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High-resolution slice imaging methods allow for detection of single product quantum states
with sufficient velocity resolution to infer the full correlated product state distribution of the
undetected fragment. This is a level of detail not available in previous studies of formaldehyde
photodissociation, and in this application it reveals startling new aspects of unimolecular
decomposition. The CO rotational distributions from near ultraviolet dissociation of
formaldehyde are bimodal, and the imaging experiments allow us to decompose these into
two dynamically distinct components: the conventional molecular dissociation over a high exit
barrier, and a novel ‘roaming atom’ reaction in which frustrated radical dissociation events lead
to intramolecular H abstraction, bypassing the transition state entirely. In probing
the dynamics of the conventional molecular dissociation over the barrier, we use the complete
vH2-jCO correlation to model the exit channel dynamics in new detail. Furthermore, these
state-correlated measurements provide insight into radical–radical reactions and the underlying
dynamics and energy dependence of the roaming pathway.
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1. Introduction

Photodissociation of formaldehyde ranks among the most thoroughly studied chemical
reactions, and there are numerous reasons for this: it can be optically excited via
rotationally-resolved metastable levels of the first excited singlet state (S1) that
subsequently lead to decomposition via a rich assortment of decay processes, so its
photochemistry may be studied with single quantum state selectivity, and competition
and interaction among these dissociation channels may be studied in great detail [1–21].
The dominant products following low energy excitation are two closed-shell diatomics,
H2 and CO, formed over a high barrier, while at somewhat higher energy a barrierless
radical channel giving HþHCO opens and comes to dominate (see figure 1) [7, 16–22].
All of these products are amenable to sensitive detection via a variety of experimental
techniques. Furthermore, with just sixteen electrons and six vibrational degrees
of freedom, its relative simplicity allows for detailed characterization of the
potential energy surfaces using high-level quantum chemistry methods and dynamical
calculations [23–40]. Photoexcitation and dissociation of formaldehyde thus represents
an ideal system with which to probe the details of many key issues in chemical physics.
Indeed, these considerations have motivated decades of intense study summarized
below. Despite this intense scrutiny over many years, formaldehyde still has a great deal
to teach us, as these pages will show. With the advent of high-resolution slice imaging
methods [41–43], single product quantum states may be detected with sufficient
velocity resolution to infer the full correlated product state distribution of
the undetected fragment. This is a level of detail not available in previous studies
of formaldehyde, and in this application it reveals startling new aspects of unimolecular
decomposition [44–47].

Figure 1 shows a schematic view of the relevant potential energy surfaces for
formaldehyde excitation and dissociation in the near ultraviolet. The mechanism of
these processes is summarized below:

H2CO S0ð
1A1Þ þ hv! H2CO S1ð

1A2Þ ð1Þ

H2COS1ð
1A2Þ ! H2CO S0ð

1A1Þ ðE, jÞ
�

ð2Þ

H2COS1ð
1A2Þ ! H2CO T1ð

3A2Þ ðE, jÞ
�

ð20Þ
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H2CO S0ð
1A1Þ ðE, jÞ

�
! H2 þ CO ð3Þ

H2CO S0ð
1A1Þ ðE, jÞ

�
! HþHCO ð4Þ

H2CO T1ð
3A2Þ ðE, jÞ

�
! HþHCO: ð40Þ

Upon excitation to the first singlet excited electronic state S1, (Reaction 1)

formaldehyde rapidly undergoes internal conversion to high vibrational levels in the

ground state (Reaction 2) or intersystem crossing to the triplet state (Reaction 20).

The barrier for the molecular dissociation channel (Reaction 3) inferred from the

experiment is 27 720 cm�1 [15]. This channel has been extensively studied by Moore and

coworkers [8–15]. They found that molecular elimination to H2 and CO products

proceeds by way of a skewed transition state in which both H atoms are on the same

side of the CO bond axis (figure 1). This molecular dissociation leads to large

Figure 1. Schematic view of low-lying potential energy surfaces for H2CO and transition state geometry for
molecular dissociation from Reference 37.
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translational energy release, highly rotationally excited CO fragments, predominantly in
the ground vibrational state, and low rotational and vibrational excitation in H2.

By fitting the CO rotational distribution with a modified impulsive model, Moore and

coworkers found the resulting impact parameter for molecular elimination must be very
large (b� 1.0 A) in order to produce such highly rotationally excited CO products [27].

The Moore group used coherent anti-Stokes Raman spectroscopy (CARS), Doppler
spectroscopy, and vacuum ultraviolet laser-induced fluorescence (VUV-LIF) to

measure the vibrational, translational, and rotational distributions of the H2 and CO

products and to determine the H2 product vector correlations. They found that the CO
angular momentum quantum number, jCO, and the H2 vibrational quantum number,

vH2, are highly inversely correlated, but that jCO and jH2 are, at best, only weakly

correlated. Note that these correlations are average correlations due to the separate
nature of the experiments (correlations determined from separate experiments).

Moore and coworkers found that nuclear spin is largely conserved during the

photodissociation process, so para- and ortho-H2CO (even and odd Ka) yield para- and
ortho-H2 (even and odd jH2), respectively [48]. The H2 rotational distributions from

dissociation of both para- and ortho-H2CO were found to have Boltzmann-like

distributions peaking at jH2¼ 3–4. The ortho product for the 2141 excitation (mode 2 is
the CO stretch and mode 4 is an out-of-plane bend, necessary to make these transitions

weakly allowed) in S1 has a spatial anisotropy parameter, b, near zero, but

non-negligible anisotropy was seen on certain transitions in the para product;
However, overall, b is small. Moore found the isotopologues HDCO and D2CO

exhibit increased rotational excitation of CO, as would be expected in the impulsive
picture due to the increase in the reduced mass. Higher excitation in the H2CO parent

rotation in S1 leads to broadening of the CO rotational distributions, but does not

significantly shift the peak in the jCO distribution. In an important paper in 1993,
van Zee et al. reported bimodal CO rotational distributions above the threshold for the

radical channel, H2CO!HþHCO and hypothesized these were the result either of

dissociation from two distinct geometries in the TS, or possibly to interactions with the
radical channel [15]. This intriguing observation motivated our entry into the study of

formaldehyde, and it will be the focus of Section 4 below.
At higher energies (>30,328.5 cm�1), formaldehyde photodissociation also yields H

and HCO radicals (Reaction 4). Kable and coworkers have investigated this channel in

detail, [16, 18] and they reported the product state distribution of HCO [18]. For the

HþHCO channel on the S0 surface, Terentis and Kable [16] examined HCO product
state distributions near the threshold of the radical channel. They also found that when

conservation of energy and angular momentum are enforced, phase space theory

reproduces the experimental product state distribution. Kable [20] and coworkers
extended the energy range even further, above the T1 radical threshold, and Kable and

Bowman [21] have recently published experimental and quasiclassical trajectory

calculation (QCT) results for contributions from the T1 surface to the HþHCO
product distributions. The reverse barrier on the T1 surface is 1920 cm�1 [49]. Wittig

and coworkers reported the internal state distribution of product HCO by detecting the
H atom fragment using the hydrogen-atom Rydberg time-of-flight technique (HRTOF)

and reported that HCO has maximal rotational excitation in Ka¼ 6, �¼ 0 [17].

They suggested that radical dissociation on the singlet ground state is dominant at
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energies above the HþHCO threshold yet below the barrier of the triplet surface
(32,248.5 cm�1), while above the triplet barrier, dissociation on the triplet surface will

likely dominate [19–21].
Photodissociation dynamics studies have long focused on measuring scalar quantities

such as product state distributions or translational energy release, or vector quantities
such as spatial anisotropy or angular momentum polarization [50]. Many studies

have gone beyond this to examine correlations among these observables, such as speed-

dependent spatial anisotropy (a vector–scalar correlation), or angle-dependent angular

momentum polarization, (a vector–vector correlation, often simply referred to as
‘vector correlation’) [51–59]. These studies can probe the dynamics in the molecular

frame, or reveal features of the dissociative potential energy surface directly, and offer

deep insight into the photodissociation event. In general, these approaches all refer to
correlations among the properties of a single detected species. However, for many

systems, deeper insight may be achieved by measuring the correlations

between observables for distinct photoproducts [60, 61]. Slice imaging measurements

now readily provide extraordinary velocity resolution for quantum state-selected
products [42, 62, 63]; this then allows one to obtain the complete product state

distribution for all co-products of a single detected quantum state. A series of such

measurements thus allows one to construct the complete joint product state distribution,

affording a new level of insight into the reaction dynamics of polyatomic molecules, as
we will see demonstrated for the case of formaldehyde in what follows.

These state-correlated measurements are not unprecedented. The earliest such study,

by Ticktin and Huber [60], was a measure of Doppler profiles for state-selected NO

molecules following dissociation of methyl nitrite, from which the correlated CH3O
internal state distribution was inferred. However, no significant correlations were found

in that system. Soon after, Gericke et al. [61] reported analogous measurements for OH

from H2O2 dissociation at 193nm, and Broaurd [64] reported state correlations for

vibrationally mediated dissociation of H2O2; In this system, a strong positive
correlation of the rotational distributions of the two OH products was found and

ascribed to torsional motion in the dissociation event. A series of such studies for the

case of ketene photodissociation, beginning with work from the Wodtke group using
CO metastable time of flight detection [65, 66], demonstrated the power of the approach

to probe details of unimolecular dissociation dynamics [67, 68]. These measurements

have been reported in other photochemical systems as well, and recently Liu and

coworkers have used slice imaging to carry this strategy into the domain of reactive
scattering [43, 69–71].

In this review, we highlight the use of detailed state-correlated imaging measurements

to reveal new aspects of reaction dynamics, with unimolecular dissociation of

formaldehyde as our focus. The structure of the paper is as follows: we begin with an
overview of the DC slice imaging approach and its application to H2CO dissociation.

This method allows direct detection of the velocity distribution of the central section of

the recoiling product sphere, without need for deconvolution or fitting. We then show

use of this method to obtain the complete joint probability distribution for the
conventional molecular channel in H2CO dissociation, and discuss implications of these

measurements. We then turn to a presentation of a new ‘roaming atom’ reaction

mechanism identified in these studies. We document the evidence for this phenomenon

DC slice imaging of formaldehyde photodissociation 589
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and use the state correlated measurements to probe the detailed dynamics of what is, in

essence, an intramolecular abstraction reaction. We then turn to an examination of the

energy dependence of this process and the multichannel branching in this system.

Finally, we offer some conclusions and perspectives for the future of these studies.

2. Experimental

The DC slice imaging apparatus used in these studies has been described in detail,

previously [42, 62]. DC slice imaging [42] is a high-resolution adaptation of velocity map

imaging [72] and its predecessor, ion imaging [73]. In these experiments, a molecular

beam of formaldehyde seeded in argon is expanded from a piezoelectric pulsed valve, is

skimmed, then enters the interaction/detection chamber on the axis of a time of flight

mass spectrometer with a position sensitive microchannelplate (MCP) detector viewed

by a video camera. The jet-cooled formaldehyde is excited via discrete levels in S1 using

a tunable UV laser from 300–330 nm. Excited molecules undergo internal conversion to

the ground state and dissociate some nanoseconds later. The CO product is then ionized

quantum state selectively using 2þ 1 resonant multiphoton ionization on the B-X

transition. The probe laser was typically scanned across the Doppler profile of the

transition to ensure uniform detection efficiency regardless of recoil speed or direction.

COþ ions were accelerated under DC slice imaging conditions onto the MCP/phosphor

screen detector. The DC slice imaging approach allows for the central section of the

photofragment ion cloud to be recorded exclusively, by stretching the ion cloud along

the time of flight direction so that a narrow high voltage gate pulse applied to the

detector selects only that portion of the distribution. Velocity and angular distributions

for a photodissociation event are thus obtained without the need for reconstruction

methods otherwise necessary to obtain the three dimensional distribution from its two

dimensional projection. The recently developed megapixel (IMACQ) software

developed in our group affords sub-pixel resolution using a standard (512� 480

pixel) CCD camera [62]. The finite slicing algorithm of Hall and coworkers further

increases the resolution of the DC slicing imaging approach by correcting for different

slice widths for slow versus fast photofragments [68].
Photofragment excitation (PHOFEX) spectra were obtained by fixing the probe laser

on the centre of a particular CO probe transition with the detector gate set to record all

COþ signal (unsliced condition). The photolysis laser was then scanned while recording

total signal from the phosphor screen using a photomultiplier tube. A typical PHOFEX

spectrum for COþ (v¼ 0, jCO¼ 45) obtained on the 2143 band is shown in figure 2, along

with a simulation from the ASYROT program [74, 75]. The spectrum shows discrete

rotational levels in S1 and is fitted to a rotational temperature of �5K.
The images included here were typically averaged over 400 000 laser shots.

The translational energy distributions were obtained by integrating over the angular

distributions and applying the appropriate Jacobian for conversion from velocity space

to energy space. The velocity resolution in these studies is typically on the order of

20m/s, with the limit set by COþ recoil from the electron owing to excess energy in the

REMPI process [62].
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3. Dynamics of the conventional molecular channel

This review describes a series of investigations exploring the detailed correlations
between the rotational angular momentum of the CO fragment and the corresponding
vibrational quantum states of the H2 cofragment following photodissociation of H2CO.
In addition, we examine the correlation of the rotational distributions of the H2

photofragment with those of the CO, although the correlation between jCO and jH2 is
much less pronounced than the correlation between �H2

and jCO. In this first section, we
focus on the conventional molecular dissociation over the barrier, extending the
treatment outlined by Moore and coworkers [9]. A simple dynamical model relying on
density functional theory (DFT) calculations of the displacement vectors along the
reaction coordinate is presented to give insight into the strongly correlated �H2

and jCO
distributions following photodissociation of H2CO.

3.1 Molecular vs. roaming dissociation

As first reported by van Zee and coworkers, photodissociation of formaldehyde above
the threshold for the radical channel results in bimodal CO product rotational
distributions [15]. Our DC sliced images and the corresponding translational energy
distributions of these state-selected CO products, shown in figure 3, also show two
characteristic translational energy distributions that reflect coincident formation of two
distinct populations of H2 internal states. The larger translational energy release
products, associated with H2 in vibrational levels from 0 to 4, are associated with the
high CO rotational states and are similar to the distribution seen for photodissocation
below the radical threshold (compare figure 3A and B). This is the conventional

Figure 2. PHOFEX spectrum and simulation for jet-cooled formaldehyde recorded on jCO¼ 45 following
dissociation via the 2143 band.
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Figure 3. Left: DC sliced images of CO for dissociation of H2CO on the 2141 band (A) and 2143 band (B-D)
for jCO¼ 40 (A,B); jCO¼ 28 (C) and jCO¼ 15 (D). Right: translational energy distributions obtained from the
corresponding images at left. Markers indicate correlated H2 vibrational levels for jH2¼ 5 (for v¼ 0–4) or
rovibrational levels (for v¼ 5–7). Reproduced from J. Phys. Chem. A, 109(39) 8666, Copyright 2005
American Chemical Society.
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molecular channel. Low rotational levels of CO are formed in coincidence with very
high vibrational levels of H2, typically v¼ 6–8 (see figure 3D). Intermediate rotational
levels clearly show both populations as a bimodal distribution (figure 3C). This channel
producing low rotational levels of CO with high vibrational excitation in H2 is termed
the ‘roaming atom’ pathway, and is discussed in detail in section 5. In this section, we
focus on the dynamics underlying the conventional molecular channel.

3.2 Correlated state analysis of the conventional molecular channel

Numerous sliced ion images for spectroscopically-selected CO rotational levels were
obtained and analysed to yield the corresponding translational energy distributions
(see figures 1–4 of ref. [45]). The structure of the translational energy distributions
reflects the internal energy of the H2 cofragment. These translational energy
distributions were fitted with Gaussian functions to determine the peak area. To
obtain the global correlated state distributions, the image intensities (total peak areas)
were scaled relative to each other to fit the CO rotational distributions of van Zee et al.
[15] The resulting correlated �H2

, jCO plot for the 2143 transition from �H2
¼ 5 can be

seen in figure 4. From figure 4, slices along a given jCO embody the translational energy
distributions obtained directly from the images. If slices orthogonal to the jCO direction
(along each �H2

are taken instead, the result shown in figure 5 is obtained. Figure 5
shows the correlation between �H2

and jCO as �H2
increases from 0 to 5. Similar analyses

were performed for other photolysis energies. We should emphasize that figure 5 shows
CO rotational distributions for particular H2 vibrational states, even though H2 was

Figure 4. Correlated state plot, jCO versus �H2
for H2CO photolysis at the 2143 transition. CO rotational

distributions as a function of �H2
for H2CO photolysis via the 2143 band. Reproduced from J. Chem. Phys.

125 044302, Copyright 2006, American Institute of Physics.
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never detected in these experiments. These correlations are key to understanding the
dynamics, as shown in the next subsection.

The translational energy distributions could also be fitted to reveal the H2

rotational distributions. In order to test the validity of this approach, the H2

rotational distributions from the fit for the most populated CO levels were

compared to the experimental H2 rotational distributions of Debarre [12] at the

same excitation energy (29,496 cm�1, 2141) obtained using Coherent Anti-Stokes
Raman Spectroscopy (CARS). The agreement with the CARS data was very good.

All the translational energy distributions were then analysed to reveal the jH2-jCO
correlations (see figure 10 of ref. [45]). However, little correlation was seen for
rotation alone. This has been rationalized by Schinke, [36] who argued that the

magnitude of the potential terms that couple rotations in CO and H2 simultaneously
are very small.

We return to consider the vH2-specific CO rotational distributions in figure 5 after

photodissociation on the 2143 band. These distributions match well with the results

from the modified impulsive model described below, and the distribution widths are
also comparable [9]. The shift to lower CO peak values with increasing H2 vibrational

excitation accounts for the slight asymmetry of the total CO rotational distribution

Figure 5. CO rotational distributions as a function of �H2
for H2CO photolysis at 2143 (see text).

Reproduced from J. Chem. Phys. 125 044302, Copyright 2006, American Institute of Physics.
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above jCO� 25 seen by van Zee [15]. A similar shift is seen for the 2241 transition
(see figure 9 of reference 45), although the peak in jCO at high H2 vibrational levels does
not drop off as dramatically as for 2143. This can be explained by the higher
photoexcitation energy shifting the CO rotational distributions to higher jCO peak
values, and was also observed by van Zee [15].

The strong correlation between the rotational states of CO and the vibrational states
of H2 can be explained by the dynamical influence of the highly repulsive exit channel
on the H2CO potential energy surface. In short, for each H2 vibrational level, there is a
distinct available energy, and a highly constrained dissociation geometry that
determines the exit impact parameter. These two things together then determine the
CO rotational distributions. Bamford suggested that looking at the change in directions
of the reaction coordinate vectors as the molecule moves from the transition state to
products would give insight into the dynamic character of this system [8]. The following
section describes how this simple dynamical model was formulated, and how the impact
parameters corresponding to each H2 vibration were determined. While this modified
impulse model reproduces the H2 and CO rotational distributions well, it cannot
account for subtle details in the shape of the potential surface or quantum effects in the
transition state [9].

3.3 Dynamical model for molecular elimination

To model the dissociation dynamics, the reaction coordinate was calculated using a
Gaussian 03 [76] internal reaction coordinate (IRC) calculation at the B3LYP
6-31þG(d,p) level of theory [45]. At points along the IRC corresponding to the
classical outer turning points of H2 vibration for �H2

¼ 0–5 (figure 6), vibrational
frequencies were calculated and the frequency corresponding to the reaction coordinate
was identified. The molecular displacement vectors for the reaction coordinate were
then determined, and the corresponding impact parameter evaluated for an impulse
occurring at that geometry, as seen in figure 6 for �H2

¼ 0–5. Using the modified
impulsive model [8] the rotational energy of the CO product could then be readily
obtained from the impact parameter. As the vibrational level of the H2 product
decreases over the barrier, Eavl increases accordingly. Calculated impact parameters and
corresponding CO rotational levels are given for �H2

¼ 0–5 in Table 4 of Reference 45.
These results are in reasonable agreement with those of Butenhoff, Carleton, and
Moore [9] at 2141, and clearly account for the large CO rotational excitation in
photodissociation of H2CO, peaking around jCO¼ 40 for the transitions investigated.
We should note, however, that the change in these correlated distributions with
excitation energy is much smaller in the model than seen experimentally (compare
figures 5 and 6). This suggests more complex exit channel effects and the importance of
trajectories that deviate from the minimum energy path.

4. The roaming atom pathway

Dissociation of energized molecules to closed-shell products generally results in large
translational energy release in the fragments owing to Pauli repulsion of the electron
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clouds of the newly-formed molecules. This repulsive interaction gives rise to
a significant barrier to the reaction, and the potential energy of this exit barrier
is efficiently converted to relative kinetic energy of the fragments as the
molecule dissociates. This is precisely what is seen for the conventional molecular
channel in formaldehyde dissociation summarized in the preceding section.

H

H

(a)

(b)

C

O

b

Figure 6. Dynamical model for the molecular elimination of H2CO: (a) The top hydrogen atoms correspond
to the geometry for �H2

¼ 5, and subsequent circles are for �H2
¼ 4! 0. (b) Progression of H2CO on the

internal reaction coordinate for molecular elimination. Each geometry corresponds to the rH�H classical
turning point for �H2

¼ 5 to 0 (left to right). See text for more details. Reproduced from J. Chem. Phys. 125
044302, Copyright 2006, American Institute of Physics.

596 A. G. Suits et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
5
8
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Furthermore, the structure and vibrational frequencies of the molecule at the top of
the barrier, the transition state, are of profound importance in determining the rate
of reaction or dissociation and the concept of the transition state is thus central to
the remarkably successful statistical theories of chemical reactions. These theories
began with Eyring’s work [77, 78] in the 1930s and have evolved to
Rice–Rampsberger–Kassel–Marcus (RRKM) theory and related approaches in the
present day [79]. All of these theories represent the rate of reaction as proportional
to the ratio of the number of accessible quantum states of the transition state to the
density of quantum states of the reactants. The properties of the transition state are
thus key to understanding the basis of chemical reaction rates. However, recent
studies have begun to appear that challenge this ‘central dogma’ of transition state
theory and point to the need to consider alternative reaction mechanisms. One such
important example arose in investigations of the reaction O(3P)þCH3 studied
experimentally by Leone and coworkers, and theoretically by Klippenstein, Harding
and coworkers [80]. Prompt CO was clearly seen in FTIR studies and ascribed to
OþCH3!CH3O*!H2þHCO*!H2þHþCO. However, no transition state
could be found to account for this. The mechanism was finally identified in
direct-dynamics trajectory calculations, and termed an ‘over-the-ridge’ reaction in
which a departing H atom abstracts another H atom in the course of dissociation.
In theoretical calculations on other systems, such as high energy O(3P)þ ethane
reaction, similar non-TS dynamics have been seen [81]. We should note that a
related mechanism was proposed by Jackson and coworkers [82] to account for
formation of NOþCO in the reaction of CN with O2, but this has not yet been
confirmed. We will see all of this behaviour is closely related to the roaming
mechanism in formaldehyde, in which it is clearly demonstrated both experimentally
and theoretically.

As sketched in section 3.1, one subtle feature of the molecular channel
measurements did not fit well with the impulsive view of the molecular
dissociation dynamics: van Zee et al. noted [15] that when formaldehyde was
excited above the threshold for the HþHCO dissociation channel, the CO
rotational distributions exhibited an unusual shoulder to lower rotational levels,
while below the radical threshold, essentially no CO was produced in rotational
levels below jCO¼ 20 or so. Van Zee and coworkers proposed two possible
explanations for this: one explanation was that at higher energies the transition
state region may sample additional geometries that lead to reduced exit impact
parameters hence lower rotational excitation in the CO. The second possibility
was that the low-J CO was somehow directly related to the opening of the
radical dissociation channel and a distinct new pathway to formation of molecular
products. This was the explanation they favoured, and we will see, one that
clearly points to the essential dynamics.

4.1 Roaming atom H abstraction dynamics

In figure 5 we showed the correlated state plot indicating the joint probabilities for
forming low vibrational levels of H2 with high rotational levels of CO. In figure
7A, we present an alternative view of this data for the 2143 transition, expanded to
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include very high vibrational levels of H2 and low rotational levels of CO. This is
shown in comparison with the identical data obtained from QCT calculations from
the Bowman group (figure 7B). Both plots show two distinct isolated regions,
clearly indicating dynamically distinct processes. The dominant region in the upper
left corresponds to simultaneous formation of rotationally hot CO and
vibrationally ‘cool’ H2, and is well-explained by the impulsive picture of the
preceding section. The other region, in the lower right, is associated with very
highly vibrationally excited H2, up to v¼ 8, formed with rotationally cold CO. Our
task now is to account for the formation of this region of the joint state plots.

We first anticipate what to expect relying solely on our intuition. If, as van Zee et al.
suspected, this new channel arises somehow from the radical dissociation, then an
intramolecular abstraction reaction is the likely mechanism. That this is true is strongly
supported by van Zee’s observation that this low-J shoulder in CO first appears at
excitation energies essentially coincident with the opening of the radical channel. What
distributions, then, might we expect for an HþHCO reaction at essentially zero kinetic
energy? This is a highly exoergic, barrierless radical–radical reaction. In the Polanyi
picture this is the extreme of the ‘early barrier’ case, in which very high vibrational
excitation is expected in the new H–H bond, and little translational energy release,
hence little rotational excitation, is expected in the CO. This is precisely what is seen in
the lower right of figure 7. Our intuition, then, suggests that this dynamically distinct
region in figure 7 is consistent with an intramolecular H abstraction reaction in which
a departing H atom returns from a frustrated radical dissociation event to react to form
molecular products.

Fortunately, we do not need to rely on our intuition alone. The theoretical
calculations from the Bowman group allow for a detailed quantitative understanding
of this process. The theoretical calculations agree remarkably well with the
experimental results, showing, for this distinct region, H2 vibration up to v¼ 8
correlated to CO in rotational levels jCO¼ 10–15. A further advantage of the

Figure 7. Product state correlation plot at 2143 from experiment (a) and from QCT calculations (b).
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calculations is that we may closely examine individual trajectories for deeper insight
into the dynamics. One such trajectory, associated with formation of H2 in v¼ 6 and
CO in jCO¼ 7 is shown plotted in figure 8. This figure was developed by F. Suits at
IBM from trajectory calculations by Zhang and Bowman. [46] Only the H atom
motions during the course of dissociation are shown, beginning at the left, with the
C and O atoms omitted. One H atom is seen in the upper part of
the figure undergoing large amplitude motion while the other undergoes complex
small amplitude motions. At one point, the upper H atom nearly undergoes
complete dissociation, roaming broadly in a flat, remote region of the potential.
At the same time, the remaining H atom is bound to the CO, and this HCO
molecule can be seen to undergo out-of-plane rotation (the two loops in figure 8).
The roaming H atom then returns to the HCO, and in the region of the abstraction
reaction, force vectors are also shown for the two H atoms. Reaction occurs (the
large, outward pointing force vectors indicate the inner turning points of the newly
formed H2 vibration) and the H2 molecule is emitted to the right. This trajectory
forms molecular products H2 and CO, but goes nowhere near the configuration of
the TS shown in figure 1, and gives rise to an entirely different product state
distribution.

As suggested above, this roaming atom pathway actually affords the opportunity
for a deep investigation of H abstraction in a radical–radical reaction, and we just
sketch this here. The experiments allowed for the direct determination of the H2

rotational distributions for the roaming channel [46], and this was found to peak at
jH2¼ 7–9, considerably higher than for the case of the dissociation via the conventional
transition state despite the absence of the repulsive exit barrier for the roaming case.
Scans of the potential surface showed little tendency to constrain the reaction to the
plane, but a clear tendency to emit the bound atom along the HCO equilibrium
bond angle regardless of the approach direction of the roaming hydrogen atom.

Figure 8. A sample roaming trajectory yielding H2 v¼ 6 and jCO¼ 5. Only H atoms are shown. H atom
speeds are encoded in trajectory colour and forces (direction and magnitude) are shown at 1 fs intervals in
abstraction region.
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This emission can be viewed in a ‘direct interaction – product repulsion’ picture to
account for the non-negligible translational energy release seen as well.

4.2 Implications of roaming pathways

We now turn to a discussion of the roaming dynamics and their broader implications.
There are a number of questions that arise immediately: how general is this
phenomenon? Something similar was seen in H3CO, as well as H2CO, so is it confined
to H roaming and H abstraction reactions? Is it a threshold phenomenon, and if not,
what is its energy dependence? And how does this fit into a larger picture of reaction
dynamics and what are the implications of this for transition state theory?

We take the easier questions first. Houston and Kable have recently seen evidence in
CO Doppler profiles and vector correlations for an analogous process in acetaldehyde
dissociation [83] Further support for this has come from theoretical calculations by
Bowman et al., and more recent imaging experiments from Banares and coworkers [84].
In this system, energetics suggest it must be the methyl group that is ‘roaming’.
This clearly points the way to future studies.

The question of whether it is a threshold phenomenon can also be addressed
immediately. That roaming in H2CO persists well above the threshold for the radical
dissociation is suggested in the original work of van Zee et al., considered in light of
the results discussed in the preceding paragraphs, and it is confirmed both in QCT
calculations from Bowman [38], and in our own imaging experiments [47]. This detailed
energy dependence is the focus of section 5.

The implications of roaming for transition state theory (TST) are less clear. One
might argue that at this energy, well above the molecular channel barrier, the transition
state dividing surface extends over broad regions of configuration space, and roaming
just represents another example of reaction far from the minimum energy path (MEP).
This view is somewhat reminiscent of the first suggestion of van Zee et al, i.e., that
anharmonicity at the TS leads to dissociation from distinct geometries, giving rise to
distinct rotational distributions. However, roaming appears qualitatively distinct from
the normal TS pathway and to try to encompass it within conventional TST seems use
of the wrong ‘basis set’ to describe the problem. We already have a sense that roaming is
much more closely related to the radical dissociation than the conventional molecular
dissociation, and we will consider this further in the next section. However, it is not yet
clear how to join the two to get a succinct prediction of the kinetics of molecular
product formation that includes roaming. At any rate, at present there is no universal
way to patch TST to account for roaming reactions.

Zare and Hase [85] have pointed out that the production of highly excited products is
a signature of dynamics that stray from the MEP, and this is an instructive perspective.
They have noted that roaming dynamics are, in a sense, an extreme example of this.
One should not lose sight of the fundamentally distinct character of roaming, however.
Moreover, we note that a portion of the roaming pathway actually corresponds closely
to the MEP for the for the HþHCO abstraction reaction, and these highly excited
products are simply characteristic of this reaction. Ongoing discussion of these issues
clearly leads to an appreciation of the richness and complexity of unimolecular reaction
dynamics, and deeper insight as well.
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5. Energy dependence of roaming and multichannel branching

5.1 PHOFEX spectra

We noted in the previous section that roaming is not a threshold phenomenon, and we
now examine its detailed energy dependence in H2CO dissociation. Figure 9 shows a
survey photofragment excitation (PHOFEX) scan with detection of two different
rotational levels of CO: jCO¼ 45 and 15. We have shown the former corresponds
exclusively to the conventional molecular channel, while the latter corresponds
exclusively to the roaming pathway (see figure 7). It is clear from this figure that the
roaming contribution grows in importance relative to the conventional molecular
channel with increasing energy. Although these PHOFEX spectra are strongly
suggestive, they are not quantitative. To convert these to actual branching fractions,
we have analysed many images obtained for a range of CO rotational levels on the 2143

transition to identify the roaming fraction in each (see figure 11 of ref. [46]). This then
allowed us to determine the overall branching to roaming on this transition, and we find
a value of 18%. Using this value, we then normalized the PHOFEX branching
for jCO¼ 15 and 45 to give the overall energy dependent branching. This is shown in
figure 10, in which we see the fraction of molecular products formed via the roaming
mechanism rises until it is nearly equal to the fraction formed via the conventional
dissociation pathway about 1500 cm�1 above the radical threshold.

5.2 Multichannel branching

An important question remaining now is the branching between the molecular
products, which we have decomposed into roaming and conventional pathways, and the
radical products. Unfortunately, it is not easy to get at this experimentally. There are
two strategies we can use for this relying on theoretical input. One uses microcanonical

Figure 9. Comparison of survey PHOFEX spectra of formaldehyde probing jCO¼ 45 (light) and jCO¼ 15
(dark). Reproduced from J. Chem. Phys. 126 044314, Copyright 2007, American Institute of Physics.
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rate calculations performed by Troe, who has considered the multichannel branching in
H2CO in a series of papers recently [86–88]. The other strategy relies on branching
determined using the QCT calculations.

Troe independently estimated the rates of the conventional molecular channel using a
Rice Ramsperger Kassel and Marcus (RRKM) model and for the radical channel using
the Statistical Adiabatic Channel Model (SACM) [86] at a series of energies. Troe’s
calculated rates show that branching to radical products dominates by at least an order
of magnitude as soon as that channel is open owing to the tight transition state for the
molecular channel and the large A-factor for the radical dissociation. As a result, in the
multichannel analysis, he assumed that essentially all molecular products formed above
the radical threshold must arise from roaming. Our results clearly show that this is not
the case. We thus turn to an alternative approach to estimate the multichannel
branching using the results of the QCT calculations reported by Bowman and
coworkers [38]. Their energy-dependent branching between molecular and radical
products shows a much more gradual onset, reaching a maximum yield of 75% for the
radical channel at 1700 cm�1 above threshold. We can estimate experimental values for
the overall branching fractions by scaling our roaming vs. molecular branching shown
in figure 10 to the QCT calculations. Figure 11 shows the result of this analysis.
As the radical channel opens, it grows in and comes to dominate over a range of
1500–2000 cm�1. At the same time, branching to the conventional molecular channel
drops rapidly. Branching to roaming, however is nearly flat, just slightly decreasing
with energy above threshold. This observation leads us to a deeper examination of the
dynamics of the roaming process itself.

5.3 Energy dependent dynamics of roaming

If we consider the dynamics underlying the roaming trajectory shown in figure 8, and
again rely on our intuition for guidance, we can readily understand the multichannel

Figure 10. Energy dependent fraction of molecular products via roaming pathway.
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branching shown in figure 11. We have seen that roaming arises from the radical
dissociation. However, these are radical dissociation trajectories lacking sufficient energy
in the reaction coordinate for complete dissociation. For barrierless unimolecular
dissociation of a polyatomic molecule, there are generally many such events. As the
excess energy grows, this fraction may drop relative to those that do have sufficient
energy to dissociate, but it will be a gradual decrease, while at the same time the radical
dissociation, from which roaming derives, will tend to grow relative to molecular
dissociation via a tight TS. Our intuition thus leads us directly to the branching shown in
figure 11. The key point remaining is to determine precisely the window for which
roaming trajectories are possible. Fortunately, several transitions span the radical
threshold in H2CO, so we can use PHOFEX on low and high rotational levels in CO to
bracket this onset. Such a spectrum is shown in figure 12, using jCO¼ 15 as the roaming
marker and jCO¼ 45 for the conventional molecular channel as before. The radical
threshold is also marked in the figure, and we see the roaming persists 90 cm�1 below the
radical onset (the 2161 bands appear both at jCO¼ 15 and 45), but it is gone at 150 cm�1

below (the 45 band is clear in jCO¼ 45 but missing in the jCO¼ 45 spectrum). Our roaming
window, in the case of formaldehyde, thus extends at least to �100 cm�1 below the
radical dissociation threshold. Furthermore, as long as there are product states of HCO
no farther apart than this as the energy is increased, we will have a ‘roaming continuum’
as the excitation energy increases. However, the fluctuation of the density of such states
with energy may well influence the detailed branching and give some the appearance of
mode specificity. Finally, we note that this window is strictly determined only for H2CO,
and details of the potential surface will clearly affect it for other systems.

6. Conclusions and outlook

We have shown that fully state-correlated imaging studies can deliver deep new
insights into fundamental chemical processes, and formaldehyde clearly represents

Figure 11. Energy dependent multichannel branching.
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one of the most fruitful systems with which to apply these methods. In probing the
dynamics of the conventional molecular dissociation over the barrier, we used the
detailed vH2-jCO correlation to model the exit channel dynamics in great detail.
Perhaps more importantly, these state-correlated measurements have, in conjunction
with the QCT calculations from the Bowman group, provided dramatic evidence of
an important new roaming pathway in unimolecular dissociation. This has first
allowed us to examine radical–radical reaction dynamics in new detail, using the
roaming reaction as a sort of ‘single-molecule reaction vessel’. We then used the
energy dependence of the branching to roaming to explore the underlying dynamics
of the roaming reaction itself, as well as to suggest the general importance of this
phenomenon. We found roaming reactions to be directly related to the radical
channel, in fact simply intramolecular abstraction reactions arising from frustrated
radical dissociation events that occur within �100 cm�1 of the threshold for
formation of a given product state of HCO.

The future prospects for these studies appear rich indeed. There are a number of open
questions that remain to be addressed in the formaldehyde system alone. We have
sketched our account of the energy-dependent branching but as yet we have not
explored the details of possible ‘mode specificity’ in the multichannel branching. This
could allow us to examine much more deeply those HCO states that will support
roaming. We hope to use H2 detection as a general probe of roaming. This will open up
the investigations to many more systems beyond formaldehyde alone. Finally, Houston
and Kable suggested that v-J correlation can be used to distinguish roaming from
conventional molecular elimination, and Bowman and coworkers have recently
confirmed this in QCT calculations for H2CO [89]. This will represent another
powerful tool in the effort to document this behaviour in other systems. At this point we

Figure 12. Phofex scan across the radical dissociation threshold (30 329 cm�1) for indicated CO rotational
levels.
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are confident that roaming behaviour is truly ubiquitous. To demonstrate this we need
only develop our experimental eyes so we can see it.
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