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CONSPECTUS

he detailed description of chemical

reaction rates is embodied in transition
state theory (TST), now recognized as one
of the great achievements of theoretical
chemistry. TST employs a series of simpli-
fying assumptions about the dynamical
behavior of molecules to predict reaction
rates based on a solid foundation of quan-
tum theory and statistical mechanics.

The study of unimolecular decompo-
sition has long served as a test bed for
the various assumptions of TST, foremost
among which is the very notion that
reactions proceed via a single well-de-
fined transition state. Recent high-resolution ion imaging studies of formaldehyde unimolecular decomposition, in combi-
nation with quasiclassical trajectory calculations from Bowman and coworkers, have shown compelling evidence, however,
for a novel pathway in unimolecular decomposition that does not proceed via the conventional transition state geometry.
This “roaming” mechanism involves near dissociation to radical products followed by intramolecular abstraction to give,
instead, closed shell products. This phenomenon is significant for a number of reasons: it resists easy accommodation with
TST, it gives rise to a distinct, highly internally excited product state distribution, and it is likely to be a common phenomenon.

These imaging studies have provided detailed insight into both the roaming dynamics and their energy-dependent branch-
ing. The dynamics are dominated by the highly exoergic long-range abstraction of H from HCO by the “roaming” hydro-
gen atom. The energy-dependent branching may be understood by considering the roaming behavior as being descended
from the radical dissociation; that is, it grows with excess energy relative to the conventional molecular dissociation because
of the larger A-factor for the radical dissociation. Recent work from several groups has identified analogous behavior in
other systems. This Account explores the roaming behavior identified in imaging studies of formaldehyde and considers its
implications in light of recent results for other systems.

1. Introduction and Background given to transition state theory (TST) to make the
connection between the microscopic, quantum
behavior of isolated molecules and the macro-

scopic rates of chemical reactions.? This is

The study of unimolecular decomposition, by
which we mean dissociation of isolated, energized
molecules on the ground electronic state, provides

an important foundation for understanding mac-
roscopic chemical behavior.! This is so because
virtually all of chemistry takes place as the result
of decomposition of energized intermediates,
formed either through collision (e.g., simple heat-
ing) or through chemical interaction. It is then
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achieved using a series of simplifying assumptions
about the dynamical behavior of molecules and
then by assembling it all on a solid footing of sta-
tistical mechanics.

Despite its simplifying assumptions, only rarely
have real challenges to the validity of TST
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FIGURE 1. Schematic potential energy profiles (left) and associated
translational energy distributions (right) for two limiting dissociation
cases.

appeared, and it is justifiably considered one of the great suc-
cesses of theoretical chemistry. In this Account, we summa-
rize the results of recent high-resolution ion imaging studies
that, combined with sophisticated trajectory calculations from
Bowman and co-workers, revealed a new “roaming” mecha-
nism of unimolecular decomposition.3~® Furthermore, this
roaming phenomenon resists easy accommodation within TST
and may have broad practical consequences because it can
cause product branching and product state distributions to dif-
fer significantly from TST predictions.

For molecular dissociation on the ground state, we may dis-
tinguish two distinct modes of decomposition, associated with
different gross features of the potential energy surface (see
Figure 1). The first, characteristic of closed shell molecules dis-
sociating to closed shell products, features an exit barrier on
the potential surface arising from electronic rearrangement
that must accompany the breaking of the old bonds and for-
mation of new bonds. The second, associated with simple
bond fission to form open shell products, generally features no
exit barrier. Each of these typically give characteristic transla-
tional energy distributions also shown in Figure 1: For disso-
ciation over a barrier, much of the energy of the barrier
appears in translational energy of the products, and the dis-
tribution peaks far from zero kinetic energy. This may be
viewed as a result of Pauli repulsion between the closed shell
product molecules newly formed in close proximity. For sim-
ple bond fission to radical products, however, the translational
energy distributions peak at low energy, with most of the
excess energy confined to internal degrees of freedom of the
products.
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For dissociation over a barrier, we naturally associate the
transition state (TS) with the geometry at the top of the bar-
rier. We define the reaction coordinate as those collective
motions of the complex that lead from reactants to products
and define a dividing surface at the TS “perpendicular” to the
reaction coordinate in a multidimensional sense. Reaction is
assumed to occur whenever the system passes through this
dividing surface. TST then gives the rate of reaction roughly
proportional to the number of accessible levels at the TS for
a given energy. For reaction without a barrier, we can resort
to an alternative definition of the TS by locating the dividing
surface where the flux across it goes to a minimum. In this
case variational methods may then be used to locate the TS
at a given energy. These notions will be useful as we con-
sider a third Kind of dissociation, roaming, in the pages that
follow.

The work described here represents a state-to-state inves-
tigation of formaldehyde photodissociation. Formaldehyde has
proven to be a marvelous “laboratory” for the investigation of
a range of issues in fundamental chemical physics, dating
from very early spectroscopic studies® to more than a decade
of detailed dynamics investigations from the Moore group at
Berkeley.'°"2" Among the many reasons for the ongoing
interest in formaldehyde are its relative simplicity and the fact
that well-defined metastable excited-state levels may be pre-
pared by convenient electronic excitation in the ultraviolet but
dissociation occurs on the ground-state following internal con-
version. Our entry into the study of this benchmark system
was prompted by the existence of a newly developed, accu-
rate global potential energy surface for the molecule,** as well
as a remarkable paper by van Zee et al.?' reporting some
rather puzzling features of the dynamics. Armed with new
experimental techniques, outlined in the next section, we
believed we were in a position to look deeper into the ques-
tions raised by the van Zee work.

Schematic cuts through the relevant potential surfaces for
formaldehyde?®? are presented in Figure 2. Both of the afore-
mentioned surface types are present for ground-state dissoci-
ation: a high barrier to decomposition to closed shell products
H, and CO and, at slightly higher energy, the barrierless rad-
ical dissociation giving H + HCO. At yet higher energy, radi-
cal dissociation on the triplet surface may occur over a small
barrier. This raises a number of other interesting issues that
have been examined in detail by Kable and others*3>2 but
will not be considered further here. The molecular dissocia-
tion channel was the focus of Moore’s efforts, and a key
aspect of their work was interest in the TS geometry and the
detailed dynamics of energy and angular momentum parti-
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FIGURE 2. Schematic potential energy curves for formaldehyde
dissociation.

tioning in the exit channel. They found that CO rotational dis-
tributions peaked at very high levels, as seen reproduced in
Figure 3, and they ascribed this to the strong impulse (from
the barrier) acting on the skewed, planar TS geometry. For dis-
sociation at energies below the radical dissociation thresh-
old, only this main, high j-o peak is seen (e.g., the lowest
distribution in Figure 3). Above the radical threshold, how-
ever, a new component appears: a small shoulder on the main
peak extending to very low rotational levels. It is seen to vary-
ing degrees on most other distributions in Figure 3. This shoul-
der was the focus of the van Zee paper, and they ascribed it
either to some influence of the radical channel or to anhar-
monicity of the TS at this energy giving rise to dissociation
from distorted geomettries.

We should note that some aspects of the roaming dynam-
ics described here were anticipated in studies of the O + CH;
reaction reported by Leone and co-workers*® and examined
theoretically by Harding and Klippenstein. CO was clearly
identified as a signifiant product in the experiments, but no TS
could be found. Direct dynamics calculations®® subsequently
revealed an “over-the-ridge” mechanism leading to H, forma-
tion, with the CO resulting from decomposition of hot HCO. A
roaming-like mechanism was proposed earlier by Jackson and
co-workers in the reaction CN + O, to account for formation
of CO + NO products well below the four-center transition
state.3° Moreover, roaming may be viewed as one extreme
example of reactions that occur far from the minimum energy
path (MEP), and numerous examples have been found in
which non-MEP dynamics give rise to distinct product state
distributions.®'~3* This is discussed further in later sections.

2. Experimental Approach

These experiments were performed using the DC slice imag-
ing technique,® a variant of the velocity map version®® of the
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FIGURE 3. CO rotational distributions following dissociation of
formaldehyde via the indicated transition. R. D. van Zee et al.,

J. Chem. Phys. 1993, 99, 1664. Copyright 1993, American Insititute
of Physics. Reproduced by permission.

ion imaging technique.?” A schematic of the experiment is
shown in Figure 4. Formaldehyde gas seeded in argon is
released from a pulsed nozzle into a vacuum chamber, then
skimmed before entering the main interaction chamber. The
resulting molecular beam is cooled rotationally to ~10 K.
Formaldehyde molecules are then excited by a UV laser tuned
to a single rotational transition into the first excited state. The
molecules undergo internal conversion back to the ground
state and dissociatiate some tens to hundreds of nanosconds
later. Single rovibrational levels of the product CO molecules
are then ionized using a second UV laser.

The product ions, expanding with the nascent velocity dis-
tribution of the original neutrals, are accelerated down a time-
of-flight tube via a series of electrodes that achieve both
velocity focusing and stretching of the ion cloud along the
flight direction. At the end of the flight tube the ions strike a
position-sensitive detector that is gated to detect only the por-
tion of the ion cloud whose center-of-mass velocity is paral-
lel to the detector plane, giving a “slice” of the recoiling
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FIGURE 4. Schematic of DC sliced imaging experiment.

product distribution. The detector is viewed by a CCD cam-
era, and the images are captured by a computer where they
are processed and integrated.®® The images directly yield the
neutral velocity distribution in the center of mass frame: the
distance from the center is simply proportional to the recoil
speed, and this can readily be made quantitative with appro-
priate calibration. The total translational energy is then deter-
mined by invoking conservation of linear momentum between
the CO and H, products.

In addition to ion imaging data, we also record photofrag-
ment excitation (PHOFEX) spectra. In this case, the detection
laser is fixed on a single CO quantum state, and the excita-
tion laser is scanned. These spectra then give the relative
probability for a given formaldehyde transition to yield pop-
ulation in a particular CO product state.

3. Roaming Atoms

A series of CO images are shown in Figure 5 for the indicated
rotational level of v = O following excitation of formaldehyde
just ~30 cm~ " above the radical dissociation threshold.>*
(Moore and co-workers have shown the product CO is pro-
duced predominantly in v = 0.) Accompanying each image is
the total translational energy distribution obtained by analy-
sis of the image and transformation from CO velocity to total
center-of-mass translational energy. Because the initial inter-
nal energy in H5CO is negligible (by virtue of the inherent
cooling of the supersonic molecular beam) and because the
internal energy of the CO is determined by the quantum state
that we detect, conservation of energy ensures that the inter-
nal energy in the undetected H, is also fixed for each point of
the translational energy distribution. Structure in the transla-
tional energy distribution thus directly reflects structure in the
H, internal energy distribution. The four rings in the image in
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Figure 5A, associated with CO(v=0,j=45), represent four vibra-
tional levels, v = 0—3, in the product H,; the outermost ring,
that is, the greatest recoil energy, is thus v = 0 as indicated.
The size of each peak tells us the yield of a given vibrational
level of H, formed in conjunction with the detected quantum
state of CO. We can also obtain the H,, rotational distributions
by fitting these vibrational peak profiles, but this is beyond the
scope of our present discussion. In any case, the detailed infor-
mation contained in Figure 5 was not available in the earlier
experiments from the Moore group. We now have the full
quantum state distribution for the undetected product H,
formed in coincidence with a given quantum state of CO. This
correlated state information gives deep new insight into the
dynamics. A more detailed review of our correlated state
investigations in formaldehyde, including the molecular chan-
nel, was recently published.?® The interested reader is referred
there for more information.

As we discussed in the introduction, the distribution in Fig-
ure 5A is expected: it peaks at high recoil energy as much of
the energy of the exit barrier is released into recoil between
the products. When we look at the images in Figure 5B,C,
recorded on the lower rotational levels of CO (toward the
shoulder seen in the van Zee data reproduced in Figure 3), we
see something very different. For j.o = 28, in addition to the
outer rings corresponding to H,, v = 0—3, we see a series of
inner rings representing coincident formation of H, in very
high vibrational levels, up to v =7 and 8. This bimodal vibra-
tional distribution is seen clearly in the translational energy
distributions as well. Finally, we consider the j.o = 15 image
shown in Figure 5C. Now, only the slow component appears,
indicating that only very high vibrational levels of H, are
formed in coincidence with CO in this low rotational level.

This bimodal distribution clearly indicates two dynamically
distinct pathways to dissociation. The first, giving low vibra-
tional levels of H, in conjunction with high rotational levels of
CO, is the expected result of dissociation over the barrier.'>'”
The second, giving high vibrational levels of H, with low rota-
tional excitation of CO, is surprising and unlikely to result from
dissociation over the barrier. To understand its origin, we
turned to quasiclassical trajectory calculations from Bowman
and co-workers performed on the new ab initio potential
energy surface.>* These calculations also gave a bimodal dis-
tribution in good agreement with experiment. Furthermore,
the trajectories could be examined individually to gain deeper
insight into their origin.

Several such trajectories are plotted in Figure 6.%° In these
trajectory visualizations, developed by F. Suits at IBM using tra-
jectory data from Bowman and co-workers, only the H atom
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FIGURE 5. DC sliced images (left) of CO for dissociation of H,CO on the 2'42 band for (A) jco = 40, (B) jco = 28, and (Q) jco = 15 and
translational energy distributions (right) obtained from the corresponding images at left. Markers indicate correlated H, vibrational levels for

Jjn, = 5 (for v = 0—4) or rovibrational levels (for v = 5-7).

motions are shown with the instantaneous speed encoded in
color. Figure 6, top, shows a trajectory leading to CO (v = 0,
j = 41) along with H, (v = 1, j = 6), that is, the conventional
dissociation over the barrier. Complex motion is seen of the
highly energized H,CO until the transition state geometry is
encountered, after which H, is promptly formed and emitted
to the right of the figure. The plot in Figure 6, middle, corre-
sponding to production of CO (v = 0, j = 6) along with H, (v
= 7), is very different. The energy accumulates in one C—H
bond until the H atom is nearly free, leaving HCO with very
little internal energy. The H atom roams at large C—H distance
(3—4 A) where the potential is nearly flat. The HCO can be
seen to rotate out of the plane containing the roaming atom.
Finally, the roaming atom returns to abstract the remaining H
atom, forming highly vibrationally excited H,. This high vibra-
tional excitation in H, is just as one would expect for the H +
HCO abstraction: this highly exothermic, barrierless reaction

will occur at long range giving rise to highly excited H, and
low recoil energy. Figure 6, bottom, shows another roaming
trajectory for comparison.

The dynamics seen in Figure 6, middle and bottom, and
reproduced in many other trajectories clearly account for the
second pathway. When enough energy accumulates in one
C—H bond to allow near-dissociation to radical products,
roaming may occur ultimately leading to intramolecular H
abstraction. This is significant for a number of reasons, both
practical and academic, and these are discussed in detail in
section 4.

4. Energy Dependence and Branching

We have seen that this novel roaming mechanism takes place
at an energy just a few cm~! above the threshold for the rad-
ical dissociation. Could it be strictly a threshold phenomenon?
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FIGURE 6. Plots of a sample trajectories. Only H atoms are shown.
H atom speeds are encoded in trajectory color. Upper trajectory is a
typical nonroaming event, while the lower two are characteristic
roaming events.
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FIGURE 7. PHOFEX scan across the radical dissociation threshold
(30329 cm ™) for indicated CO rotational levels showing the
occurrence of roaming below the radical threshold.

If not, what is its energy dependence? Can it occur below the
radical dissociation threshold? To gain insight into these
issues, we first employ PHOFEX spectroscopy. We have just
established that low rotational levels of CO occur exclusively
via the roaming mechanism, while high rotational levels of CO
only result from the dissociation over the barrier. We thus use
these as markers for the two respective pathways and exam-
ine their dependence as we scan the excitation laser.
PHOFEX results obtained below the radical threshold are
shown in Figure 7. The structure in these spectra represent
transtions between the ground state and first excited state in
878 = ACCOUNTS OF CHEMICAL RESEARCH = 873-881
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FIGURE 8. Energy-dependent multichannel branching.
formaldehyde. For the spectrum recorded on j-o = 45 (top),
all formaldehyde transitions in this vicinity are seen. This is
expected for the conventional molecular channel, because the
energy here is >300 cm™ ' above the molecular dissociation
barrier. For spectra obtained via the lower rotational levels,
roaming dissociation is clearly seen 90 cm™' below the rad-
ical threshold, as indicated by the persistence of the low jq
signals there. However, at 150 cm™' below, the roaming sig-
nal disappears (note the absence of the 4° transition in the
two lower scans). The roaming mechanism threshold is thus
somewhere between 90 and 150 cm~' below the radical
asymptote; the implications of this will be considered further
in the next section. We have also confirmed, using imaging,
that these probe transitions are indeed representative of the
two distinct dissociation mechanisms.

We have thus established the lower energy limit for roam-
ing, but what happens as we increase the energy? In a series
of studies, we recorded both PHOFEX spectra and images up
to 3000 cm™' above the radical asymptote, even into the
region above the triplet dissociation barrier.>*° Again, roam-
ing was clearly seen in the images obtained on lower rota-
tional levels. Furthermore, the PHOFEX spectra were scaled
after detailed characterization of a single transition so that the
relative yield of jo.o = 15 and 45 could be used to give the
overall yield of the roaming pathway relative to the TS path-
way. Then, by scaling these results relative to the radical yield
using the QCT calculations, we obtained the overall multichan-
nel branching shown in Figure 8. The results show that the
roaming yield grows rapidly relative to the conventional
molecular channel, and at the highest energies that we have
studied, more than half of the molecular products are formed
by roaming. However, the radical channel grows in impor-
tance very rapidly with energy, owing to the large A factor



(and loose transition state) for this pathway. The result over-
all is that the relative yield of the molecular channel drops
with energy as the radical channel takes over, while the roam-
ing yield overall is nearly flat or dropping slowly with increas-
ing energy.

5. What Does It All Mean? Roaming

Dynamics and Implications for Transition
State Theory

We have seen that these two dynamical pathways are clearly
different. If we look at the product state distribution or closely
examine the trajectories, we see quite distinct populations. The
trajectories show that the products that we associate with the
conventional mechanism all follow very close to the minimum
energy path and attain a configuration closely resembling the
geometry of the TS saddle point. The roaming events, on the
other hand, are clearly very different. They all appear to reach
a C—H distance of 3—4 A, and typically the roaming atom is
found at times out of the plane of the HCO. This raises an
intriguing question. We know that the radical dissociation itself
is barrierless, but is there a distinct transition state for roam-
ing? Recent calculations from Klippenstein and Harding*' have
identified just such a transition state, although its unusual
qualitities led them to prefer to call it a transition state
“region”. Their TS geometry shows the roaming atom out of
the HCO plane and at a distance of 3.4 A. However, the fre-
quencies that they calculate clearly correspond to an isolated
HCO molecule and a nearly free H atom. The energy that they
find for this TS is 40 cm™ ' below the radical asymptote, not
far from our observation of a cutoff of the roaming pathway
somewhere between 90 and 150 cm™' below the radical
limit.

We can thus understand the energy-dependent trends in
Figure 8 if we simply recognize roaming as derived from the
radical dissociation, that is, it is a frustrated radical dissocia-
tion event. We then expect the energy dependence to paral-
lel that of the radical channel. It has little to do with the
conventional molecular dissociation and its associated tight
transition state. Instead, as shown by the subthreshold behav-
jor in Figure 7, we can see that there is a finite energy win-
dow, extending ~100 cm~ ! below the H + HCO asymptote,
for which roaming may occur. This is the region for which the
system has enough energy to overcome the barrier but not
enough to dissociate directly to radical products. This is the
“roaming window”. The radical asymptote here is one in which
the product HCO has no internal energy, of course. However,
we can imagine another asymptote leading to HCO in some
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other rovibrational level. It is reasonable to imagine that this
level may have an analogous TS 100 cm™~' below it as well.
In other words, the location of the TS in this case may be sim-
ply offset by the HCO product energy level, because they are
not likely to be coupled at this long range. Then, by assum-
ing a similar roaming window ~100 cm™~" below each possi-
ble HCO product state, we find a continuum in which roaming
may occur, from ~100 cm~" below the radical threshold, up
to the three-body dissociation level forming H + H + CO. As
the energy increases, the larger A factor implies that branch-
ing to the radical dissociation will grow rapidly. However, the
fraction of HCO levels supporting this roaming TS may not
grow quite as rapidly. The roaming yield that we expect will
be a roughly constant or perhaps a slowly falling fraction of
the radical channel yield, just as seen in Figure 8.

Now we look more deeply at the implications of this. Does
TST really fail in describing this phenomenon? Some might
prefer to think of the real TS, at this fairly high energy over the
molecular barrier, as spanning a broad swath of the molecu-
lar configuration space and note that it is imprecise to think
of the configuration at the top of the barrier as the TS geom-
etry per se. Instead, they might argue, if we trust in TST and
bring all the power of the variational methods to bear, we
would find, in some sense, these two TSTs that we have found
are really one. This may be true, but it certainly has not been
demonstrated. In any case, this perspective does not readily
lead us to make practical predictions of branching or product
state distributions or reaction rates. We may rescue the the-
ory, only to find it useless for the problem. Instead, if we see
roaming as related to the radical dissociation channel and
describe it separately from the pathway over the barrier, we
can achieve a succinct description of the problem and a
deeper understanding of the dynamics. We find, in fact, at all
energies studied, that the products that appear over the bar-
rier pass very close to the minimum energy path. Only the
roaming events stray very far from it. The barrier-path/radi-
cal dissociation dichotomy represents a useful “basis” in which
to describe the problem, although a strict variational treat-
ment may be equally valid. This discussion takes us back to
the van Zee paper, in which two alternative accounts of the
unusual dynamics in H,CO were offered. One suggestion was
that the dynamics imply some participation of the radical
channel in the molecular decomposition. The second was that
“anharmonicity at the TS” could lead to dissociation from
geometries quite distinct from that at the top of the barrier. We
can now see these two alternative descriptions as related to
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the two “basis sets” we have just discussed, and they may rep-
resent two alternative descriptions of the same underlying
dynamics.

This is a good opportunity to make a connection with other
recent investigations of novel aspects of reaction dynamics.
Hase and co-workers have shown that reactions deviating far
from the minimum energy path (MEP) are not uncommon, and
these often give rise to distinct, vibrationally excited product
state distributions.®' 33 It is interesting to consider the roam-
ing mechanism in this light. Roaming obviously represents a
striking deviation from the MEP for the molecular dissocia-
tion, and the products are formed with a dramatically differ-
ent product state distribution, so it clearly fits under the
umbrella of non-MEP reactions. But perhaps roaming is even
more distinctive than would be suggested by the non-MEP cat-
egorization alone. In fact, in a sense it does follow the mini-
mum energy path, an alternative MEP through an alternative
TS, ultimately to the same products. These issues clearly merit
deeper theoretical investigation.

6. Outlook: Roaming Radicals

One question that we have not yet addressed is how general
this phenomenon might be. Might we hope to see roaming
atoms in other systems? And if atoms can roam to give sur-
prising products or product state distributions, might radical
fragments of molecules roam as well? Apparently both ques-
tions have been answered in the affirmative. In studies of
acetaldehyde pho’codissocia’[ion42 (which, we note, is formal-
dehyde with a methyl replacing one of the H atoms), Hous-
ton and Kable have seen evidence for roaming analogous to
that in formaldehyde. They observed broad CO Doppler pro-
files for high rotational levels of CO, implying high recoil
speeds as expected for the dissociation over the barrier. For
the low rotational levels, the Doppler profiles were narrow,
implying low recoil speeds just as we saw for CO from roam-
ing in H,CO. In the acetaldehyde case, however, it is clear
from the energetics that methyl must be the roaming species,
because the threshold for methyl loss is lower than that for H
loss. These results have been duplicated in imaging experi-
ments recently as well.**> Houston and Kable also supported
their arguments with vector correlation measurements. They
were able to show that, for the fast CO products, the angular
momentum vector was largely perpendicular to the recoil
direction. This is the necessary outcome if the methyl center
of mass, H atom, and CO are coplanar, as at the top of the
barrier. For the roaming trajectories, as we have seen in H,CO,
deviation from planarity is expected, and the degree of align-
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ment of the angular momentum vector with respect to the
recoil direction may thus be lost. This issue of vector correla-
tions in roaming reactions will be an interesting one to pur-
sue. The results they found for the j-o dependence of this
correlation were entirely consistent with the roaming picture
for the low j products. Moreover, theory has recently also pro-
vided support for a ‘“roaming methyl” in acetaldehyde
dissociation.*"** A “roaming TS region” has been identified,
and it is quite analogous to that seen for formaldehhyde.
Recent calculations have shown that the roaming-type dynam-
ics are likely even more significant than suggested by the
experiments.**

We might next wonder just how general this is. Is there
anything peculiar about these systems? Will this be found in
elsewhere? It is not difficult now, based on what we have
learned here, to draw some general conclusions. For roam-
ing to occur, there must be a barrierless dissociation path-
way that is not too far above other dissociation pathways so
that it may be populated with some likelihood. Then, there
must be a barrierless path for the relevant abstraction reac-
tion, and it should be strongly exoergic. Neither of these con-
ditions is unusual for closed shell molecules. The key issue for
the future investigation of these phenomena is in fact more
practical. Formaldehyde is an ideal case from several points of
view. State-resolved CO detection by ionization is quite sen-
sitive, and the large energy spacing of the H, cofragment
means that it is easy to isolate the distinct components in the
correlated state distributions. In the acetaldehyde case already,
this is problematic. The distributions are not clearly bimodal,
and theory will be required to unravel them fully. For other
systems, this may become very challenging indeed. Roam-
ing dynamics may be everywhere, but it will take sharp eyes,
powerful techniques, and strong interplay between theory and
experiment to see it.
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