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Photo-induced multiple body dissociation is of fundamental 
interest in the field of reaction dynamics, which has been widely 
studied both experimentally and theoretically.1-20 A description 
of the mechanism associated with n-body ( ) 
photodissociation typically requires direct observation of more 
than three fragments in coincidence and encounters the inherent 
difficulties in predicting nonadiabatic behavior of excited-state 
molecules. A fully understanding of n-body photodissociation 
mechanism has proven to be an intriguing and yet challenging 
issue to both experimentalists and theoreticians.1,2 There are 
about thirty molecules that were characterized to be capable of 
three-body dissociation up to date.1-5 However, there is a history 
of controversy over whether the three-body dissociation 
proceeds in a stepwise or concerted fashion for almost every one 
of these molecules. The mechanistic controversy for a three-
body decay stems from the challenges of characterizing 
dissociation at a molecular level.1-5 

3n

Experimentally, it has been observed that UV-irradiation of 
(ClCO)2 can lead to the formation of four fragments (2Cl + 
2CO). To our knowledge, this is the first molecule reported to 
date that can undergo four-body dissociation following 
absorption of a single UV photon. Interestingly, two-, three-, 
and four-body dissociation mechanisms have been proposed for 
the observed products in previous experimental studies,21-28 and 
there is not a general conclusion regarding the photodissociation 
mechanism of (ClCO)2 up to now. It should be pointed out that 
four-body breakup has been observed in electron dissociative 
recombination5 of a molecular ion: C2D5

+ + e- →C2D2 + D +D + 
D. Unfortunately, the dynamical information available in this 
study is quite limited because the experiment was performed in 
ion storage rings at very high beam energies.1,2 Oxalyl chloride 
has been the subject of extensive ab initio investigations over 
the past many years,29-37 but all ab initio calculations focused on 
conformational behavior of (ClCO)2 in the ground and lowest 
excited electronic states, such as molecular structures, 
fundamental frequencies, and internal rotation around the center 
C-C bond. To the best of our knowledge, there is no report on ab 
initio calculation and dynamics simulation of photo-induced 
(ClCO)2 dissociation processes. 

The key issue is a time scale of the C-C and C-Cl bond 
scissions. As shown in Scheme 1, if the two C-Cl bond scissions 
occur within a rotational period after the C-C bond fission, the 
photo-initiated dissociation of (ClCO)2 into 2Cl and 2CO is a 
synchronous concerted four-body process. Reversely, the ClCO 
radicals formed by the C-C bond fission have a lifetime much 
longer than their rotational period, and the photo-initiated 
dissociation is a sequential two-body process. When the ClCO 
radical has a lifetime comparable to its rotational period, the 

photo-initiated dissociation is considered as asynchronous 
concerted process. In this way, we can classify the photo-
induced dissociation as sequential, asynchronous, synchronous 
concerted three- or four-body process. In the present work, ab 
initio molecular dynamics (MD) simulations have been 
conducted to determine dissociation processes upon irradiation 
of (ClCO)2 in the wavelength range of 248 -193 nm. Three- and 
four-body dissociations were predicted to be synchronous 
concerted processes, which is dependent on the initial internal 
energies and their distribution in different vibrational modes. 
The present study provides a real-time quantitative description 
on photo-induced dissociation of oxalyl chloride. 

Scheme 1 Multiple body dissociation 

Geometric and electronic structures are fundamental and 
important properties of a molecule. However, there is a general 
lack of information on the structures and properties of oxalyl 
chloride in the excited states, although oxalyl chloride had been 
studied with different experimental and ab initio methods in the 
past four decades. Before discussing the photo-induced multiple 
body dissociation, we pay attention to structures and relative 
energies of (ClCO)2 in the low-lying electronic states. 

Both experiment21-23 and theory29-35 agree in predicting that 
the trans conformation with the C2h symmetry is the most stable 
for (ClCO)2 in the ground state (S0). The CAS(10,8) and CCSD 
calculations with the cc-pVDZ basis predicted the C-C bond 
length to be 1.537 and 1.556 Å for (ClCO)2 in the S0 state. In 
comparison, the CAS(10,8)/cc-pVDZ optimized C-C bond 
distance is in good agreement with the experimental value of 
1.534 Å. It is evident that the C-C bond is a normal single bond 
in the S0 state of (ClCO)2, which is quite different from that for 
a molecule with the C=C-C=C backbone, such as CH2=CH-
CH=CH2, where the middle C-C bond is partially of double 
bond character. Effect of the steric repulsion between Cl and O 
atoms is also responsible for the C-C single bond character in 
the S0 state of (ClCO)2. This can be seen from a comparison 
with the (HCO)2 structure where the conjugation interaction of 
the two carbonyl groups makes the C-C bond less than 1.5 Å. 
The optimized (ClCO)2 structures are shown in Figure 1, along 
with the selected bond parameters.  

[] Mr. Qiu Fang and Prof. Dr. Yi Luo  
Department of Theoretical Chemistry, School of 
Biotechnology, Royal Institute of Technology, S-
10691 Stockholm, Sweden 
E-mail: luo@kth.se  There are two carbonyl groups in the (ClCO)2 molecule, 

which can give rise the two equivalent n→π* excitations from 
viewpoint of localized valence bond theory. Upon electronic 
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excitation, the two new excited states are formed, which can be 
considered as a linear combination of the two localized 1nπ*

(C=O) 
states. The lower-energy excited singlet and triplet states are 
denoted as the S1 and T1 states, while the excited singlet and 
triplet states with higher energies are referred to as the S2 and T2 
states. The CCSD(T) optimized structures for the S1, T1, S2, and 
T2 states are schematically shown in Figure 1. It is well known 
that the n→* electron excitation results in a pyramidal S1 
equilibrium structure for aliphatic carbonyl compound, such as 
H2CO and CH3COCH3. However, the equilibrium structure of 
(ClCO)2 in the S1 and S2 state possesses C2h symmetry with all 
atoms in the molecular plane. The planar structure becomes 
more stable than the pyramidal one, due to the conjugation 
interaction in the S1 and S2 equilibrium structures of (ClCO)2. 
One high-energy excited singlet state for (ClCO)2 was optimized 
at the CAS(10,8) level and was confirmed to be minima by 
frequency calculations, which is labelled as the S3 state hereafter. 
The S3 equilibrium structure was predicted to be planar with C2h 
symmetry and originates from →* electron excitation. 
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Figure 1, Geometric structures of oxalyl chloride in the low-
lying electronic states, along with some key bond parameters 
(bond length in angstrom and bond angle in degree) from the 
CCSD(T)/cc-pVDZ calculations (The S3 structure was optimized 
at the CAS(10,8)/cc-pVDZ level). 
 

The relative energies of the S1, T1, S2, and T2 states were 
calculated at the CCSD(T) level of theory with the aug-cc-
pVDZ basis set, which are 79.1, 70.3, 101.1, and 94.7 kcalmol-1, 
respectively. The vapor-phase absorption spectrum of oxalyl 
chloride in the 300–418 nm region has been re-examined at high 
resolution.19,20 Singlet–singlet S1←S0 and singlet–triplet T1←S0 

electronic transitions of the trans-conformer have been measured 
and their band origins were assigned to be 27190.9 (77.7 
kcalmol-1) and 24373.4 cm-1 (69.7 kcalmol-1), respectively. In 
comparison with the band origins measured experimentally for 
the S1←S0 and T1←S0 transitions, the CCSD(T)/aug-cc-pVDZ 
calculations provide a reasonable description on the relative 
energies of the excited electronic states Since the S3(

1ππ*) state 
is only optimized at the CAS(10,8)/cc-pVDZ level, its relative 
energy is determined to 146.5 kcalmol-1 by the MR-CI/aug-cc-

pVDZ single-point calculation on the basis of the CAS(10,8)/cc-
pVDZ optimized structures for the S0 and S3 states. 

The potential energy surfaces (PES) of the S0, S1, and T1 
states were calculated in the present work, which are related to 
the photo-induced dissociation reactions. The obtained PESs are 
schematically shown in Figure 3. The potential energy profile of 
the C-C bond cleavage is scanned from the S0 equilibrium bond 
length to the dissociation limit of 2ClCO( '2 ). It is found that 
the C-C bond cleavage in the S0 state is endothermic by 74.8 
kcalmol-1. A transition state, T1-TS1, was confirmed on the T1 
pathway to two identical ClCO( ) radicals by the CAS(10,8) 
and CCSD(T) calculations. As shown in Figure 3, the barrier of 
the C-C dissociation along the T1 pathway was predicted to be 
12.6 kcalmol-1 by the CCSD(T) calculations with a tiny barrier 
for the subsequent ClCO( ) to CO( ) + Cl(

A

1

'2 A

'2 A P2 ). The 
transition state of the C-C bond fission on the S1 state, denoted 
by S1-TS1, hereafter, is optimized with the CCSD(T) method, 
which is shown in Figure 2. Since the excited ClCO( "2 A ) 
fragment is unstable with respect to the C-Cl separation and it 
decomposes into CO( 1 ) and Cl( P2 ) very easily, S1-TS1 
connects the fragments of ClCO( ) + CO( ) + Cl('2 A 1 P2 ) in the 
product side. Once the C-C bond is broken, the subsequent C-Cl 

bond cleavages take place very early. 
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Figure 2 Schematically potential energy profiles for the C-C 
and C-Cl dissociation in the S0, S1, and T1 electronic states and 
subsequent processes.  

The features of potential energy surface can provide a 
qualitative understanding of a chemical reaction. In most cases, 
however, a reaction mechanism is controlled by the reaction 
dynamics. It is very helpful to study reaction dynamics for 
determining atomic-level mechanism of a reaction. We carried 
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out direct ab initio molecular dynamics simulation on photo-
induced dissociation processes of (ClCO)2. Firstly, forty 
trajectories were calculated starting from the Franck-Condon 
(FC) geometry on the S1 state with the initial kinetic energy of 0 
– 45 kcalmol-1. The C-C, C-O, and C-Cl distances are plotted in 
Figure 3 as a function of time for one representative trajectory 
with the initial kinetic energy of 45 kcalmol-1. The bond 
parameters oscillate in their equilibrium positions and 
dissociations were not observed to occur on this condition. It 
should be pointed out that the S1 C-C and C-Cl bond cleavages 
can take place on the extreme cases, which are related with 
photo-excitation at 248 nm and even at 193 nm.  

  

   

   

Figure 3
The C-C, C-O, and C-Cl
distances are plotted as a

function of time for one
representative trajectory

starting from the S1 FC
geometry with the initial

kinetic energy of 45
kcal/mol

 

It might be possible for the dissociation reactions to take 
place along the S0 pathways as a result of internal conversion. 
Totally, thirty five trajectories were calculated starting from the 
S0 state with the initial energy in the range of 50-100 kcalmol-1. 
It was found that most of trajectories stay in the region of the S0 
equilibrium geometry and all vibrations are in their low-energy 
states. The excess internal energies are statistically distributed 
all vibrational modes. Only in the special case where the C-C 
distance is 1.20 Å in the initial structure, the C-C bond cleavage 
was observed within a half of the C-C stretching vibrational 
period. The two C-Cl bond cleavages take place nearly in the 
same period as the C-C bond fission. In this case, the (ClCO)2 
dissociation is an ultrafast and synchronous concerted four-body 
process. Because of fast redistribution of the internal energies, it 
is impossible to have energy of ~100 kcalmol-1 distributed in 
the C-C stretching mode. Thus the (ClCO)2 dissociation takes 
place along the S0 pathway with little possibility. 

Since there is little possibility for the dissociation along the 
S1 and S0 pathways, we pay more attentions to the T1 processes 
in the following. It should be pointed out that electronic 
structure calculations for the trajectory propagation in the T1 
state were carried out at the unrestricted MP2 level, which is 
more efficient for treating electronic correlation. Totally, 500 
trajectories were integrated starting from the T1 state with the 
initial energy in the range of 10-45 kcalmol-1, but 48 trajectories 

failed, due to the problems in the SCF convergence for 
unreasonable structures. Among the 452 trajectories, 286 
trajectories (~65%) lead to four-body dissociation, 67 
trajectories (15%) lead to three-body dissociation, 85 unreactive 
trajectories (~20%) stay in the FC region, 3 trajectories lead to 
the C-C bond fission (two-body) and 2 trajectories lead to one 
C-Cl bond fission (two-body). 

    
 

    
 

 Figure 4
he C-C, C-O, and C-Cl
stances are plotted as a
function of time for one

entative trajectory
starting from the T1 FC
geometry except for the

initial C -C distance of
 1.45  angstrom

 
 
 
 
 
 
 
The C-C, C-Cl, and C-O distances are plotted in Figure 4 as 

function of time for one of the representative trajectories for the 
four-body dissociation along the T1 pathway. In the first period 
of about 900 fs, the C-C and C-Cl bonds oscillate about their T1 
equilibrium values and the C-C and C-Cl stretching modes lie in 
vibrational ground or lower excited states. But the two C-O 
stretching modes are in highly vibrational levels and the initial 
potential energies are mainly distributed in the C1-O3 stretching 
vibration in the first period. After passing through this 
“transition-period” of about 900 fs, the vibrational energies are 
transferred from the C-O stretching to the C-C and C-Cl modes 
and the C-C and C-Cl bond fissions take place nearly at the 
same time. Upon analyzing time evolution of structures and 
energies for the 286 trajectories that leads to four-body 
dissociation in the T1 state, it was found that the time of the C-C 
bond fission is in the range of 300 - 1000 fs and the averaged 
time constant is 452 fs for the C-C bond fission. It is obvious 
that the C-C bond cleavage along the T1 pathway is an ultrafast 
process upon photoexcitation at 248 nm or shorter wave lengths. 
On average, the first and the second C-Cl bonds break 
completely in about 50 and 70 fs after the C-C bond complete 
cleavage, which clearly shows the bond fissions to be a 
synchronous concerted process. Therefore, the four-body 
dissociation of (ClCO)2 in the T1 state is an ultrafast and 
synchronous concerted process. 

The dynamics simulations reveal that the three-body 
dissociation is a possible pathway for the (ClCO)2 dissociation 
in the T1 state. The C-C, C-Cl, and C-O distances are plotted in 
Figure 5 as a function of time for one of the representative 
trajectories for the three-body dissociation. The total energy 

T
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given for this three-body process is the same as that for 
dynamics simulation for the four-body dissociation shown in 
Figure 4, but the initial potential energies of 4.0 kcalmol-1 are 
changed into the initial kinetic energies. In the first period of 
about 500 fs, the C-C and C-Cl bonds oscillate around their 
equilibrium values, the C-O stretching vibrations are in their 
vibrational excited states. After the transition period of ~500 fs, 
one C-Cl bond exhibits a tendency toward breaking firstly. Then 
the C-C and one C-Cl bonds were broken in a concerted way, 
but the other C-Cl stretching mode is still in its vibrational 
ground state. Meanwhile, one C-O stretching vibration relaxes 
to the ground state and the other C-O stretching vibration is still 
in its excited state. Also, the three-body dissociation of (ClCO)2 
in the T1 state is an ultrafast and synchronous concerted process. 

    
 

   
 

 
 
Photoexcitation in the ultraviolet region leads to the (ClCO)2 

molecule in the S1 state. From the S1 state, the (ClCO)2 molecule 
can deactivate via three nonradiative channels: internal 
conversion (IC) to the ground state, intersystem crossing (ISC) 
to the T1 state, and the direct dissociations along the S1 
pathways. The C-C bond fission has a barrier of about 40 
kcalmol-1 on the S1 pathway, which shows that the S1 fission of 
the C-C bond takes place with little possibility, which is 
supported by ab initio dynamics simulations. There is a barrier 
of 17.4 kcalmol-1 for the C-Cl bond fission on the S1 pathway, 
which is lower than that for the S1 C-C bond cleavage. The S1 
C-Cl bond fission is accessible in energy upon photoexcitation 
of (ClCO)2 by ultraviolet light. However, the ab inito MD 
simulations reveal that the S1 C-Cl bond fission occurs only in 
extreme cases. The reason for this comes from fast redistribution 
of the internal energies among all vibrational modes. The 
combined electronic structure calculation and MD simulation 
reveals that the S1 direct dissociation occurs with little 
possibility. 

Internal conversion (IC) to the ground state is a possible 
pathway for the excited (ClCO)2 molecule to deactivate. The 
(ClCO)2 molecule is left with sufficient internal energies to 
overcome barrers on the S0 pathways to products, once relaxing 

to the ground state. However, the internal energies are fast 
redistributed into all vibrational modes. The C-C and C-Cl 
stretching modes do not have enough energy to rearch their 
dissociation limits, since a high enthermicity character exists for 
the C-C and C-Cl bond fissions.  

The optimized S1/T1 intersection structure is given in Figure 
1. A comparison with the S1 equilibrium structure indicates that 
the S1/T1 intersection point is clsoe to the S1 minimum in 
structure, except for one C-O bond distance that is 1.559 Å in 
the S1/T1 structure and 1.242 Å in the S1 structure. Since the 
initial excitation is localized in one C-O stretching mode, many 
trajectories starting from the S1 FC structure propagate into the 
S1/T1 region within a half of the C-O stretching vibration. The 
spin-orbit coupling matrix element was calculated to be 47 cm-1 
at the S1/T1 intersection structure, which reveals that the spin-
orbit interaction between the S1 and T1 states is strong in the 
vicinity of the S1/T1 ntersection structure. All these indicate that 
the ISC from S1 to T1 takes place with high efficiency.  

Among the 452 trajectories for the T1 state, the four-body 
dissociation is a dominant pathway with ~65 percent (286 
trajectories), where the C-C bond fission takes place prior to the 
two C-Cl bond cleavages. The three-body dissociation on the T1 
state is a minor channel with 15% percent. Among sixty seven 
trajectories leading to ClCO( ) + CO( ) + Cl('2 A 1 P2 ), only half 
of them (32 trajectories) give rise to the products through the 
mechanism of (ClCO)2  ClCOCO + Cl( P2 )  ClCO( '2 A ) + 
CO( 1 ) + Cl( P2 ). The C-C bond fission followed by one C-Cl 
bond cleavage was observed in the other 35 trajectories. It is 
evident that intramolecular energy transfer controls the 
selectivity of the C-C and C-Cl bond fissions. From the 
combined electronic structure calculation and dynamics 
simulation, we come into conclusion that the S1→T1 ISC and 
followed by four-body dissociation to 2Cl( P2 ) and 2CO( 1 ) is 
the dominant pathway for photodissociation of (ClCO)2 in UV 
region, while the three-body dissociation is a minor channel 
with little possibility for the two-body dissociation. More 
importantly, the four-body dissociation of (ClCO)2 in the T1 
state is an ultrafast and synchronous concerted process. 

Figure 5
The C-C, C-O, and C-Cl
distances are plotted as a

function of time for one
representative trajectory

starting from the T1 FC
geometry except for the
initial  C-C bond length

 of 1.47 angstrom 

Details for electronic structure calculation 
and dynamics simulation 

A combined CASSCF and MR-CI method has been used to 
calculate potential energy surfaces for the (ClCO)2 dissociation 
in the low-lying electronic singlet states. For comparison, the 
stationary points (minima and transition states) on the ground 
and lowest triplet states are fully optimized with the MP2 
analytical energy gradient techniques. All calculations have 
been performed with the cc-pVDZ basis set in the present study. 
The choice of active space for the CASSCF computations 
requires some comments. To describe equilibrium structures of 
oxalyl chloride in the low-lying electronic states, the π and π* 
orbitals of the two C=O groups and the non-bonding orbitals 
located at the two O atoms should be included in the active 
space, that is eight electrons in six orbital. For investigating the 
bond fission processes, which involve a breakage of C-C or C-
Cl sigma bond, the C-C or C-Cl σ and σ* orbitals are chosen as 
the active orbitals. This leads to an active space with ten 
electrons in eight orbital, referred to as CAS(10,8) hereafter. 
The multi-reference configuration interaction (MR-CI) approach 
is a very efficient algorithm for treating dynamic correlation. 
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Single-point energies of the stationary points were calculated 
with the MR-CI approach on the CAS(10,8) optimized 
structures. All ab initio calculations described here had been 
carried out with the Gaussian 03 and Molpro 02 program 
packages.38,39 

Ab initio molecular dynamics calculations that are based on 
the Born-Oppenheimer approximation have been performed 
with the second order Hessian-based integration method. A local 
quadratic surface is constructed from the analytic first and 
second derivatives of the energies calculated at the CAS(10,8) 
level. The local second-order surface is a good approximation to 
the true surface only in a small region around the expansion 
point and the calculated trajectory is not allowed to leave this 
region. An improved method with the fifth-order polynomial 
fitted surface was developed by Millam and co-workers, which 
is used in the present dynamical calculations. The initial 
conditions for the dynamics simulations were chosen to simulate 
the photolysis of oxalyl chloride in the wavelength range of 248 
- 193 nm. 
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