom.
more than five quanta of vibration, but there is every reason to  Observations such as this have no precedent in the study of
believe that, with experimental improvements, they will also molecular energy transfer, and two mechanisms that could
be observed. explain them are under investigation. The electron affinity of

We also observe that the rotational distribution of the scattered NO depends strongly on the internuclear distance, increasing
molecules (that can be well described by a temperature) far from near zero ate to about 3 eV at the outer classical turning
exceeds the surface temperature. Furthermore, the rotationapoint of v = 15. For this analysis, approximate Lennard-Jones
temperatures depend on the initial translational energy of the potentials for NO and NO give the electron affinity as a
molecular beam. These results certainly indicate that trapping function of internuclear separation. This suggests an electron
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Figure 13. Reaction of NOg¢ = 13) on copperSurvival probability

of NO(v = 13) as a function of surface exposure to the oxidizing action
of ground state NO. The growth in the survival probability is explained
by decreased reactivity of highly vibrationally excited NO on the

O-covered copper surface. The reaction probability is close to unity.
Compare this with the reaction probability of ground-state NO (0.0002).

1000 1200

might jump from the metal to an N@ 15) molecule during
a collision with the surface. At some point later, the electron
could jump back to the surface. Transient negative ion formation
would impart a large force to the NO bond, since the NO and
NO~ interaction potentials are very different. Furthermore, it
would provide a mechanism where vibration is directly coupled
to the surface and not to rotation and translation.

Preliminary calculations using a model to describe transient

negative ion formation have shown some success; however,

further experiments are required to rule out other possibilities.
For example, N@ is bound to copper at low temperature.
Therefore, super-excited NO might transiently form a highly
excited NQ* adsorbate in collisions with an O-covered copper
surface. If the lifetime of adsorbed N©were short (subpico-

second), it might decompose back to gas-phase NO and the
scattered molecules might exhibit the behavior seen in this work.
Clearly, there is much to do before these issues can be clarified

In light of the observations of the last section showing that
vibrational relaxation at solid surfaces can be remarkably
efficient, one wonders how effective vibrational energy can be

in driving surface reactions. Previous studies of this issue were

restricted to low-lying vibrational states, populated either
thermally’® or with optical excitatiorf* The reaction probabilities
observed, although strongly influenced by vibration, were low
(1073). Can it be that vibrationally enhanced reaction prob-
abilities greater than this will be generally frustrated by the
remarkable vibrational quenching possible at surfaces?

In the last section, we mentioned that copper is slowly

vibrationally excited NO reacts by adsorbing onto the clean

copper surface, but cannot react on the oxidized surface. In this
case, we expect to see a growth in all of the inelastic channels
with exposure as the surface is transformed from its reactive
form (copper) to its inert form (oxidized copper).

We failed to find any inelastic channels that exhibited
different dependence to surface NO exposure than that shown
in Figure 13, despite being able to sensitively detect inelastic
channels up tahv = —5. In fact, for a fixed surface temperature,
all of the growth curves were quantitatively identical, suggesting
they reflect the same kinetic process. This is compelling
evidence that highly vibrationally excited NO reacts on a clean
copper surface. Presumably, oxidation of the copper surface by
ground state NO removes the sites where reaction can take place.
Consequently, under surface oxidized conditions, inelastic
channels dominate.

Using data like that shown in Figure 13, we find that the
reaction probability for NO{= 13 and 15) on Cu(111) is close
to unity. This can be compared to the reaction probability for
ground-state NO on clean coppét,£, = 0.0002), which can
be extracted from kinetic data like that shown in Figure 13.
The vibrational promotion of this reaction is more than a factor
of 5000.

We are just starting to learn about the influence of reactant
vibration on surface reactivity, but it is already clear that the
remarkable vibrational relaxation observed on O-covered copper
does not rule out efficient vibrational promotion of surface
chemistry.

3.5. Highly Vibrationally Excited O ; in the Stratosphere.

Our interest in super-excited molecules sprang from a desire to
improve our fundamental understanding of the microscopic
world of molecular interactions and dynamics. However, during
the course of our studies, we have come to see that highly
vibrationally excited molecules may be involved in stratospheric
ozone formation. This realization pulled us headlong into the
fascinating world of atmospheric chemistry, a field where

‘fundamental molecular interactions can influence problems of

interest to everyone.

The high UV flux characteristic of the upper atmosphere
enhances photochemical reaction rates, which can accelerate the
production of highly energetic molecules. Because the pressure
is low (e.g., a few Torr at 40 km), collisional relaxation is slow.
These two conditions can conspire to drive the internal energy
distribution of atmospheric constituents far from equilibrium.

Photodissociation of ozone,

O,+hv—0+0,

oxidized by ground state NO. Consequently, we looked at is a typical example of this. The bond dissociation energy,
vibrational relaxation on an O-covered copper surface. Figure D(O,—O) = 101 kJ/mol, is low, and the absorption spectrum
13 shows the time dependence of the REMPI signal resulting stretches from the visible to the deep ultraviolet, corresponding
from vibrationally elastic scattering of N@& 13) during the to photon energies from 200 to 600 kJ/mol. Consequently, the
oxidation of copper by ground-state N®The solid line is a energy available to the photochemical reaction produ€is,
fit based on first-order kinetics. This shows the survival of islarge. For example, at 226 nm, where some of our experiments
specific states of highly vibrationally excited NO decreases when have been carried otf,the products must dispose of 428 kJ/
the oxygen adlayer is absent from the surface. mol of excess photochemical energy.

There are two possible explanations for this observation. First, At this wavelength, the majority of dissociation events result
vibrationally inelastic channels could be more probable on the in electronically excited products,
clean copper surface in comparison to the oxidized surface. In
this case, the “missing = 13 signal” at low exposures, should
appear as enhanced signal for other vibrational states. That is,
we expect to observe decreasen signal with exposure for referred to as th_e singlet channel. About-1%% of the time,
lower energy vibrational states that are populated by the ground electronic state products are produced
supposed enhanced vibrationally inelastic energy transfer on 3 3
clean copper. The second explanation is that the highly O; + hw — O(P) + Oy(x Eg)

0, + hv — O('D) + O,(a'A)
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Figure 14. The product energy distribution in ozone photolysis at 226
nm. The translational energy distribution (solid line, bottaraxis) is
compared to the vibrational distribution (solid points, uppeaxis).
This shows that @vibrational states are produced up to the energetic
limit; see text.

In this so-called triplet channel, the available energy can only
appear as relative translation of the produBg,s or internal
energy (rotationExz ., and vibration,ER2 o) of Ox(3 Ey).
Conservation of energy dictates that the internal energy.of O

and translational energy are balanced.

— O, O,
Eava_ Etrans+ Erotation + Evibration

This means that measuririgans gives the internal energy of
the G, photoproduct.

The solid line in Figure 14 shows the relative translational
energy distribution of the triplet channel of ozone photolysis at
226 nn® obtained in Paul Houston’s lab using the ion imaging
method!” The lowerx-axis indicates total translational energy,
and the uppek-axis shows the corresponding internal energy
of the G, product.

The partitioning of the internal energy between rotational,
vibrational, or electronic excitation can be found using laser-

induced fluorescence (LIF). We photolyzed ozone under similar

conditions to the Houston experiment, using LIF to probe the
023 E, products’® The state-specific LIF intensities gave
information about the shape of the vibrational state distribution

of the nascent products. These points are shown in Figure 14.

The shape of the vibrational distribution is consistent with the
translational energy distribution only if the internal energy of
the & is mainly vibrational. These two experiments give the
unexpected result that stratospheric photodissociatior; cB®
produce vibrationally excited states of up to the energetic limit.
As described in section 3.3, we have used the PYMP
DUMP—PROBE method to examine the collisional behavior
of highly vibrationally excited @ Figure 15 shows the self-
relaxation rate constantdxf,'icoz(u) for highly vibrationally
excited Q. We also show the rate constants calculated from
first-principles theory® which agree remarkably well below
= 25. The slow decline in rate constant wittbetweernv = 8
and~20 reflects +1 resonant *V energy transfer, which is
important at lowy but is overtaken by ¥R,T energy transfer
at highv. More interestingly, the rate constants for collisional
removal of vibrationally state selectedzﬁEg exhibit a
distinct threshold above = 255354.79.80Ahove this threshold

of the theoretical treatment. Above= 25, a new relaxation channel
clearly opens which is not accounted for by this treatment. The potential
energy surface used in this work did not allow for reaction,#00,

— O + Os, or energy transfer to excited electronic states af t?o
possible explanations of the rapid increase in relaxation abeve@5.

The same results with a logarithmyeaxis are shown in the inset.

removal rate constants rise steeply, indicating a change in the
mechanism of collisional removal, and are no longer in
agreement with theory.

Finding out what is responsible for the large acceleration in
the relaxation rates abowe= 25 has been one of the major
goals of our research over the past few years. The energetic
threshold for the reaction, O O, — O + Os, lies close in
energy tov = 25 of O, Realizing that the potential surface
used in the theoretical calculations did not allow ozone formation
added further weight to the hypothesis of reaction abowe
25. Further indirect evidence came by preparing states above
= 25 and probing lower vibrational levels. These experiments
showed that the prepared= 25 population was not completely
accounted for in lower vibrational states, indicating a “dark
channel” consistent with reacticf.

The possibility that highly vibrationally excited,&an be
formed in the atmosphere and lead to ozone formation has
implications for the stratospheric ozone budget. The reaction
cycle,

O; +hw —OCP)+ O,(;* E;, v> 0) (R1)
O,(* Eg, v>> 0)+ 0,—~ O(P) + O, (R2)
20¢P)+ 20,— 20, (R3)

is a net ozone production mechanism. Furthermore, inclusion
of these reactions in standard stratospheric ozone models gave
improved agreement with observati6h.This provided a
potential solution to the so-called “ozone deficit probletres
which refers to the difficulty in accounting for the stratospheric
ozone altitude profile.

While early theoretical studies gave excellent agreement with
experiment below = 25; more recently, theoretical studies of
the potential energy hypersurface of (R2) and dynamical studies
of the reaction have failed to confirm efficient production of
ozone from collisions of e{y*E,, v > 25) with 0,.768+87
Even more disturbing, no quantitatively accurate alternative
arises from theory that accounts for the enhanced vibrational
relaxation abover = 2588

Very recently, new evidence has been found that may help
explain the difference between theory and experiment. Figure
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34706 34708 34710 amount as @dissociation, vibrational states abave= 25 would
T T possess enough energy to reach the crossing. This is precisely
—T the threshold where enhanced vibrational removal is observed
experimentally. These results suggest that the collision dynamics
¢ of highly vibratlionally excited @(f E,) may involve partici- .
pation of excited surfaces. Since none of the theoretical
calculations have yet tried to describe the electronically adiabatic
effects, this would explain why the beautiful agreement (shown
in Figure 16) for vibrational states belowm= 25 is not seen at
higher energies. Determining the atmospheric fate of highly
B vibrationally excited @may well require a deeper understanding
o — of collisional processes occurring on several potential surfaces.
v=27

LIF Intensity (A.U.)

4. The Future

The PUMP-DUMP—PROBE method has given us an
opportunity to examine many aspects of the behavior of highly
vibrationally excited molecules, and much of this work has been
(at least briefly) described in this article. Up to now, research
33816 33818 33820 in this field has been quite open-ended. Nearly everywhere we

have looked, we have found new and unusual behavior. A great
(@ deal of effort is still required before this new phenomenology
Figure 16. The first detected perturbation in the, 3%, ground can be thor_OUthy understood. It is fa'r_ to ask, “now that we
state appears for = 28. We show the SEP spectra of the= 5 rigid have some idea about what these species can do, where do we
rotor levels ofy = 27 (bottom) andy = 28 (top). Both spectra show  go from here knowing what we know?”
the assignment of the transitions between identical spin components  There are two possible approaches that both have substantial
(FL,J=N+1,F2,J=N; F3,J=N — 1), and a calculated stick  merit. First, we have identified a number of interesting

spectrum for the expected peak positions of the different transitions. henomena that seem to be characteristic of super-excited
Agreement between calculated and measured transition frequencies isp

-1
- )/ cm
pump dump

excellent fory = 27 as well as for the F2 and F3 componentok molecules. These include multiquantum vibrational energy
28. The F1 component of the= 28 spectrum, however, is shifted by ~ transfer at surfaces, near resonantW energy transfer, and
~0.6 cn'™. This shift is caused by a perturbingj (v = 19,3 = N nonadiabatic interactions between vibrational and electronic

= 6) level, which appears as an “extra” peak (indicated with the vertical degrees of freedom. It is logical and valuable to delve into these
arrow). This perturbation suggests that collisions of highly vibrationally and try to understand them at a deeper level.
excited Q with O, may pass over more than one potential energy  particularly fascinating is the study of vibrational energy
surface. transfer and reactivity at surfaces. For example, high-resolution
16 shows high resolution SEP spectra of highly vibrationally translation and angular distribution measurements of scattered
excited Q(v = 27 and 28§° Both spectra show the spin fine  molecules resulting from multiquantum relaxation at surfaces
structure of the twdN = 5 rigid rotor states. The two stick  could distinguish the “transient negative ion” mechanism from
spectra are calculated from high-precision molecular constantsthe “excited NQ adsorbate” mechanism mentioned in section
that include vibratiorrotation—spin interactions up to third  3.4. Modifications to the surface, for example using Gold where
order in perturbation theory. The calculation agrees very well oxidation is unimportant, would give useful mechanistic infor-
with experiment forv = 27 and for the {J = 5) and B(J = mation. Orientation studies, controlling whether the N-side or
4) components of = 28. The k(J = 6) feature of thes = 28 the O-side of the molecule interacts with the surface first, would
spectrum is, however, shiftet0.6 cm! to the red of its also be diagnostic. Experiments on molecules with negligible
expected position and an “extra” peak (marked with an arrow) electron affinity, for example, using overtone pumping of HCI,
appears in the spectrum. This is clear evidence of an interactionwould also be quite interesting.
between and mixing of two zeroth-ordér= 6 states, which V-V transfer appears to be very important for relaxation of
are nearly isoenergetic. super-excited molecules. The observation thal 2esonances

A complete deperturbation analysis was performed, and theare as important as-11 resonances was unexpected. This
perturber was assigned to,(®" E;’ v = 19). Using precise suggests 31 resonances may also be important. This could be
spectroscopic data for high vibrational states of both electronic explored quite easily in crossed beams similar to section 3.3.
states, a crossing between yfeE; and h E; potentials was For example, high vibrational states of NO are tal3resonance
found. The position of this crossing is somewhat higher in with the HF fundamental. Using velocity map imaging meth-
energy and more extended in bond length than the outer classicabds?® one could also measure the angular distributions of the

turning points of the high vibrational states of ®own to scattered molecules. This would help show if the details of the

participate in the dark channel mentioned above. V—V mechanism are different for-2L and 3-1 resonances in
Nevertheless, it is possible that this curve crossing is comparison to the more commor-1.

significantly stabilized by the presence of anothen@lecule. The second approach seeks to open entirely new areas of

The dissociation energy of DDo(O—0) = 493.6 kJ/mol, is phenomenology. Investigating the chemical behavior of highly

substantially stabilized in the presence of anothem@lecule, vibrationally excited molecules larger than diatomics is such

O, + O, — O + 03, 409 kJ/mol. Since both X and b state an undertaking. If NO and £are “scalars”, where the magnitude
dissociation correlates to ground state O atoms, it is possible of the vibrational excitation can be varied, polyatomic molecules
that the b-X curve crossing is also stabilized in the entrance are “vectors”, where both the magnitude (degree of excitation)
channel of the reaction. If the energy of the curve crossing found and direction (vibrational character) may be varied. This
in the RKR analysis (472 kJ/mol) was stabilized by the same provides an inherently rich field of inquiry. It is now known
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that regular vibrational states with ordered vibrational motion
do persist at high energies and many of these have bee

identified, for example, in acetyle?¢The collisional properties

of such molecules are far from obvious. Is rotational energy
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perform detailed experimental studies. The future is bright!
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