
PHYSICAL CHEMISTRY

Roaming in highly excited states: The central atom
elimination of triatomic molecule decomposition
Zhenxing Li1†, Yan-lin Fu1†, Zijie Luo1,2, Shuaikang Yang1, Yucheng Wu1,3, Hao Wu1,3, Guorong Wu1,
Weiqing Zhang1, Bina Fu1,3,5*, Kaijun Yuan1,3,5*, Donghui Zhang1,3,5, Xueming Yang1,4,5

Chemical reactions are generally assumed to proceed from reactants to products along the minimum
energy path (MEP). However, straying from the MEP—roaming—has been recognized as an unconventional
reaction mechanism and found to occur in both the ground and first excited states. Its existence in highly
excited states is however not yet established. We report a dissociation channel to produce electronically
excited fragments, S(1D)+O2(a

1Dg), from SO2 photodissociation in highly excited states. The results revealed
two dissociation pathways: One proceeds through the MEP to produce vibrationally colder O2(a

1Dg) and
the other yields vibrationally hotter O2(a

1Dg) by means of a roaming pathway involving an intramolecular
O abstraction during reorientation motion. Such roaming dynamics may well be the rule rather than the
exception for molecular photodissociation through highly excited states.

T
he identification ofmolecularmechanisms
and pathways for chemical reactions is
one of the intellectual cornerstones and
central goals of chemistry. It has long
been assumed that chemical reactions

occur along minimum energy paths (MEPs)
that are characterized by a transition state
(TS) in the form of a well-defined saddle point
on the potential energy surface (PES). How-
ever, an unusual roaming path has recently
come to light, one that strays from MEPs en-
tirely. Instead, a frustrated bond cleavage leaves
part of the molecule without sufficient energy
to escape and orbits the remaining fragment
until encountering a reactive site to form the
products through intramolecular abstraction.
Roaming reactions, first identified in joint ex-
perimental and theoretical studies of form-
aldehyde photodissociation in 2004 (1), have
since been recognized as a generic aspect of
chemical reactivity (2–7). Evidence of roaming
dynamics has been observed in a broad variety
ofmolecular systemsandwithdifferent roaming
fragments (8–22). Thus far, in all instances roam-
ing has been observed only in the ground state
and the first excited state of the parentmolecule,
resulting in the formation of ground-state prod-
ucts. No roaming phenomena have been detected
in highly excited states nor have they led to the
generation of electronically excited products.
Triatomic molecules have served as textbook

examples for the study of unimolecular reac-

tion dynamics and recent advances show that
we still have much to learn from these typical
molecules (23). Chemical intuition suggests that
the absorption of a high-energy photon by a
triatomic molecule such as CO2 would give rise
to a single bond fission and produce CO+O
fragments. The central atom elimination process,
C+O2,would not happen because CO possesses
a much more stable diatomic bond than O2.
However, Lu et al. (24) reported recently that
O2 production occurred after CO2 was highly
excited. Two possible mechanisms for such
photoinduced central atom elimination were
considered: One involves dissociation from a
transition state accessed by prior structural
rearrangements of the molecule and the other
invokes fission of one chemical bond followed
by an intramolecular reaction between the re-
sulting fragments, i.e., roaming. Another case
of central atom elimination in the OClO mol-
ecule, which led to C1(2P)+O2(

1Dg), exhibited
notable mode-specific dynamics (25, 26). The
theoretical analysis, based on potential energy
mapping in C2v symmetry, elucidated a direct
O atom approach path without providing any
evidence of a roaming mechanism (27). In
addition, recent studies of C(3P) elimination
from CS2 have been viewed as an example of
the transition state mechanism (28, 29) and
a roamingmechanismwas suspected to account
for the almost isotropic recoil velocity distribu-
tions observed for the C(3P) + SO(X) products
formed when exciting OCS just above the
energetic threshold for this process (30). The
prediction of these roaming mechanisms was
based on static structural and energy analysis
but the verification of roamingmechanisms in
a central atom elimination channel such as
this one has not been achieved experimen-
tally or theoretically from a dynamical perspec-
tive, to the best of our knowledge. The challenge
involves the high threshold for eliminating the
central atom in many triatomic molecules
[acquiring high excitation photon energy up

to the vacuum ultraviolet (VUV) region] and the
high density of nonadiabatic couplings between
many excited PESs, which prevents distin-
guishing roaming and transition-state paths
to the same products. Thus, it remains unclear
to what extent the roaming mechanism con-
tributes to the photodissociation of triatomic
molecules.
SO2, a typical triatomic molecule, is an im-

portant species in Earth’s atmosphere. The
photochemistry of SO2 has been recognized
as the origin of the sulfur mass-independent
fractionation (S-MIF) in ancient rock samples
(31, 32). SO2 has two strong absorption bands
in the UV region: one is between 185 nm and
235 nm, corresponding to the transition from
ground 11A′ to 21A′ states (21A′←11A′) (33); the
other is between 240 to 350 nm as a result of
the transition to the 21A″ state, which couples
with the 11A″ state through a conical intersec-
tion (11A″/21A″←11A′) (34, 35). At shorter wave-
lengths, the diffuse absorption bands are
assigned to transitions to high Rydberg states
(36). Below 219 nm, SO2 has been assumed to
predissociate exclusively to SO and O frag-
ments, throughnonadiabatic couplings between
low-lying repulsive triplet and singlet states
(37, 38). The central atom elimination yielding
S+O2 is energetically possible but has not been
observed until recently. Rösch et al. (39, 40)
provided the first evidence for the S(3P) + O2

channel from SO2 photolysis at 193 nm, and
Chang et al. (41) displayed the experimental
observation of the S(1D)+O2 channel in the
wavelength range of 120 to 160 nm. Both pro-
cesses could be of great importance for under-
standing the origin of O2 in Earth’s prebiotic
primitive atmosphere. However, questions
regarding the prevalence of roaming reactions
in highly excited states of molecules persist in
these previous studies.
We performed detailed experiments on SO2

photodissociation around 133 nm. The experi-
mental results revealed previously undetected
bimodal O2(a

1Dg) vibrational distributions.
Insights from classical trajectory calculations
on a highly excited state PES demonstrated two
distinctive dissociation pathways: One proceeds
through the MEP to produce vibrationally
colder O2(a

1Dg); the other strays from theMEP,
roams around varied configuration spaces of
flat potential energy regions, and abstracts
another O atom to form the highly vibration-
ally excited O2(a

1Dg). The latter contributed
nearly one half of the total yield of O2(a

1Dg)
products. The results represent a clear example
of roaming in highly excited states of a tri-
atomic molecule, which we expect to be general.

Experimental evidence of roaming pathway in
highly excited states

The experiments were carried out using the
time-sliced velocity mapped ion (TS-VMI) imag-
ingmethod combinedwith the intense, pulsed
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VUV free electron laser (FEL), at the Dalian
Coherent Light Source (DCLS) (41, 42). SO2 in
amolecular beam of Ar was briefly excited to a
Rydberg state by the output of the VUV FEL.
The S atom fragments in the electronically
excited 1D state were then resonantly ionized
at l = 130.092 nm, which was generated by a
tabletop VUV source froma difference frequen-

cy four-wave mixing (FWM) scheme, involving
two 212.556-nm photons and one 580.654-nm
photon that overlapped in a Kr gas cell. An
off-axis biconvex LiF lens, serving as the exit
windowof the FWMcell, was used to deflect the
212.556-nm and 580.654-nm laser beams, en-
suring that only theVUVFELand the 130.092-nm
beam passed through the photodissociation/

photoionization region. Thus, other S atom elim-
ination processes, such as the secondary dis-
sociation from SO primary fragments or the
three-body dissociation, could be excluded. Post
ionization, the S(1D) products were detected by
the VMI detector.
Figure 1 shows typical raw images of the S(1D)

photofragment recorded following photolysis
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Fig. 1. Experimental and theoretical data for translational energy distributions
of S(1D) + O2(a

1Dg) from SO2 photodissociation. The left column shows the
time-sliced velocity mapped ion images with photolysis wavelengths of (A) 138.99 nm,
(B) 136.05 nm, (C) 133.70 nm, (D) 132.30 nm. The red double arrow indicates
the polarization direction of the photodissociation laser, e. The center column
(E to H) displays the product total translational energy distribution [P(ET)] spectra
derived from those images, along with the best-fit simulation of the spectra, in red.

The superposed combs indicate the ET values associated with formation of the
various O2(a

1Dg, v). The stick spectra in blue and red shown underneath the
experimental curves are two distinct vibrational state distributions of O2 returned
by fitting. The right column (I to L) indicates the P(ET) spectra returned by
theoretical calculations and the corresponding vibrational state distributions. Both
experimental and theoretical results show a bimodal vibrational distribution of O2

(a1Dg) products at 133.70 and 132.30 nm. MEP, minimum energy path.
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of SO2 at VUV wavelengths of 138.99 nm,
136.05 nm, 133.70 nm, and 132.30 nm (Fig. 1, A,
B, C, and D, respectively). An additional eight
images in the wavelength range of 132 to
138 nm are displayed in figs. S1 and S2 in the
supplementary materials (SM). The red dou-
ble arrow in Fig. 1A is the polarization direc-
tion of the VUV photolysis laser. All observed
imageswere pumpprobe- andmolecular beam–
dependent. Well-resolved, concentric rings with
different intensities were clearly observable
in the displayed images. These structures
could be readily assigned to populations of
different rovibrational states of the coproduct
O2. The images also displayed orbital align-
ment of S(1D) products (43). The effect of or-
bital polarization will be discussed in future
studies. Our focus in the present study is solely
on the product velocity distribution in the SO2

photodissociation.
The VMI images obtained in the experiment

were used to determine the velocity distribu-
tion of the S(1D) products. These distributions
were then converted to total product transla-
tional energy distributions [P(ET)] of the S
(1D) + O2 channel using the law of linear mo-
mentum conservation. Figure 1, E to H displays
the P(ET) distributions obtained by integrating
signals over all angles in the respective images.
The internal energy distributions of the O2

coproduct could then be obtained from the
corresponding P(ET) distributions using the
law of energy conservation.
The thermochemical threshold for the S(1D) +

O2(a
1Dg) product channel is ~8.06 eV (corre-

sponding toexcitationwavelengthofl ~153.76nm)
(44).The maximum translational energy (ET

values) associated with the formation of O2

(a1Dg, v = 0, j = 0) is marked by orange
arrows (Fig. 1, E to H). The onset of the strong
progressions in the P(ET) distributions clearly
matches the threshold of the S(1D) + O2(a

1Dg)
product channel, providing unambiguous evi-
dence for the formation of the electronically
excited molecular oxygen in the VUV photo-
dissociation of SO2. Based on the vibrational
term values calculated from the spectroscopic
constants (44), the energy combs representing
each vibrational level of O2(a

1Dg) products
were labeled in Fig. 1, E to H. It is worth
noting that there were small signals in the
high translational energy beyond the onset of
the O2(a

1Dg, v = 0), which could be attributed
to the S(1D) +O2(X

3Sg
−) channel as the ground

electronic state, O2(X
3Sg

−), is 7882 cm−1 lower
than the first electronically excited state, O2

(a1Dg) (44). The vibrational progressions for
the O2(X

3Sg
−) products extended to the low

translational energy region but its relative
populations were quite small.
The best fitting of the P(ET) distributions

yielded the vibrational state population dis-
tributions of the O2(a

1Dg) products, which are
displayed in the stick spectra underneath the

experimental curves (Fig. 1, E toH). At 138.99 nm
and 136.05 nm, the O2(a

1Dg) fragments had
somewhat colder vibrational state distribu-
tions, with the peak at v = 1~2, similar to that
observed in previous studies at longer photoly-
sis wavelengths (41). By contrast, at 133.70 nm
and 132.30 nm an unexpected bimodal vibra-
tional energy distribution for theO2(a

1Dg) prod-
ucts was clearly observed, peaking at v = 0~1
and v = ~5. Figures S1 and S2 further demon-
strate that such bimodal vibrational state pop-
ulation distribution could only be observed at
around 132 to 134 nm photolysis. The fraction
of high vibrational excited O2(a

1Dg) products
was determined to be ~0.4 to 0.6. To the best
of our knowledge, no distinguishable bimodal
vibrational distribution has been observed previ-
ously in SO2 photodissociation at shorter photol-
ysis wavelengths (41), or in other triatomic
molecular photodissociation processes (23–27).
The similarity between the energy distribution
within the products of S(1D) + O2(a

1Dg) channel
in the range of 132 to 134 nmand themolecular
products resulting from formaldehyde photoly-
sis (1) leads to speculation that the high vibra-
tional excited O2(a

1Dg) was likely produced
through the roaming dynamics.

Theoretical illustration of roaming dynamics
in highly excited states

To characterize the detailed dissociation mech-
anism of VUV SO2 photolysis from highly ex-
cited states,we carried out extensiveMRCI-F12+Q/
AVTZ calculations and developed the full-
dimensional PESs of multiple electronic states
by fundamental invariant-neural network
(FI-NN) fitting (45). The vertical excitation en-
ergies of the singlet and triplet states in A″
symmetry and A′ symmetry, respectively, as
well as the related dissociation paths to SO+O
and S+O2 channels, have been drawn in fig. S3.
The density of electronic states of SO2 from8 eV
to 10 eV near the Franck-Condon region was
very high, which made it easy to transfer be-

tween adjacent states through internal con-
versions and/or intersystem crossings. Two
different processes could be identified based
on the full-dimensional optimization on the
12 global PESs in A″ symmetry and 12 PESs in
A′ symmetry (figs. S4 and S5): One process
proceeds through the direct approaching of the
two O atoms and finally the ejection of O2,
and the other proceeds by means of the initial
leaving of oneO atom and further abstraction of
another O atom. These two different processes,
through S-O-O or cyclic-SO2 intermediates, were
seen from many paths with transitions by in-
ternal conversions or intersystem crossings of
electronic states, leading to the S(1D) + O2

(a1Dg) channel, which supports the experimen-
tal observations fromVUVSO2 photodissociation.
Figure 2 depicts one dissociation routewith the

lowest number of nonadiabatic transitions
through the singlet-state manifold, in which
SO2 is photo-excited to the 5

1A″ state, and then
proceeds through nonadiabatic transition to the
31A″ state, where it finally dissociates adiabati-
cally to form the S(1D) + O2(a

1Dg) channel. A
minimum-energy conical intersection (MECI)
between 51A″ and 31A″, which is also intersected
by 41A″, was identified by geometry optimiza-
tions using the Lagrange-Newton method (47),
as shown in fig. S6. The dissociation on the 31A″
state could proceed through the S-O-Oor cyclic-
SO2 intermediates based on the potential energy
mapping. The intrinsic mechanisms associated
with the bimodal product distribution could
then be revealed by accurate dynamics simu-
lations on the full-dimensional PES.
Quasi-classical trajectories were carried out,

initiating from the MECI with microcanonical
samplings of velocities relevant to the experimental
photoexcitation energy around 133 nm (47), which
further evolved on the adiabatic PES of the 31A″

Roaming

MEP

C.I.

+

Ground state

1 1A"

2 1A"

3 1A"

5 1A"

Fig. 2. One dissociation route leading to S(1D) +
O2(a

1Dg) with least nonadiabatic transitions by
means of the singlet-state manifold at 132.30 nm.
The schematic of potential energy curves for the
ground and four excited states in A″ symmetry are
connected with the MEP and roaming paths on the 31A″
state. The MECI between 51A″ and 31A″ states is
indicated by a circular cone.

MECIMECI

O 

O 

ROORXS

S

Fig. 3. Projections of typical trajectories on a
contour plot of PES. Projections of trajectories
representing the roaming dynamics (A) and MEP
(B) on the contour plot of 31A″ PES, exhibited as
functions of the distance between midpoint of O-O
(X) and S (RXS), and the O-O distance (ROO). The
contours are calculated with the other degrees of
freedom fully optimized.
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state to produce the S(1D) + O2(a
1Dg) channel. The

main feature of bimodal characters in both the
product kinetic energy distribution and vibra-
tional state distribution has been reproduced by
trajectory calculations with the final conditions
analyzed in a quantum spirit on the 31A″ state
(Fig. 1, I to L). By contrast, there was no bi-
modal distribution of O2(a

1Dg) products from
photodissociation at 136 and 139 nm, in good
accord with experimental results. It is worth
noting that the dissociation limit of S(1D) + O2

(a1Dg) product channel on the global PES based
on the MRCI-F12+Q/AVTZ level of theory is
~0.4 eV lower than the experimental results,
indicating more available energy from theory
depositing to the S(1D) +O2(a

1Dg) product channel.
The trajectories revealed amechanism for the

S(1D) + O2(a
1Dg) channel as an alternative to the

traditional MEP. This O-atom roaming mecha-
nism strays away from the MEP and is initiated
by the frustrated dissociation to form SO+O; the
O atom then wanders around varied config-
uration spaces of the flat potential energy
regions andultimately abstracts anotherOatom
to form the O2(a

1Dg) product. Projections of one
typical roaming trajectory and one nonroaming
trajectory onto the contour plot of PES are de-
picted in Fig. 3 and the corresponding snapshots
of two sample trajectories are illustrated inFig. 4.
One trajectory shows that the dissociation pro-
ceeded through the O atommeandering near
the SO+Oproduct region first and then turned
back to produce high-vibrational excited O2

(a1Dg). The other, by contrast, shows that the
dissociation effectively followed the MEP to
form O2(a

1Dg) with low-vibrational excitation.
It was found that the O atom could be pulled
out, up to a distance of 3.26 Å, from the S atom
in this roaming trajectory. The two considerably
different mechanisms were clearly responsible
for the bimodal distribution observed in the
experimental results. In addition, the roaming
pathway accounted for nearly one half of the
total yield of O2(a

1Dg) at around 133 nm, sim-
ilar to experimental observations and demon-
strating the substantial competing role and
fundamental importance of the roamingmech-

anism in VUV photodissociation of SO2. The
animations of two sample trajectories are given
in movies S1 and S2. The energies along the
contour plot of PES as well as the two repre-
sentative trajectories could be well-reproduced
by MRCI-F12 calculations (figs. S7 and S8),
indicating the accuracy of the PES and the
dynamical results.

Conclusions

In summary,wepresented the first directdynam-
ical evidence of roaming for photodissociation of
a triatomic molecule originating from a highly
excited electronic state, which leads to the for-
mation of an electronically excited S atom and
O2 molecule as observed experimentally and
confirmed theoretically. Because roaming yields
products through reorientationalmotion in the
long-range region of the potential, the flat
potential region that leads to a “self-abstraction”
of the incipient radicals to give molecular prod-
ucts is essential.Molecular dissociation in highly
excited states involves high-density excited elec-
tronic states and complicatednonadiabatic tran-
sitions, which very likely contribute to a relatively
flat potential energy landscape at long ranges
along with coupling to quasi-bound states.
Thus, an increased probability of encountering
frustrated bond cleavage will promote the
likelihood of roaming reactions in highly ex-
cited states. This study opens the door for
roaming from a highly excited electronic state
to produce electronically excited products, which
react very differently in the atmosphere, space,
and in combustion. As for SO2, its molecular
oxygen production channel has been suggested
to contribute to increasing oxygen levels in
Earth’s early atmosphere. Thus, the roaming
mechanism of O2 production should be in-
corporated into photochemical models for
planets with rich volcanically outgassed SO2.
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Fig. 4. Snapshots of two sample trajectories. Snapshots of the roaming trajectory (A) (upper panel) and
nonroaming trajectory (B) (bottom panel) at the time indicated (fs). The S-O distance is also indicated.
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