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Abstract 

In this thesis, the combined electronic structure calculations and dynamics 

simulations have been performed to explore mechanistic photodissociation of 

phosgene, oxalyl chloride, benzoic acid, and the NO2-H2O complex.  

The potential energy surfaces for Cl2CO dissociation into CO + Cl + Cl in the 

S0 and S1 electronic states have been determined by the CASSCF, CCSD, and 

EOM-CCSD calculations, which are followed by direct ab initio molecular dynamics 

simulations to explore its photodissociation dynamics at 230 nm. It was found that 

the C-O stretching mode is initially excited upon irradiation and the excess internal 

energies are transferred to the C-Cl symmetric stretching mode within 200 fs. On 

average, the first and the second C-Cl bonds break completely within subsequent 60 

and 100 fs, respectively. Electronic structure and dynamics calculations have 

provided strong evidence that the photo-initiated dissociation of Cl2CO at 230 nm or 

shorter wavelengths is an ultrafast, adiabatic, and concerted three-body process. 

Photoexcitation in UV region leads to the (ClCO)2 molecule in the S1 state. 

Since the C-C bond fission has a high barrier on the S1 pathway and the internal 

energies are redistributed among all vibrational modes, the S1 direct dissociation was 

predicted to occur with little possibility. Internal conversion (IC) to the ground state is 

a possible pathway for the excited (ClCO)2 molecule to deactivate. But there is little 

possibility for the subsequent reactions to take place in the S0 state. From the 

combined electronic structure calculation and dynamics simulation, we come into 

conclusion that the S1→T1 intersystem crossing 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. 

The potential energy profiles for the alpha C-OH bond cleavage of benzoic acid 

in the low-lying electronic states have been determined by the combined CASSCF 

and CASPT2 calculations, which show that the photo-induced cleavage of the C-O 

alpha bond is of wavelength-dependent character. Finally, we report a quantitative 

understanding on how to generate hydroxyl radical from NO2 and H2O in troposphere 

upon photo-excitation at 410 nm by using multiconfigurational perturbation theory 

and density functional theory. The conical intersections were found to dominate the 

non-adiabatic relaxation processes after NO2 irradiated at ~410 nm light source in 

troposphere and further control the generation of OH radical by means of hydrogen 

abstraction, which is in good agreement with two-component fluorescence observed 

by experimentally. 
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Chapter 1 

Research background 

Photochemical reactions have long been regarded as basic and very important 

areas of physical chemistry, the results of which are relevant to atmospheric 

chemistry,
1-3

 biological systems,
4-6

 functional material,
7,8

 and many other 

processes.
9,10

 It has been realized in the 19
th

 century that photochemical reactions 

occurred in the atmosphere and that these led to oxidation of pollutants and the 

formation of acidity in rainwater.
1
 The near-ultraviolet photochemistry of ozone has 

been a central theme in atmospheric chemistry, since the first photochemical theory 

proposed by Chapman in 1930 for stratospheric ozone formation.
2
 The 

photochemistry of nitrogen oxides (NOx) is of great contemporary interest and a 

radical catalytic cycle involving NOx was identified as one of the key ingredients of 

photochemical ozone production in urban areas.
3
 Ultraviolet light absorbed by DNA 

sometimes initiates damaging photochemical reactions and results in mutagenic 

photoproducts. This vulnerability is compensated for in all organisms by enzymatic 

repair of photo-damaged DNA. Equally important safeguards are associated with the 

intrinsic photophysical properties of nucleic acids. Understanding how the spatial 

organization of the bases controls the relaxation of excess electronic energy in the 

double helix and in alternative structures is currently one of the most exciting 

challenges in the field.
4,5

 Photo-induced cis–trans isomerization of N=N or C=C 

double bond is a ubiquitous photochemical process and represents one of the simplest 

pathways for converting light energy into mechanical motion on a molecular level, 

which forms a fundamental step in optical memories, opto-electronic switching, 

molecular motors, and light-driven molecular shuttle.
7,8 

Thermochemical reactions have been extensively investigated experimentally 

and theoretically, which lead to deep understanding of the nature of thermal reactions. 

In comparison, photochemical reactions have received less attention of theoretical and 

experimental chemists. Photochemical reactions start from one excited electronic state, 

but final products are in the ground state, namely, photo-induced reactions are 

non-adiabatic in most cases. Photochemical reactions have many pathways that are 

accessible in energy and several transient intermediates might be involved in the 

photochemical processes, which are not easy to measure experimentally.
11-13

 

Importantly, photo-physical processes are probably in competition with 

photochemical reactions. Besides radiation transition, photochemical and 

photophysical processes include generally excited-state vibrational relaxation (VR), 

internal conversion (IC), intersystem crossing (ISC), and direct reactions along 

excited- or ground-state pathways, which are summarized in Scheme 1-1. It is evident 

that photochemical processes are much more complicated than thermochemical 

reactions and are difficult to treat theoretically. Even for some of classically 
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photochemical reactions, our understanding is far from complete. A lot of basic 

concepts and fundamental theories are required to be set up in order to better 

understand dynamics and mechanistic photochemistry of a polyatomic molecule.  

h

S0

S1

S2

T1

T2

P1

P2

P3

kVR

kIC

kISC

k1

k2

k3

 

Scheme 1-1 

A detailed understanding of the photo-reaction mechanism for any system has 

to be based on theoretical calculations and spectroscopic measurements. Recent 

advances in femtosecond laser and ultrafast electron diffraction techniques have led to 

unprecedented progress in the level of our understanding of photochemical processes 

for a polyatomic molecule.
14,15

 Meanwhile, the last twenty years have been seen a 

great leap forward in the ability to carry out accurate electronic structure calculations 

for photochemical reactions, due to enhanced computational power and significant 

methodological advances.
16-18

 Experimental data can be well reproduced for 

molecular reaction in the ground state and, in some case, deviations in the 

experimentally inferred structural parameters and thermochemical properties were 

corrected by high-level electronic structure calculations. However, theoretical 

characterization of photochemical reactions requires a knowledge of excited-state 

potential energy surfaces (see scheme 1-1) and the related dynamics information. 

What kind of photoproducts can be formed is determined by branching ratio of 

competing channels on each state and by the relative rates of adiabatic and 

non-adiabatic processes. In comparison with thermochemical reaction in the ground 

state, molecular photochemical reactions, which always involve electronically excited 

states, are difficult to treat theoretically. In general case, electronic structure methods 

based on single-reference configuration are not suitable for optimizing stationary 

structures on excited-state pathways. Configuration interaction with single excitation 

(CIS) can be used to trace excited-state pathways, but results from the CIS 

calculations are only qualitatively reliable. The multi-reference configuration 

interaction (MR-CI) and multi-configuration second-order perturbation theory 

(CASPT2) can reproduce experimental data well, but the calculations to date have 
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mainly been performed for very small molecules. 

The photochemical reactions and photophysical processes (VR, IC and ISC) 

can be treated by quantum mechanics by solving Schrodinger equation for nuclear 

motion on the full-dimensional potential energy surfaces (PES). However, this can be 

done at most for five-atom molecules. Various semiclassical approaches have been 

developed for describing mechanistic photodissociation of a polyatomic molecule. 

However, these semiclassical methods require a very large amount of information 

about potential energy surfaces, which are hard or even impossible to obtain from first 

principles for a medium-size polyatomic molecule. Ab-initio-based adiabatic and 

non-adiabatic molecular dynamics simulations only involve structures and properties 

of several critical points of the potential energy surfaces and can be performed by a 

combination of electronic structure calculations with molecular dynamics simulations 

(on the fly), which are realistically feasible for study of photochemical processes of a 

large polyatomic molecule.  

In the present thesis, electronic structure calculations have been performed by 

using different electronic correlation methods, including density functional theory 

(DFT), the second-order perturbation theory (MP2), the complete active space 

self-consistent field (CASSCF), the coupled-cluster method with single and double 

excitations (CCSD), multiconfiguration second-order perturbation theory (CASPT2), 

and multireference configuration interaction (MR-CI). Ab-initio-based molecular 

dynamics simulations have been carried out at the CASSCF level for the excited 

singlet state and at the DFT and MP2 levels for the ground state or the lowest triplet 

state. The systems studied here are phosgene (Cl2CO), oxalyl chloride ((ClCO)2), 

benzoic acid(C6H5COOH), and the NO2-H2O complex. More attentions were paid to 

mechanisms of the photo-induced multiple body dissociation for Cl2CO and (ClCO)2.  

The coming chapter 2 introduces the detail for electronic structure calculations 

and ab-initio-based molecular dynamics simulations. Chapter 3 is concerned with 

synchronous concerted four-body photodissociation of oxalyl chloride and chapter 4 

is devoted to photo-induced three-body dissociations of (ClCO)2. In chapter 5 we 

report the combined CASSCF and CASPT2 calculations of wavelength-dependent 

photo-induced cleavage of the C-O alpha bond. Finally, in chapter 6 we explored how 

to generate hydroxyl radical from NO2 and H2O in troposphere upon photo-excitation 

in ultraviolet region by the the combined CASSCF and CASPT2 calculations. 
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Chapter 2 

Ab initio molecular dynamics  

Electronic structure theory has emerged as an important tool for solving a 

wide range of chemical, physical, medical, and material problems. Currently, 

electronic structure methods are routinely used to optimize molecular structures, to 

calculate reaction energies, to explain spectroscopic measurements and so on. In this 

chapter, we will pay more attentions to electronic structure methods for description of 

electronically excited states, with the Hartree-Fock approximation as start point and 

followed by the complete active space self-consistent field (CASSCF) and other 

methods.  

2.1 The Hartree-Fock approximation 

The Hartree-Fock (HF) approximation
19,20

 is central to wave function-based 

electronic structure theory. The HF method serves not only as a useful approximation 

in its own right, but also constitutes an important starting point for almost all ab initio 

methods. Thus, we give a brief description on the HF approximation firstly.  

The HF approximation is equivalent to the molecular orbital approximation, in 

which the electronic wave function is approximated by a single Slater determinant,  

)x()x(),x(

)x()x(),x(

)x()x(),x(
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kji
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is a normalization factor. This Slater determinant is for the system with N 

electrons distributed in N spin orbitals ),( kji   . If the coordinates of two 

electrons are interchanged in the determinant, which corresponds to interchanging two 

rows, the determinant changes its sign. If two electrons occupy the same spin orbital, 

which results in the two same columns in the determinant, the determinant becomes 

zero. The Slater determinant satisfies the requirement of anti-symmetry principle. For 

the N-electrons in the ground state, its wave function can be represented as  

Nba  210                           (2) 

If spin orbitals meet orthogonalization, the energy of the system is of form,  
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H
E                         (3) 

The variation principle states that the best wave function of functional form (2) is the 

one that gives the lowest possible energy, namely, the energy is optimized with 

respect to variation of the spin orbitals in the determinant. Thus we are interested in 
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finding a set of spin orbitals such that the single determinant formed from these spin 

orbitals is the best possible approximation to the ground state of the N-electron system. 

By using the rules of calculation for matrix elements and electronic Hamiltonian 

operator, 





i ij iji

ie
r

hH
1ˆˆ , 

A iA

A
ii

r

Z
h

2

1ˆ               (4) 

equation (3) becomes, 
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We have to minimize the energy of E0 subject to the constraint that the trial wave 

function remains normalized. Lagrange’s method of undetermined multipliers is used,  
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Let us set the first variation in L equals to zero,  


 


N
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0 0                        (7) 

After some transformation and simplifications, then we can use the definitions of the 

coulomb and exchange operators, 
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to write the first variation in the form,  
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Since the )1(*

i is arbitrary, the quantity in the above square bracket must be zero for 

all i.  

0)1()1()1(ˆ)1()1(ˆ)1()1(ˆ  
N

j

jji

N

j

ij

N

j

ijii KJh      (11) 

Let us define the Fock operator as,  

 
N

j

j

N

j

ji KJhf )1(ˆ)1(ˆ)1(ˆ)1(ˆ                        (12) 

Using the invariance of the coulomb and exchange operators to a unitary 

transformation of the spin orbitals, finally, we derive the standard Hartree-Fock 

equation,  

aaaf  ˆ
                                     (13) 
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The solution to the standard Hartree-Fock equation gives the canonical spin orbitals. 

2.2 Multi-configurational self-consistent field (MCSCF) method  

The HF calculations are remarkably successful in many cases. But the HF 

method has a lot of limitations. When two configurations are near degenerate, the 

single-configuration SCF description gives qualitatively wrong conclusion. A 

well-known example is dissociation behavior of the ground-state H2 molecule.
20,21

 

The restricted HF calculations predict that the H2 molecule in the ground state 

dissociates into H
-
 and H

+
, while the correct dissociation products are two equivalent 

H atoms. The electron-electron repulsion is treated only on an average sense, rather 

than in a dynamical fashion in the HF method discussed above, which is the main 

reason why the HF calculation results in a considerable error in energy and other 

quantities. The error in the HF calculated energy is called the correlation energy, 

defined as the difference between the exact non-relativistic energy and the HF 

calculated values. 

SCFexact EEE                                 (14) 

Different configuration interaction (CI) methods have been developed on the basis of 

the SCF wave function, which is conceptually simplest way to obtain correlation 

energy. The full CI wave function can be represented as a linear combination of 

ground-state and excited configurations, 
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The restrictions on the summation indices insure that a given excited configuration is 

included in the sum only once, where the indices of a, b, c, d, …are designed as 

occupied spin orbitals, while the r, s, t, u, …are unoccupied spin orbitals. It is more 

convenient to rewrite the equation (15) as,  

 

 
T

T

D

D

S

S TcDcScc 00        (16) 

where S , D  and T  represent terms involving single, double, and triple 

excitations with respect to 0  respectively  

For a given trial function of (16), in principle, we can construct the generalized 

eigenvalue equation of configuration interaction, 

EScFc                                          (17) 

The coefficient of a configuration and the correlation energy can be determined by 

using the linear variation method. The lowest eigenvalue is the upper bound of the 

ground-state energy. The higher eigenvalues are the upper bounds of the 

corresponding excited states. However, the full CI calculation is computationally 

intractable as basis functions and electrons are added and can be performed only for 

very small molecule with use of small basis set.  
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Multi-configurational self-consistent field (MCSCF) is a method in quantum 

chemistry used to generate qualitatively correct reference states of molecules in cases 

Hartree–Fock method is not adequate (e.g., for molecular ground states which are 

quasi-degenerate with low lying excited states or in bond breaking situations).
19-21

 As 

pointed out before, the Hartree–Fock approximation only involves one determinant, 

but the molecular orbitals are varied. However, the molecular orbitals are not varied 

but the expansion of the wave function in CI method. The MCSCF method makes use 

of advantages of Hartree–Fock approximation and configuration interaction method 

and uses a linear combination of configuration state functions (CSF) or configuration 

determinants to approximate the exact electronic wavefunction of an atom or 

molecule. In the MCSCF theory, the set of coefficients of both the CSFs or 

determinants and the basis functions in the molecular orbitals are varied to obtain the 

total electronic wavefunction with the lowest possible energy. With the same number 

of configuration state functions, the MCSCF calculations can provide more accurate 

results than the CI calculations. 

The MCSCF wave function can be written as a linear combination of CSFs 

whose expansion coefficients are optimized simutaneously with spin orbitals in line 

with the variation principle. The MCSCF variation calculation of the method is 

similar to that for derivation of the HF equation. The Fock equation of the MCSCF 

method can be written in the form of, 

j

ij

jiiiivkIi cc ScSccF 


 }){},({                   (18) 

where cI is the co-efficient of a configuration, ck is the co-efficient of a spin orbital, 

and the ci is the matrix of the spin orbital co-efficient. The S is the overlap matrix of 

spin orbitals, 

qppqS                                       (19) 

ji is defined by the undetermined multipliers of Lagrange’s method, which satisfies,   

*

jiij                                             (20) 

The overlap matrix is diagonalizable,    

ijj

t

i Scc                                         (21) 

Then the Fock equation (18) can be changed into,  
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                (22) 

The second term in the square bracket of the above equation is defined as,  

])()([ t

jji

t

ij

iiji SccFcFScR 


                    (23) 

then, the equation (18) becomes,  

  iiiii SccRF                                   (24) 

In practice, the simutaneous optimization of orbital and configuration 

coefficients is a nonlinear problem, which restricts the expansion length of the 

MCSCF wave functions. The most difficult question encountered in the MCSCF 

calculation is how to select the configuration space. A general selection scheme is the 

partitioning of orbital space into some subspances, which are characterized by some 

restrictions on the occupation numbers of the configurations in the MCSCF wave 

http://en.wikipedia.org/wiki/Quantum_chemistry
http://en.wikipedia.org/wiki/Quantum_chemistry
http://en.wikipedia.org/wiki/Hartree%E2%80%93Fock
http://en.wikipedia.org/wiki/Configuration_interaction
http://en.wikipedia.org/wiki/Configuration_state_function
http://en.wikipedia.org/wiki/Wavefunction
http://en.wikipedia.org/wiki/Configuration_state_function
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functions. A particularly important MCSCF approach is the complete active space 

SCF method (CASSCF), where the linear combination of CSFs includes all that arise 

from a particular number of electrons in a particular number of orbitals. In the 

CASSCF wave funtions, the total orbital space is partitioned into core orbitals, active 

orbital, and empty orbitals. The core orbitals are doubly occupied in all CSFs, while 

the empty orbitals are unoccupied in all CSFs. There are no restrictions of occupations 

for the active orbitals. The CASSCF method is not a black-box method and is not 

easily used for non-specialists. 

It should be pointed out that the configuration space within the framework of 

the CASSCF method is relatively small. Generally speaking, it is impossible to 

recover the dynamics correlation energy by the CASSCF calculations. As a result, the 

CASSCF calculation is difficult to meet the high-accuracy requirement. However, the 

CASSCF wave functions are unique for giving a flexible framework for treatment of 

the static correlation from nearly degenerate electronic configurations. For the 

treatment of dynamical correlation, additional calculations have to be carried out on 

the basis of the CASSCF wave functions, such as multi-reference configuration 

interaction theory
22

 (MR-CI) and multi-configurational perturbation theory 

(CASPT2).
23,24

  

2.3 Ab initio molecular dynamics methods  

Classical trajectory calculations, which are based on empirical data or on 

electronic structure calculations, are well established as a powerful tool for exploring 

reaction dynamics,
25-34

 which can provide more information on the dynamics than 

conventional transition state theory and reaction path Hamiltonian method. The 

classical trajectory method is especially interesting because it is readily applicable to 

large systems for which a full quantum dynamical treatment is likely to remain 

prohibitively expensive in near future. Traditionally, the trajectory calculation 

requires accurate global potential energy surface.
35-41

 Subsequently, Newton’s 

equation of motion,  

x

x
xm

d

dV )(
                                   (25) 

is solved to determine a trajectory. Here )(xV is the potential energy of the system 

and m is a 3N-dimensional diagonal matrix of the N-atom system, 

),,,,,,,,( 222111 NNN mmmmmmmmmdiag m     (26) 

The bottleneck in the traditional trajectory calculation is the construction of the 

potential energy surface. Because of advances in computer techniques and 

improvements in electronic structure theory, now it has become possible to calculate 

classical trajectories directly from ab initio calculations without first fitting a global 

potential energy surface. The basic idea underlying ab initio molecular dynamics 

(AIMD) is to calculate forces acting on nuclei by using electronic structure theory, 

which is performed “on-the-fly” when trajectories are generated. The AIMD 

simulations on molecular systems with up to thousands of atoms are nowadays 

feasible, due to highly efficient electronic structure methods. A number of systems
42-45

 

http://en.wikipedia.org/wiki/Complete_active_space
http://en.wikipedia.org/wiki/Configuration_state_function
http://en.wikipedia.org/wiki/Configuration_state_function
http://en.wikipedia.org/wiki/Configuration_state_function
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have been studied with the gradient-based direct molecular dynamics method. 

Conventional molecular dynamics simulation is based on two fundamental 

approximations: The first is the Born–Oppenheimer (BO) or adiabatic approximation 

where the static electronic structure is straightforwardly solved at a set of fixed 

nuclear positions determined in each molecular dynamics step. The second 

approximation is treatment of the atomic motion with classical equation of motion, Eq. 

(25). The time-dependence of the electronic structure is a consequence of nuclear 

motion, and not intrinsic as in quantum dynamics. The BO dynamics has become 

popular recently, since more efficient electronic structure codes in conjunction with 

sufficient computer power are available currently. Classical trajectories can be 

calculated on a local second-order approximation surface, which is constructed by 

using the analytical first and second derivatives computed directly by the electronic 

structure method.
46-53

  

)()(
2

1
)()( 000000

xxHxxxxGx  ttEV             (27) 

where 0E is the potential energy, 0
G the energy gradients, and 0

H the Hessian at 0
x . 

This can be considered as the Hessian-based direct molecular dynamics method. In 

combination of equations of (3) and (1) we obtain  

 
j

jiji

i

i
i xxHG

dx

xdV

dt

xd
m )(

)( 000

2

2

               (28) 

Since potential energy surface is expanded to the second-order approximation, the 

equation (28) is only valid in a small region around the 0
x geometry and the 

integration can be performed to the boundary of this region. A correct step can be 

taken to go beyond the local second-order approximation by fitting a higher-order 

surface. The energies, gradients, and Hessians are calculated at the beginning and at 

the end of each propagation step of trajectory, which is followed by the fifth-order 

polynomial fit, 

)()()()()()(

)()()()()()()(

654

321





yhygyE

yhygyEV
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xxx

xxxx
       (29) 

where 
543

1 615101)(  y                         (30) 
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2   sy                      (31) 

)33(2)( 54322

3   sy                      (32) 
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4  y                            (33) 

)74()( 543

5   sy                            (34) 
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6   sy                            (35) 
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As shown in Scheme 2-1, a quadratic approximation to the surface at the beginning of 

a predictor step ( 1
x ) is used to obtain 2

x . The energies, gradients, and Hessians at 
1

x  and 2
x  are fitted by a fifth-order polynomial. A correction step is then taken on 

this fitted surface. The procedure is repeated for the next step, starting with the 

quadratic approximation to the surface at 2
x . To carry out the fit, the Cartesian 

coordinates are rotated so that one component is parallel to the predictor step, ||x  and 

the others are perpendicular to the step, x . 

X1

X
2

Predictor step

Corrector step

Scheme 2 - 1  

Let iH be the eigenvectors of the mass-weighted Hessian and ih  the 

corresponding eigenvalues, 

ijij

t

i hmm 


HHH )( 2
1

2
1

                      (38) 

After the coordinates are transformed to the eigenvector space of the mass-weighted 

Hessian,  

)( 02
1

xxmH  t

iiq                            (39) 

the equations of motion become 

iii
i qhg

dt

dp
                               (40) 

where ip is the conjugate momentum of iq and  

GmH 2
1

 t

iig                                (41) 

The solutions to equation (40) is readily obtained, which is dependent on the ih  

eigenvalue,  

,0ih  

  )sin()cos(1)( tbtatq iiiii                       (42) 

 )cos()sin()( tbtatp iiiiii                        (43) 

,0ih  

tptgtq iii )0(
2

1
)( 2                               (44) 
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tgptp iii  )0()(                                  (45) 

,0ih  

  )sinh()cosh(1)( tbtatq iiiii                     (46) 

 )cosh()sinh()( tbtatp iiiiii                     (47) 

where iii hga / , iii pb /)0( , and ii h2 . Finally, the Cartesian coordinates 

and velocities can be obtained by reverse transformation,  

Hqmxx
2/10                                   (48) 

Hqm
x 2/1

dt

d
                                     (49) 

The molecular dynamics method discussed above is founded on the assumption 

that motion of the nuclei is governed by one adiabatic potential energy surface. 

However, electronic transition is often involved in photochemical and photophsical 

processes. When a transition between electronic states occurs, the forces experienced 

by the nuclei change drastically. The non-adiabatic effects can be crucial for 

describing some dynamical processes in photochemistry. The treatment of 

non-adiabatic effects in molecular dynamics has a long history with development of 

classical, semiclassical, and quantum mechanical approaches.
54-61

 Initially restricted to 

a single adiabatic state within the BO approximation, molecular dynamics has 

recently been extended to the nonadiabatic regime, providing an important tool for the 

study of photophysical and photochemical processes. One of the most commonly used 

nonadiabatic molecular dynamics schemes is Tully’s fewest switches trajectory 

surface hopping.
61

 Early in 1990, Tully has proposed a surface-hopping method for 

performance of molecular dynamics simulations that involve electronic transitions. 

The nuclei are treated classically by solving the Newton’s equation (1), while the 

electrons are treated quantum-mechanically by solving the time-dependent electronic 

Schrödinger equation. The total Hamiltonian describing both electronic and atomic 

motion can be written as 

),(0 RrR HTH                               (50) 

where ),(0 RrH  is the electronic Hamiltonian for fixed atomic positions and RT is 

kinetic energy operator of the atomic motion. After selecting A set of orthonormal 

basis functions {i}, which depend parameterically on atomic positions (R), the 

),(0 RrH  matrix elements can be written as, 

),(),(),( 0 RrRrRr jiij HV                     (51) 

then the nonadiabatic coupling vector is defined as,  

),(),(),( RrRrRrd R jiij                      (52) 

The gradient of R is defined with respect to the atomic coordinate R. Since atomic 
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positions are a function of time t, the electronic Hamiltonian ),(0 RrH  is a time- 

dependent operator. The wave function of ),,( tRr  is defined to describe electronic 

state at time t, which is expanded in terms of the electronic basis functions.  

),,(),(),,( RrRRr 
i

ii tct                        (53) 

where ci are the time-dependent complex-valued expansion coefficients. Substituting 

equation (53) into the time dependent electronic Schrodinger equation,  





eH

t
i                                   (54) 

multiplying from the left by ),( Rrk , and then integrating over r give 
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Using the chain rule,  

kj

j

k

j

k
tt

dR
R

R













 



                (56) 

Equation (55) becomes,  

 kjkj

j

jk iVcci dR                          (57) 

where R is the nuclear velocity vector, kjd is the non-adiabatic coupling vector between 

the electronic states j and k, and ck is the expansion coefficient of the electronic state k 

in the total wave function. 

The fewest-switches surface-hopping algorithm was developed by Tully
61

, 

which assumes that the nuclear dynamics of the system may be approximately 

described by an ensemble of non-interacting trajectories and each trajectory moves on 

a single potential energy surface at all times, interrupted only by the possibility of 

sudden switches from one state to another that occurs in infinitesimal time. A surface 

switch from the occupied electronic state k to some target electronic state j occurs 

with a probability. In the fewest-switches surface-hopping algorithm, the number of 

hopping events within one time step Δt is minimized. The hopping probability 

between states k and j is (in adiabatic representation) 

 tcccP kjkjkjk 




2* )Re(2,0max dR               (58) 

The expansion coefficients of kc in the total wave function can be obtained by 

solving the time-dependent electronic Schrödinger equation (29). At each integration 

time step, a decision is made whether to switch electronic states, according to 

probabilistic fewest switches algorithm. If a switch occurs, the component of velocity 

in the direction of the nonadiabatic coupling vector is adjusted to conserve energy. 

The hopping probability jkP  from the current state k to j is calculated with equation 

(58). If jkP  is negative, it is set to be zero. A uniform random number )10(   

was generated and used to determine whether a hopping will be invoked. If 

 jkP  , hopping will occur. If  jkP , no hopping occur and the system will 
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remain in the current state. 

The choice of sudden state switches is made only for simplicity. Although real 

state switches can occur over extended regions of coupling, the fewest switches 

algorithm is a good approximation in most cases. One single trajectory makes a 

sudden switch of states, but for a large number of trajectories entering a broad region 

of coupling, some trajectories will switch early, others later, and the net result will be 

a gradual flow of flux from one state to the other. This is the reason why the sudden 

switch procedure may be quite acceptable even in cases where transitions are not 

localized.  

Finally, it should be pointed out that there are some fundamental limitations that 

result from the basic assumptions of the molecular dynamics method. Quantum 

mechanical behavior is neglected and a single potential energy surface governs the 

motion. Quantum effects such as tunneling, interference and level quantization can be 

significant, particularly in low-energy processes involving hydrogen atom motion. 

Quantum dynamics methods can treat both electronic and nuclear wavefunctions 

exactly. However, the applicability of these methods is hampered by their high 

computational costs, which limit the number of accessible nuclear degrees of freedom. 

Various alternative schemes have been proposed to describe the dynamics of the 

nuclear wavefunction, such as ab initio multiple spawning methods,
62 

decoherence 

and momentum rescaling in the surface hopping algorithm,
63

 and a singularity free 

surface hopping expansion method for the multistate wave functions.
64

 It is feasible to 

design a theory in which trajectories evolve on an effective potential that changes 

smoothly from that of the initial state to that of the final state during a finite time 

interval, which is currently under development. Truhler and co-workers present a 

modification of trajectory surface-hopping algorithm,
65

 which improves the 

self-consistency of the fewest-switches algorithm by incorporating quantum 

uncertainty into the hopping times of classically forbidden hops. This uncertainty 

allows an electronic transition that is classically forbidden at some geometry to occur 

by hopping at a nearby classically allowed geometry if an allowed hopping point is 

reachable within the Heisenberg interval of time uncertainty. The non-relativistic 

quantum dynamics of nuclei and electrons has been developed within the framework 

of quantum hydrodynamics, which is solved by using the adiabatic representation of 

the electronic states. An on-the-fly trajectory-based nonadiabatic molecular dynamics 

algorithm is derived, which is able to capture nuclear quantum effects that are missing 

in the traditional trajectory surface hopping approach based on the independent 

trajectory approximation. The use of correlated trajectories produces quantum 

dynamics, which is in principle exact and computationally very efficient.
66
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Chapter 3 

Photodissociation of Oxalyl Chloride 

3.1 Many-body photodissociation of carbonyl compounds 

Carbonyl compounds play an important role in the development of our 

understanding of photochemistry of a polyatomic molecule. Photo-dissociation of 

carbonyl compounds has served as the basis for developing new experimental 

techniques for direct observation of transient intermediate
76-78 

and for discovering new 

mechanisms of photochemical reactions.
79-81

 The photochemistry of aldehydes and 

ketones has been the subject of numerous experimental investigations over many 

decades.
76-92 

Also, there are several theoretical studies
93-102

 that focused on 

photodissociation of aliphatic, aromatic, and unsaturated carbonyl compounds. The 

alpha-dicarbonyls have attracted the attention of researchers from diverse scientific 

disciplines such as water quality chemistry,
103

 food chemistry,
104

 and medical 

research.
105,106

 As a representative system, oxalyl chloride, (ClCO)2, had been 

characterized as an excellent source
107

 of chlorine atoms for kinetic studies, since it 

has a relatively large absorption cross section at 193 nm with a quantum yield of Cl 

atoms ~2.00. UV-irradiation of (ClCO)2 in the Xe matrix led to formation of CO and 

Cl2CO.
108

 The same products were observed in the thermal decomposition of 

(ClCO)2,
109

 suggesting a concerted decomposition pathway, 

(ClCO)2  CO + Cl2CO           (1) 

The photodissociation dynamics of (ClCO)2 near 235 nm was investigated with 

a photofragment imaging technique.
110

 It was suggested that the photodissociation 

proceeds via an impulsive three-body mechanism yielding Cl, CO, and ClCO radicals. 

The formed ClCO radical undergoes subsequent dissociation to yield CO and Cl. The 

overall dissociation process can be summarized as,    

(ClCO)2 + h  Cl + CO + ClCO  2Cl + 2CO         (2) 

The same mechanism was suggested for the (ClCO)2 photodissociation at 193 nm 

using photofragment translational spectroscopy with intense tunable vacuum-UV 

probe.
111

 The further evidence for this comes from photolysis of oxalyl chloride at 

248 nm with a step-scan time-resolved Fourier transform spectrometer under nearly 

collisionless conditions.
50

  

Time-resolved and rotationally resolved emission from CO are observed upon 

photolysis of (ClCO)2 at 193 nm.
112

 A four-body dissociation mechanism was 

proposed for photolysis of (ClCO)2 at 193 nm,  

(ClCO)2 + h  Cl + CO + Cl + CO         (3) 

which produces one pair of translationally rapid and internally excited CO and one 

pair of translationally rapid Cl. Kong and co-workers
113

 have studied 

photodissociation processes of (ClCO)2 at 193 and 248 nm, and they proposed a 
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different mechanism that a two-body dissociation takes place firstly via breaking the 

central C-C bond at both 193 and 248 nm, followed by the ClCO dissociation into CO 

+ Cl, 

(ClCO)2 + h  ClCO + ClCO  Cl + CO + Cl + CO        (4) 

Although a lot of experimental investigations have been dedicated to photolysis 

of (ClCO)2, there is not a general conclusion regarding the photodissociation 

mechanism up to now. Oxalyl chloride had been the subject of extensive ab initio 

investigations over the past many years,
114-122

 but all ab initio calculations focused on 

conformational behavior of (ClCO)2 in the ground state, such as molecular structures, 

fundamental frequencies, and internal rotation around the center C-C bond. As far as 

we know, there is no report on ab initio calculation and dynamics simulation of 

photo-induced (ClCO)2 dissociation processes. In the present work, we have carried 

out complete active space self-consistent field (CASSCF) and multi-reference 

configuration interaction (MR-CI) studies on potential energy surfaces of the (ClCO)2 

dissociation in different electronic states, which provide a fundamental description on 

the reactivity of oxalyl chloride in electronically excited states. 

The study of photo-induced multiple body dissociation is of fundamental interest 

in the field of reaction dynamics. Dynamic information of two-body decay can be 

obtained through straightforward experiments. However, the acquisition of dynamic 

information for photo-initiated three-body processes has proven to be a challenge for 

theoreticians and experimentalists alike, due to the inherent difficulties in predicting 

behavior of excited molecules and in directly observing multiple dissociation 

products.
123

 There is a history of controversy over whether the photo-initiated 

three-body dissociation proceeds in a stepwise or a concerted fashion for the 

well-known systems, such as CH3COCH3,
45,48

 SOCl2,
46,48,124

 Cl2CO,
45

 CH2XCH2Y 

(X,Y=Br,Cl)
46,48

, and C3N3H3 (sym-Triazine).
46,48

 The mechanistic controversy stems 

from the challenges of characterizing dissociation of a polyatomic system at a 

molecular level.  

trot

S0

Sn

t1
t3

t2

a+b

time

b
a

Two-body 
sequential 

process 

Synchronous  concerted 
four-body process
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△t2 = t3 - t1

△t1 = t2 - t1
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Scheme 3-1 Many-body dissociations  

Experimentally, it has been observed that UV-irradiation of (ClCO)2 can lead to 

formation of four fragments (2Cl + 2CO). However, two-, three-, and four-body 
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dissociation mechanisms have been proposed for the observed products in different 

experiments.
107,110-113

 The key issue is a time scale of the C-C and C-Cl bond scissions. 

As shown in Scheme 3-1, if the two C-Cl bond scissions occur within a rotational 

period after the C-C bond fission, 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. To our knowledge, no reports have appeared to 

date for other systems dissociating to four fragments following absorption of a single 

UV photon, and four-body dissociation processes have never been investigated from 

the viewpoint of theory. In the present work, ab initio molecular dynamics 

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. 

3.2 Details of computations 

A combined CASSCF and CCSD(T) 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. 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.
125,126 

Ab initio molecular dynamics calculations that are based on the Born- 

Oppenheimer approximation have been performed with the second order Hessian- 

based integration method.
46

 A local quadratic surface is constructed from the analytic 
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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,
48

 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.  

3.3 Structures and their relative energies  

Geometric and electronic structures are fundamental and important properties of 

a molecule. However, there remains 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. 
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Figure 3-1 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). 

Both experiment and theory agree in predicting that the trans conformation with 

C2h symmetry is the most stable for (ClCO)2 in the ground state (S0). The gauche 

conformer was experimentally deduced to be the second stable isomer in 1973,
113

 

which was reproduced recently by high-level ab initio calculations.
50

 The energy 

difference between the two conformers was determined to be less than 1.0 kcalmol
-1

 

and the potential energy surface along the O=C-C=O torsional mode is very flat.
50

 

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 ground 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.
113

 It is evident that the C-C bond is a normal single 
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bond in the ground state of (ClCO)2. This 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. In addition to the inductive effects of 

oxygen atoms that weaken the conjugation interaction of the two carbonyl groups, 

effect of the steric repulsion between Cl and O atoms is also responsible for the C-C 

single bond character in the ground 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.
127,128

 The optimized (ClCO)2 

structures are shown in Figure 1, along with the selected bond parameters.  

There are two carbonyl groups in the molecule of oxalyl chloride, which can 

give rise the two equivalent n→π
*
 excitations from viewpoint of localized valence 

bond theory. Upon electronic excitation, the conjugated interaction exists in the two 

C=O groups, the two new excited states are formed, which can be considered as a 

linear combination of the two localized 
1
nπ

*
(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 3-1. One electron excitation from n orbital to the * orbital weakens 

to a large extent the C-O  bond. However, the C-C bond length is decreased in going 

from S0 to S1 or S2 and is of partial double-bond character for (ClCO)2 in the S1 and 

S2 states. 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.
29,30,71

 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. Similar situations occur 

for the T1 and T2 equilibrium structures. 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 labeled as the S3 state hereafter. The S3 equilibrium 

structure was predicted to be planar with C2h symmetry. Natural orbital analysis 

shows that the S3 state comes from one-electron excitation of π( OCCO   )  

π
*

( OCCO   ). The S3 state is the 
1
ππ

*
 state, which is of a biradical character with the 

OCCO    backbone from viewpoint of valence bond theory.  

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.
129

 

Singlet–singlet gu AXAA 11 ~~
  and singlet–triplet gu AXAa 13 ~~   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 

( gu AXAA 11 ~~
 ) and T1←S0 ( gu AXAa 13 ~~  ) transitions, the CCSD(T)/ aug-cc-pVDZ 

calculations provide a reasonable description on the relative energies of the excited 

electronic states. Since the S3(
1
ππ

*
) 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.  
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Figure 3-2 Geometric structures of Transition states in the low-lying electronic 

states of oxalyl chloride with some key bond parameters (bond length in angstrom and 

bond angle in degree) from the CCSD(T)/cc-pVDZ calculations. The intersection 

structures were determined by stateaveraged CAS(10,8)/cc-pVDZ optimizations. 

3.4 Reactions and barriers 

Since the photo-induced dissociation reactions occur along the ground state or 

the lowest excited singlet and triplet states, only the potential energy surfaces (PES) 

of the S0, S1, and T1 states were calculated in the present work. The transition states 

and intersection structure between the S1, and T1 states are given in Figure 3-2, along 

with key bond parameters from the CCSD(T)/cc-pVDZ calculations. The obtained 

PESs are schematically shown in Figure 3-3 (a). The potential energy profile of the 

C-C bond cleavage is scanned from the S0 equilibrium bond length to the dissociation 

limit of ClCO( '2 A ) and ClCO( '2 A ). Although the (ClCO)2 molecule has C2h 

symmetry in the low-lying electronic states, the C-C bond dissociation takes place 

along the C1 pathway, due to rotation of one ClCO fragment with respect to the other. 

It is found that the C-C bond cleavage in the ground state is endothermic by 74.8 

kcalmol
-1

. A transition state, T1-TS1, was confirmed on the T1 pathway to two 

identical ClCO( '2 A ) radicals by the CAS(10,8) and CCSD(T) calculations. As shown 

in Figure 3-3 (b), the barrier of the C-C dissociation along the T1 pathway was 

predicted to be 12.6 kcalmol
-1

 by the CCSD(T) calculations. The ClCO( '2 A ) radical 

can dissociate into CO( 1 ) and Cl( P2 ), which has a barrier of 2.1 and 3.2 kcalmol
-1

 

at the CAS(10,8) and CCSD levels, respectively. The transition state of the C-C bond 

fission on the S1 state is optimized with the CCSD(T) method. The optimized 

structure, denoted by S1-TS1, hereafter, is shown in Figure 3-2. Qualitatively, the C-C 

bond fission on the S1 state leads to formation of ClCO( "2 A ) + ClCO( '2 A ). 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( '2 A ) + CO( 1 ) + Cl( P2 ) in the product side. Once the (ClCO)2 molecules 

have sufficient internal energies to overcome the barrier of ~40.0 kcalmol
-1

 on the S1 

pathway, the C-C bond fission is accompanied with the C-Cl dissociation and the 

(ClCO)2 dissociation is a four-body process. Also, the formed ClCO( '2 A ) radical can 

decompose into CO( 1 ) + Cl( P2 ), due to a small barrier on the ground-state pathway. 

Once the C-C bond is broken, the subsequent C-Cl bond cleavages take place very 
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early. Upon photoexcitation of (ClCO)2 at 193 nm, the (ClCO)2 dissociation could be 

a four-body process. 

 

Figure 3-3 (a) Schematically potential energy surfaces for the C-C and C-Cl 

dissociations of oxalyl chloride in the S0, S1, and T1 electronic states. 
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Figure 3-3 (b) Schematically potential energy profiles for the C-C dissociation 

of oxalyl chloride in the S0, S1, and T1 electronic states and subsequent process. 
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Figure 3-3 (c) Schematically potential energy profiles for the C-Cl dissociation 

of oxalyl chloride in the S0, S1, and T1 electronic states and subsequent process. 

The ground-state ClCOCO radical and Cl( P2 ) can correlate adiabatically with 

(ClCO)2 in the S0, S1, and T1 states, as shown in Figure 3-3 (c). The dissociation of 

(ClCO)2 to the ClCOCO and Cl in the ground state is endothermic by ~77.6 kcalmol
-1

 

without any barrier above the endothermicity at the CAS(10,8) and CCSD levels of 

theory. A non-planar transition state on the T1 pathway is found by the CAS(10,8) and 

CCSD calculations, referred to as T1-TS2 hereafter. The C-Cl distance in T1-TS2 is 

2.109 Å, much longer than the C-Cl bond length of 1.740Å in the trans-T1 minimum. 

A similar transition state was determined on the S1 pathway, referred to as S1-TS2 

hereafter. The C-Cl bond cleavage has a barrier of 10.6 kcalmol
-1

 on the T1 pathway 

and 17.4 kcalmol
-1

 on the S1 pathway at the CCSD(T)/aug-cc-pVDZ level with the 

vibrational zero-point energy correction. It is evident that the C-Cl bond cleavage 

proceeds more easily than the C-C bond fission along the S1 and T1 pathways. After 

the C-Cl bond cleavage, the formed ClCOCO radical in the ground state can 

decompose into ClCO( '2 A ) and CO( 1 ), but it is not easy. The ClCOCO radical is 

optimized at the CAS(9,7)level, which shows that the radical is non-planar with the 

O=C-C=O dihedral angle of 97.7°. The ClCOCO dissociation into ClCO( '2 A ) and 

CO( 1 ) has a barrier of 15.4 kcalmol
-1

 at the CAS(9,7) level with the zero-point 

energy correction. 

The concerted pathway of (ClCO)2 to CO and Cl2CO has been proposed for the 

thermal decomposition of (ClCO)2,
43

 which involves 1,2-Cl migration. The same 

products were observed in UV-irradiation of (ClCO)2 in the Xe matrix.
42

 The 

transition state of the 1,2-Cl migration in the ground state, referred as TSC1-12(S0), was 

optimized with the B3LYP, MP2, and CCSD methods. The obtained structure reveals 

that the 1,2-Cl migration is accompanied with an intramolecular rotation, which is 

nearly free for (ClCO)2 in the ground state. The further evidence for this comes from 

direct ab initio molecular dynamics calculations. The activation barriers were 
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predicted to be 37.8 and 38.7, and 32.8 kcalmol
-1

 at the B3LYP, MP2, and CCSD 

levels, respectively. The potential energy profile for the 1,2-Cl migration in the 

ground state was plotted in Figure 3-4, together with the CCSD/cc-pVDZ relative 

energies. The 1,2-Cl migration is a favorable pathway in energy for (ClCO)2 in the 

ground state, as compared with the C-C or C-Cl dissociation that is endothermic by 

about 80 kcalmol
-1

. 
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Figure 3-4 Schematically potential energy profiles for the 1,2-Cl migration in 

the S0 state, along with the relative energies of the stationary structures. 

3.5 Ab initio dynamics simulation 

The features of potential energy surface, such as well depths and barrier heights, 

can provide a qualitative understanding of a chemical reaction. In most cases, 

however, a reaction mechanism is controlled by the reaction dynamics rather than 

simply the PES shape. Therefore, it is very helpful to study reaction dynamics for 

determining atomic-level mechanism of a reaction. We carried out direct ab initio 

molecular dynamics simulations on dissociation processes upon photoexcitation of 

(ClCO)2. The trajectories were integrated with a Hessian-based algorithm and Hessian 

matrix was updated at each step. To overcome the CASSCF convergence problem, the 

state-averaged CAS(10,8)/cc-pVDZ calculations were performed for determining 

energies, energy gradients, and Hessian matrix of (ClCO)2 in the S1 state.  

3.5.1 The dynamics simulation for the S1 dissociation 

Firstly, forty trajectories were calculated starting from the FC geometry on the 

S1 state with the initial kinetic energy of 0 – 45 kcalmol
-1

, which corresponds to 

vertical excitation of (ClCO)2 at 248 nm or longer wave length. The C-C, C-O, and 
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C-Cl distances are plotted in Figure 3-5 as a function of time for one representative 

trajectory with the initial kinetic energy of 45 kcalmol
-1

.  

   

   

 

Figure 3-5 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one representative trajectory starting from the FC geometry with the initial kinetic 

energy of 45 kcalmol
-1

. 

The bond parameters oscillate in their equilibrium positions and the initial 

energies in the C=O and C-C stretching modes were statistically distributed in twelve 

vibrational modes during ~1200 fs of the trajectory integration. The C-C and C-Cl 

cleavages were not observed to occur on condition that trajectories start from the S1 

FC geometry with the initial kinetic energy less than 45 kcalmol
-1

. It should be 

pointed out that only a few kcalmol
-1

 of the initial kinetic energies were converted 
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into potential energy in the trajectory propagation and the initial kinetic energy has a 

little influence on the C-C and C-Cl dissociations. 
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Figure 3-6 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one trajectory starting from the C-C distance at 1.26 Å and all other bond 

parameters at the S0 equilibium values. 

In order to explore the effect of the initial condition on the S1 dissociation of 

(ClCO)2, we consider some extreme cases. In the first extreme case, a structure, in 

which the C-C distance is 1.26 Å and all other bond parameters are the S0 equilibium 

values, was used as the initial structure for the trajectory calculation, which 

corresponds to the initial energy of ~40 kcalmol
-1

 distributed on the C-C stretching 

mode. As can be seen from Figure 3-6, all vibrational modes are located in 

low-energy vibrational states, and all parameters ocsillate around their equilibrium 

positions. The C-C bond cleavage was not observed even with the initial potential 

energy of 40 kcalmol
-1

 distributed on the C-C stretching mode. 
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Figure 3-7 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one trajectory starting from the S1-TS1 geometry. 

Time evolution of the C-C, C-Cl, and C-O distances are plotted in Figures 3-7 

and 3-8 for other two special cases, where the trajectories start from the 

transition-state structures of the C-C and C-Cl bond cleavages on the S1 state, 

respectively. The first observation is that the C-C bond cleavage occurs within 200 fs, 

once the trajectory propagates from the S1-TS1 geometry (see Figure 7). It was also 

found that the two C-Cl bonds were cleaved in the same period with the C-C bond 

fission. Therefore, once sufficient internal energies were distributed in the C-C 

stretching mode, the (ClCO)2 dissociation proceeds to give 2CO( 1 ) and 2Cl( P2 ) as 

the products in a synchronous concerted fashion. 

But the situation is quite different for the C-Cl bond fission in the S1 state. 

Although the initial C-Cl bond was found to break immediately, no subsequent C-C or 

C-Cl bond fission was observed by the dynamics simulation, as shown in Figure 3-8. 

If the C-Cl bond is broken firstly, the dissociation of (ClCO)2 is only a two-body 

process, leading to formation of Cl and ClCOCO radicals in the ground state, which is 

consistent with existence of a considerable barrier on the pathway from ClCOCO to 
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ClCO + CO. From the combined electronic structure calculations and dynamics 

simulations, it can be concluded that the direct S1 dissociation (two-, three-, and 

four-body) occurs with little possibility upon photo-excitation at 248 nm and even at 

193 nm. 
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Figure 3-8 The C-C, C-O, and C-Cl distances are plotted as a function of time for one 

trajectory starting from the S1-TS2 geometry. 

3.5.2 The dynamics simulation for the T1 dissociation 

Since there is little possibility for the dissociation along the S1 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 
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carried out at the unrestricted MP2 level, which is different from the CASSCF 

calculation for the S1 trajectories. The CASSCF calculation is time consuming in 

comparison with the MP2 calculation, but the MP2 calculation 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. 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 3-9 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative trajectories with the initial C-C bond length of 1.45 Å 

and other bond parameters at their S0 equilibrium geometry. 

The C-C, C-Cl, and C-O distances are plotted in Figure 3-9 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 
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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 in the 

same time. 

   
 

   
 

 

Figure 3-10 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative trajectories with the initial C-C bond length of 1.47 Å 

and other bond parameters at their S0 equilibrium geometry. 

Upon analyzing time evolution of structures and energies for the 286 trajectories 

that leads to four-body dissociation in the T1 state, it is 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 
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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. 

     

     

 

Figure 3-11 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative trajectories with the initial C-C bond length of 1.43 Å 

and other bond parameters at their S0 equilibrium geometry. 

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 3-10 as a function of time for one of the representative 

trajectories for the three-body dissociation. The total energy given for this three-body 

process is the same as that for dynamics simulation for the four-body dissociation 

shown in Figure 3-9, 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 
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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. 

     

     

 

Figure 3-12 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative trajectories with the initial bond parameters at their S0 

equilibrium geometry. 

The two-body dissociation of (ClCO)2 was observed to take place in the T1 state, 

although the possibility is relatively small. As shown in Figure 3-11, only the C-C 

bond fission was observed by the dynamics simulation, in spite of more initial 

potential energies distributed in the C-C stretching mode in comparison with the case 

shown in Figure 3-9. In a transition period of about 200 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 trasition period, the C-C bond was observed to 

break immediately, but the two C-Cl stretching modes are in their low-energy 

vibrational excited states. It shound be pointed out that one C-O stretching mode is in 

high-energy excited vibrational state, while the other C-O stretching vibration is 

nearly in its gound state. The initial internal energies are localized in the C-C 
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stretching mode, but most of them are transferred to the C-O stretching mode in about 

200 fs, which is the main reason why only the C-C two-body dissociation was 

observed even with large quantity of the initial internal energy distributed in the C-C 

stretching mode. 

Figure 3-12 gives one example for the C-Cl two-body dissociation along the T1 

pathway. After one C-Cl bond fission, the left internal energies distributed in the C-C, 

and one C-O stretching modes. As a result, the C-C stretching mode does not have 

sufficient energies to overcome a barrier of about 15 kcalmol
-1

 on the decomposition 

pathway of ClCOCO  ClCO( '2 A ) + CO( 1 ). Thus the C-Cl two-body dissociation 

becomes dominant pathway under this condition. Once the system decays to the T1 

state, the four-body dissociation of (ClCO)2 is the dominant pathway, leading to 2 

Cl( P2 ) and 2 CO( 1 ) in the ground state; The three-body dissociation is a minor 

channel with little possibility for the two-body dissociation.  

3.5.3 The dynamics simulation for the S0 processes 

Before the end of this chaper, we explore the possibility of (ClCO)2 dissociation 

in the ground state. As pointed out before, the CASSCF calculation is more time 

consuming in comparison with the MP2 and B3LYP calculations, which are reliable 

for studying a molecule in the ground state. In addition, the MP2 and B3LYP methods 

are more effective for treating electronic correlation than the CASSCF method. In 

principle, electronic structure calculations for dynamics simulation of ground-state 

processes should be performed with the MP2 or B3LYP method. However, the 

(ClCO)2 dissociation in the S0 state leads to formation of radical products. In this case, 

both the restricted and unrestricted MP2 (B3LYP) methods can not give a consistent 

description on the whole dissociation processes. For example, the restricted MP2 

(B3LYP) is suitable for structural region around equilibrium geometry, but is not 

suitable for the dissociation limit of ClCO( '2 A ) + ClCO( '2 A ) or ClCOCO + Cl( P2 ); 

In principle, the unrestricted MP2 (B3LYP) method can give a right description on 

asymptotic behavior of (ClCO)2 → ClCO( '2 A ) + ClCO( '2 A ) or (ClCO)2 → ClCOCO 

+ Cl( P2 ). But trajectories always stay around the equilibrium position, if the 

unrestricted MP2 (B3LYP) method was used for electronic structure calculation. In 

comparison, the CASSCF method is suitable for both stable structure and its radical 

products, which is employed in the dynamics simulation of the (ClCO)2 dissociation 

in the ground state. 

Totally, thirty-five trajectories were calculated starting from the S0 state with the 

initial energy in the range of 50-100 kcalmol
-1

. Firstly, eighteen different structures, 

in which the C-C distance is decreased from 1.54 Å (the equilibrium C-C bond length 

of the S0 state) to 1.18 Å with the other bond parameters at the S0 equilibrium 

geometry, were used for trajectory calculations. It was found that seventeen 

trajectories stay in the region of the S0 equilibrium geometry. The C-C, C-O, and C-Cl 

distances are plotted in Figure 3-13 as a function of time for one representative 

trajectory with the initial bond parameters at their S0 equilibrium geometry, except for 

the C-C distance at 1.50 Å. It can be seen from Figure 3-13 that all stretching 

vibrations are in their low-energy excited states. Finally, the exceess internal energies 

are statistically distributed on all vibrational modes.   

When the C-C distance is decreased to 1.20 Å in the initial structure, which 

corresponds to the initial energy of ~95 kcalmol
-1

 distributed on the C-C stretching 
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mode, the C-C bond cleavage was observed within a half of the C-C stretching 

vibrational period. As shown in Figure 3-14, the two C-Cl bond cleavages take place 

nearly in the same period as the C-C bond cleavage. Once a large quantities of the 

internal energies (~100 kcalmol
-1

) are initially distributed on the C-C stretching mode, 

the (ClCO)2 dissociation in the ground state is an ultrafast and synchronous concerted 

four-body process, leading to formation of 2 Cl( P2 ) and 2 CO( 1 ).It should be 

pointed out that the initially formed CO( 1 ) molecules are in different vibrational 

states. 

   

   

 
Figure 3-13 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative S0 trajectories with the initial bond parameters at their S0 

equilibrium geometry, except for the C-C distance at 1.50 Å. 



 

- 33 - 

Seventeen trajectories were calculated with the initial energies of ~100 

kcalmol
-1

 distributed in the C-C and C-Cl stretching modes. Most of them went back 

to the reactant region (14 out of 17 trajectories), oscillating in the S0 equilibrium 

position. Time evolution of the bond parameters are similar to those shown in Figure 

3-13. Two trajectories left the reactant region, one leading to two-body dissociation 

by the C-C bond cleavage and the other giving rise to three-body dissociation by 

fissions of the C-C bond and one C-Cl bond. In some cases (3 trajectories out of 16), 

the ClCO( '2 A ) radical is formed by the C-C bond cleavage as an intermediate. 

However, the intermediate was predicted to have a lifetime less than 70 fs in the 

present case. Actually, the C-C and C-Cl bond cleavages occur in a synchronous 

concerted way. 

    

    

 

Figure 3-14 The C-C, C-O, and C-Cl distances are plotted as a function of time 

for one of the representative S0 trajectories with the initial bond parameters at their S0 

equilibrium geometry, except for the C-C distance at 1.18 Å. 
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3.6 Mechanistic photodissociation of (ClCO)2  

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 products of CO and Cl2CO were observed in UV-irradiation of 

(ClCO)2 in the Xe matrix. The concerted pathway from (ClCO)2 to CO + Cl2CO 

involves 1,2-Cl migration and a large structural deformation. Before formation of CO 

+ Cl2CO, internal energies are distributed into all vibrational modes. The 1,2-Cl 

migration in the ground state takes place with little possibility, although the barrier on 

the concerted pathway is relatively small (~38 kcalmol
-1

). 

The optimized S1/T1 intersection structure is given in Figure 3-2. A comparison 

with the S1 equilibrium structure shown in Figure 3-1 indicates that the S1/T1 

intersection point is close 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 n→* 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 intersection structure. 

All these indicate that the ISC from S1 to T1 takes place with high efficiency.  

As pointed out before, the C-C bond fission on the T1 state has a barrier of 12.6 

kcalmol
-1

, which is a little higher than that for the T1 C-Cl bond cleavage. 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 fiision 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( '2 A ) + 

CO( 1 ) + Cl( 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 
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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. 
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Chapter 4 

Photodissociation of phosgene 

Since phosgene (Cl2CO) is an excellent model molecule for studying 

three-body dissociation dynamics, its photodissociation has received considerable 

attention in the past decades. We have performed direct ab initio trajectory 

calculations to explore the dynamics of the photo-induced Cl2CO dissociation. The 

dissociation is predicted to be an ultrafast and synchronous concerted three-body 

process, which is summarized in this chapter (for details see the paper 1). 

   

Figure 4-1. One- and two-dimensional potential energy surfaces of the ground 

and excited states for Cl2CO, along with the stationary structures (bond length in 

angstrom, bond angles in degree, and  : the Cl-C-O-Cl dihedral angle) and their 

relative energies (kcalmol
-1

,the red numbers ). Reprinted with permission from 

American Institute of Physics. 

4.1 Structures and relative energies 

Geometric and electronic structures of Cl2CO have been investigated with 

different ab initio methods,
130

 such as CCSD, MP2, CASSCF, and DFT. It was found 

that double- is suitable basis set for electronic structure calculations of the Cl2CO 

molecule.
130

 Thus, the cc-pVDZ basis set is employed for studying the structure and 

relative energy. The optimized structures and calculated relative energies are shown in 

Figure 4-1 along with the CCSD/cc-pVDZ bond parameters, which are close to 

experimental values. The equation-of-motion CCSD calculations (EOM-CCSD) 

reveal that the first excited singlet state (S1) of Cl2CO originates from the n→π
*
 

excitation localized on the C=O group. The further evidence for this comes from 

changes in bond parameters from S0 to S1. The C-O bond is increased from 1.182 Å in 
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S0 to 1.311 Å in S1, while the Cl-C-O-Cl dihedral angle is decreased from 180 in the 

S0 structure to 130 in the S1 structure. Thus, the S1 state is assigned as 
1
nOπ

*
(C=O) 

hereafter.  

The relative energies for the stationary structures calculated at the CAS(10,8) 

and EOM-CCSD(CCSD) levels are listed in Table 4-1, along with the experimental 

values where available. The S1 equilibrium geometry has its relative energy of 99.0 

kcalmol
-1

 at the EOM-CCSD/cc-pVDZ level with the vibrational zero-point energy 

correction, while the vertical excitation from S0 to S1 is 128.6 kcalmol
-1

 at the same 

level of theory. As compared with the experimental findings of the maximum 

absorption at 232 nm and the S0S1 band origin of 32730 cm
-1

 (93.4 

kcalmol
-1

),
130,131

 the present EOM-CCSD calculations overestimate the relative 

energy of the S1 state by ~ 5.0 kcalmol
-1

. 

Table 4-1 The relative energies (kcalmol
-1

) for the stationary structures 

 CAS(10,8)  EOM-CCSD
a
 Exp. 

cc-pVDZ cc-pVTZ  cc-pVDZ cc-pVTZ 

Cl2CO(S0) 0.0 0.0  0.0 0.0 0.0 

Cl2CO(S1) 100.5 102.1  99.0 101.2 93.4
b
 

Cl2CO(FC-S1) 132.4 134.4  128.6 129.4 123.2
c
 

TS(Cl2COClCO+Cl) 108.9 110.3  105.1 109.3 - 

ClCO( '2 A ) + Cl( P2
) 67.4 68.9  70.1 71.9 74.6

d
 

TS(ClCOCO+Cl)+Cl 67.9 71.1  70.9 74.5 - 

a: The relative energies in ground state calculated at the CCSD level; b: Band origin 

(32730 cm
-1

) from Refs. 130 and 131; c: The absorption maximum at 232 nm from Ref. 

116; d: The dissociation energy calculated from heats of formation at 0K in Ref. 117. 

4.2. The C-Cl bond dissociation 

The Cl2CO in the S0 and S1 states can correlate adiabatically with the 

ClCO( '2 A ) radical and Cl( P2 ) in the ground state, due to three-fold degenerate of 

Cl( P2 ).The one and two-dimensional potential energy surfaces of the C-Cl bond 

cleavages in the S0 and S1 states are shown in Figure 4-1 along with the relative 

energies of the stationary points. The first C-Cl bond cleavage in the ground state is 

endothermic by 70.1 kcalmol
-1

 (D0) at the CCSD/cc-pVDZ level. A transition state is 

found on the S1 pathway to ClCO( '2 A ) and Cl( P2 ) by the EOM-CCSD calculation. 

The first C-Cl bond fission has a barrier of 6.1 kcalmol
-1

 on the S1 pathway. When the 

first C-Cl bond is dissociated with the C-Cl distance of 2.078 Å at the TS1 structure, 

the second C-Cl bond is elongated by 0.013 Å in the TS1 structure, as compared with 

that in the S1 structure. This shows that the first C-Cl bond cleavage has a 

considerable influence on the second C-Cl bond dissociation. 

The CCSD calculations with the cc-pVDZ and cc-pVTZ basis sets indicate that 
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the ClCO( '2 A ) dissociation into CO( 1 ) and Cl( P2 ) is exothermic by 4.5 and 3.1 

kcalmol
-1

 (D0), respectively. The barrier to the dissociation is predicted to be 0.8 and 

2.6 kcalmol
-1

 by the CCSD/cc-pVDZ and CCSD/cc-pVTZ calculations, respectively. 

The present calculations reveal that the ClCO( '2 A ) radical decomposes into CO( 1 ) 

+ Cl( P2 ) very easily. However, the dissociation was inferred to be endothermic by 

2600  1200 cm
-1

 (4.0 – 10.9 kcalmol
-1

) in the previous studies,
117,132 

and the 

ClCO( '2 A ) radical exhibits a well with a depth of 5850 cm
-1

 (16.7 

kcalmol
-1

).
131,133-135

 The present electronic structure calculations give us a reason to 

expect that the second C-Cl dissociation of Cl2CO takes place very easily, once the 

first C-Cl is broken, a concerted three-body process occurs. The further evidence for 

this comes from ab initio molecular dynamics, which is discussed below. 

 

Figure 4-2 The C-O and C-Cl distances plotted as a function of time for a 

representative trajectory with the initial kinetic energy set to zero. The initial part is 

enlarged in the upper inset. Reprinted with permission from American Institute of 

Physics. 
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4.3 Ab initio dynamics simulations  

Firstly, fifty trajectories were calculated starting from the Franck-Condon 

geometry in the S1 state, which corresponds to the internal energy of 23.5 kcalmol
-1

 

above the barrier top of the C-Cl bond cleavage on the S1 pathway. Meanwhile, the 

initial kinetic energy is set to zero for all trajectories. Different step sizes, which are 

changed from 0.01 to 0.15 (amu)
1/2
bohr, were used to propagate trajectories. All fifty 

trajectories were found to be reactive and propagate into the product region within 

450 fs. The calculated trajectories show that the first C-Cl bond breaks completely in 

the time range of 110 – 420 fs with an average value of 260 fs (the average of the time 

difference), while it takes 230 – 460 fs for the second C-Cl bond to break fully with 

an average value of 298 fs. On average, the second C-Cl bond breaks completely at 40 

fs after the cleavage of the first C-Cl bond, but the two C-Cl bonds begin to break 

(C-Cl distance  2.0 Å) at the same time. The S1 dissociation is a three-body process, 

leading to CO( 1 ) + Cl( P2 ) + Cl( P2 ) in the ground state. The C-O and C-Cl 

distances are plotted in Figure 4-2 as a function of time for a representative of the 

reactive trajectories. After photo-excitation to the S1 FC point, the initial potential 

energies are mainly distributed in the C-O stretching mode. As a result, the C-O bond 

oscillates around its S1 equilibrium value at the initial stage. After a few vibrational 

periods (~150 fs), the C-O bond distance is suddenly decreased and the C-O 

stretching mode retutn to its vibration ground state. At the same time, the internal 

energies are transferred to the C-Cl symmetric stretching mode and the two C-Cl 

bonds begin to break simultaneously. The first C-Cl bond breaks completely at 205 fs, 

while it takes another 30 fs for the second C-Cl bond to break fully.  

Secondly, one hundred trajectories were initiated at the S1 FC geometry and the 

initial kinetic energy is set to 1 – 15 kcalmol
-1

 with the step-size fixed at 0.05 

(amu)
1/2
bohr. A few kcalmol

-1
 of the initial kinetic energies were found to convert 

into potential energies in the trajectory propagation. The initial kinetic energies have a 

noticeable influence on the C-Cl bond dissociation. On average, the first C-Cl bond 

fully breaks with a time constant of 114 fs, while the time constant is about 160 fs for 

the second C-Cl bond to fully break. Increrasing of the initial kinetic energies results 

in the time scale of the C-Cl bond fission shorted by about 140 fs, but the time 

difference between the two C-Cl bond cleavages is nearly unchanged with increase of 

the initial kinetic energies for the reactive trajectories. The C-O and C-Cl distances 

are plotted in Figure 4-3 as a function of time for the reactive trajectory with the 

initial kinetic energy of 5.0 kcalmol
-1

. It has been found that the initial energies 

distributed in the C-O stretching mode are transferred to the C-Cl symmetric 

stretching mode within one vibrational period and the two C-Cl begin to break at the 

same time of ~30 fs. Then the two C-Cl distances are monotonically increased with 

the time of trajectory propagation. The first and second C-Cl bonds break completely 

at a time of ~100 and ~140 fs, respectively.  

For the photo-induced three-body decay of Cl2CO, the synchronous and 

asynchronous concerted mechanism, as well as a stepwise mechanism, have been 

suggested to be be responsible for formation of three-body products of CO and 

2Cl( P2 ) in the previous studies.
117,132,134,136,137

 From the time constants for the two 

C-Cl bond cleavages calculated in the present work, we come into conclusion that the 

photo-initiated dissociation of Cl2CO is the synchronous concerted three-body process 

and the sequential dissociation can be ruled out.  

It has been pointed out before that the S1 C-Cl bond cleavage yields the 
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ClCO( '2 A ) fragment with a barrier of 6.1 kcal/mol and the further decomposition of 

ClCO( '2 A ) is exothermic with a barrier in the range of 0.8 – 2.6 kcalmol
-1

. Once the 

molecule of is populated in the S1 state by photo-excitation at 230 nm, the molecule 

has sufficient internal energies to overcome the barrier on the pathways of the two 

C-Cl bond cleavages. The feature of the calculated potential energy surface is in good 

agreement with the concerted mechanism of the Cl2CO dissociation into CO( 1 ) and 

2Cl( P2 ). 

 
Figure 4-3 The C-O and C-Cl distances plotted as a function of time for a 

representative trajectory with the initial kinetic energy set to 5.0 kcalmol
-1

. Reprinted 

with permission from American Institute of Physics. 

 

The atomic Cl fragments were experimentally observed both in the ground 

(
2
P3/2) and the spin-orbit excited states (

2
P1/2).

117,137
 The energy difference of the two 

spin-orbit states, Cl(
2
P3/2) and Cl(

2
P1/2), is about 0.1 eV. In particular, the energy 

splitting is less than 100 cm
-1

 between the two spin-orbit states in the region of the 

reactant and transition state (C-Cl distance < 3.0 Å).
138,139

 It is reasonable to expect 

that the spin-orbit interaction has little influence on the mechanism of the Cl2CO 
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photodissociation. 

The present ab inito molecular dynamics simulations predict that the symmetric 

C-Cl stretching mode is initially excited and the two C-Cl bond begin to break in a 

concerted fasion. But, they have different time contants for fully breaking of the first 

and the second C-Cl bonds. One reason for this comes from the fact that the transition 

state has asymmetric structure for the first C-Cl bond cleavage on the S1 surface. A 

very small barrier on the pathway of the second C-Cl bond cleavage is another reason 

that is responsible for its delayed breaking. As a consequence, the two Cl atoms 

produced by photodissociation of Cl2CO have different velocity and energy 

distributions. It also reveals that the first Cl fragment is released in a fast process with 

a time constant less than 260 fs, which is close to the experimentally inferred lifetime 

of 210 fs for the Cl2CO molecule.
137

 However, the second Cl fragment was predicted 

to be released within a rotational period of the ClCO( '2 A ) radical, which is shorter 

than the time constant inferred experimentally.
137 

The competing fragmentation channels for Cl2CO, Cl2SO, and FClCO at 235 

nm have been suggested to take place either directly on the excited state or after 

internal conversion on the ground state potential energy surface.
135

 Especially, the 

photo-initiated three-body decay of Cl2CO has been inferred to involve both the 

ground and first excited singlet states.
135

 The present electronic structure calculations 

show that the S1 state exhibits clear 
1
nO*CO character in the FC region. In the 

transition-state (TS) region of the first C-Cl bond fission, however, both the (n
1
*

1
) 

and (
1
*

1
) configurations makes important contributions to the S1 wave function. 

When the trajectory passes through the TS region, the (
1
*

1
) configuration becomes 

main contribution to the S1 wave function. It has been pointed out before that the first 

C-Cl bond cleavage along the S1 pathway is an ultrafast process upon photo-excitation 

of Cl2CO at 230 nm, internal conversion to the ground state and intersystem crossing 

to the lowest triplet state are not in competition with the S1 direct C-Cl bond 

dissociation. The present electronic structure calculation and dynamics simulation 

indicate that the concerted three-body decay of Cl2CO is an adiabatic and ultrafast 

process, which does not support non–adiabatic process proposed in the previous 

experimental studies. 

4.4 Conclusion. 

The potential energy surfaces of Cl2CO dissociation to CO + 2Cl( P2 ) in the S0 

and S1 states have been determined with high-level electronic structure methods. The 

Cl2CO molecules in the S1 state by photo-excitation have sufficient internal energies 

to overcome the small barrier on the S1 pathway to ClCO( '2 A ) and Cl( P2 ) and the 

subsequent decomposition of ClCO( '2 A ) to CO( 1 ) + Cl( P2 ). The present electronic 

structure calculations give an evidence that the photo-induced Cl2CO dissociation to 

CO( 1 ) and 2Cl( P2 ) is a concerted and adiabatic process. The direct ab initio 

molecular dynamics simulations have been performed to probe photodissociation 

dynamics of Cl2CO at 230 nm. The intramolecular energy transfer is very fast (~260 

fs), and the C-Cl bond cleavages were observed to occur within less than 100 fs. The 

photo-initiated dissociation of Cl2CO is the synchronous concerted three-body process 

and the sequential dissociation is ruled out.  
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Chapter 5 

Wave-length dependent photodissociation of benzoic 

acid 

As the simplest member of the aromatic carboxylic acid family, benzonic acid 

(C6H5COOH) has been extensively investigated in the past many decades. Most of the 

previous studies focused on its electronic structure, spectra, and H-bond character in 

the dimer.
140-144

 It is well known that the photodissociation of benzonic acid and the 

other carboxylic acids in UV plays an important role in atmospheric, combustion, and 

interstellar chemistry.
145-153

 Recently, theoretical studies
154-158

 reported three reaction 

channels of benzonic acid: 

 

Following these theoretical studies, Yin and co-workers had performed experimental 

investigation of the C6H5COOH photodissciation by LIF technique at 266 nm
159

 and 

280-295 nm
160

 with focus on the detection of OH fragment. The T2 state was found to 

be dominant to produce OH fragment from the C6H5COOH photodissociation at 266 

nm. We have performed a combined CAS(14,12)/CASPT2 calculation with large 

basis set to explore the photo-induced C-OH bond fission. A summary is given in this 

chapter and the detailed results can be found in the published paper 3. 

 
Figure 5-1 The schematic structure and atomic labels of C6H5COOH. 

Reprinted with permission from AmericanChemical Society. 

 

5.1 The S0 geometry and Tv values 

The C6H5COOH molecule in the ground state has two stable conformers, which 

are of planar structures with different relative positions of OH and C=O groups. The 

optimized structure is schematically shown in Figure 5-1 and the key bond parameters 
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are listed in Table 5-1 at the CAS(14,12)/ANO-RCC-VDZP level. On the basis of the 

optimized structure of C6H5COOH in the ground state, the veritcal excitation energies 

(Tv) to the S1-A", S2-A, S3-A, T1-A, and T2-A" states are calculated with the 

MS-CASPT2//CAS(14,12) method, which are listed in Table 5-1. 

Table 5-1: The selected geometric parameters (in Å and degree) from the present 

CAS(14,12)/ANO-RCC-VDZP (level a) and previous CAS(10,8)/cc-pVDZ (level b 

from Ref. 19) optimizations. TS-S1 and TS-T2 are the transition states on the S1 and T2 

potential energy surfaces, respectively. S1/S2 and T2/S2 are the crossing points between 

S1 and S2 states, and T2 and S2 states, respectively. :the H5-O14-C12-O14 dihedral 

angle. Tv: the vertical excitation energies (eV)  

States  C1-C2 C1-C6 C1-C12 C12-O13 C12-O14  Tv 

S0 

 

a 

b 

1.393 

1.401 

1.391 

1.385 

1.477 

1.489 

1.215 

1.196 

1.331 

1.337 

0.0 

0.0 

0.0 

S1-A" 

 

a 

b 

1.416 

1.395 

1.423 

1.395 

1.396 

1.472 

1.386 

1.403 

1.344 

1.351 

-74.8 

-65.5 

5.20 

S2-A 

 

a 

b 

1.430 

1.440 

1.432 

1.441 

1.451 

1.468 

1.220 

1.204 

1.335 

1.332 

0.0 

0.0 

4.76 

T1-A 

 

a 

b 

1.476 

1.485 

1.462 

1.480 

1.440 

1.453 

1.225 

1.204 

1.336 

1.342 

0.0 

0.0 

3.94 

T2-A" a 

b 

1.416 

1.410 

1.421 

1.406 

1.389 

1.446 

1.384 

1.365 

1.343 

1.354 

-73.5 

-71.5 

4.98 

TS- S1 a 

b 

1.432 

1.391 

1.428 

1.391 

1.362 

1.480 

1.222 

1.236 

1.798 

1.784 

-49.8 

-52.5 

 

TS- T2 a 

b 

1.434 

1.391 

1.428 

1.391 

1.359 

1.485 

1.217 

1.235 

1.841 

1.783 

-48.9 

-63.1 

 

S2/S1 a 1.427 1.428 1.413 1.275 1.349 0.0  

S2/T2 a 1.426 1.428 1.420 1.265 1.347 0.0  

S1/T2 a 1.452 1.452 1.438 1.369 1.269 0.0  

5.2 The potential energy profiles of the C-OH fissions in the 

low-lying electronic states 

The main purpose of the present study is to explore the C-OH bond fission upon 

photo-excitation of benzonic acid at 266 nm (4.66 eV),
159,160

 which can reach 

doorway state (S2-A) at most. The S0-A, S1-A", T1-A, and T2-A"states are lower 

than the S2-A state in energy, as can be seen from Table 5-1. The T1 state is of the 
1



 character, which is localized in the aromatic ring and is unreactive with respect to 

the alpha bond fission. Thus, the potential energies of the S0-A, S1-A", S2-A, T2-A", 

and T3-A states were calculated as a function of the C-OH distance, and shown in 

Figure 5-2. When the C-O distance is changed from 1.3 to 5.0 Å with a step-size of 

0.2 Å, all the remaining degrees of freedom were optimized at the CAS(14,12) level. 

Then the single-point energies were calculated with the CASPT2 method. In this way, 
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the potential energy profiles were obtained in Figure 5-2. From the calculated 

potential energy profiles, it can be seen that S2-A and T3-A give the dissociation 

products of C6H5CO
*
 + OH in excited state, whereas the S0-A, S1-A", and 

T2-A"states are dissociated into the ground-state radicals of C6H5CO and OH. The 

crossing points between S2 and S1 (S2/S1), S2 and T2 (S2/T2) and S1 and T2 (S1/T2) are 

located and the selected bond parameters are listed in Table 5-1.  

 

Figure 5-2 The CASPT2//CASSCF calculated potential energy profiles of the 

low-lying electronic states along the coordinate of the OH group leaving under Cs 

symmetry. The inset is the profiles of the S1 and T2 states. The marked values in the 

inset were the relative energies (kcal/mol) relative to the S0 minimum, which were 

corrected by zero-point energy on the corresponding fully optimized geometries. 

Reprinted with permission from AmericanChemical Society. 

  

On the basis of the CAS(14,12)/CAS(14,12)/ANO-RCC-VDZP optimized 

structures for the S0, S1, S2, T1 and T2 states, the adiabatic excited energies (T0) were 

calculated with the CASPT2// CAS(14,12)/CAS(14,12)/ANO-RCC-VDZP method. 

The obtained results are in good agreement with the experimental vales avaiable. The 

saddle-point structures of TS-S1 and TS-T2 were optimized located and their selected 

bond parameters were listed in Table 5-1. Frequency analyses reveal that they are the 
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real transition states on the reaction pathways.  

The S2 state is the doorway state upon photoexcitation of benzonic acid at 

266–294 nm. But S2 is a bound state and can dissociate into the ground-state products 

through S1 or T2 as a result of the internal conversion (IC) or intersystem crossing 

(ISC). In this case, the crossing points of S2/S1 and S2/T2 control dissociation 

mechanism. Since the S2→S1 IC is much easier than the S2→T2 ISC process, the S1 

C–O bond cleavage might be a dominant channel for the C6H5COOH 

photodissociation at 266–284 nm. Once the S1 state is populated, C6H5COOH can 

decay to the T2 state due to a high barrier on the S1 pathway. From the above 

discussion, it can be concluded that the S1 and T2 C–O bond cleavages are a pair of 

competition pathways for the C6H5COOH photodissociation at 266–284 nm.  
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Chapter 6 

Generation of tropospheric OH radical from NO2 and 

H2O 

Hydroxyl radicals are highly reactive molecule with very short lifetime, which 

play an important role in atmospheric photochemistry.
161-166

 For example, the 

hydroxyl radical can function as the "detergent" of the troposphere and it controls the 

concentrations of man-made gaseous pollutants. The oxidation reaction of the OH 

radical with carbon monoxide mediates the eliminating of CO, producing carbon 

dioxide in atmosphere. Hydroxyl radical plays an important role in eliminating some 

greenhouse gasses like methane and ozone.
167-171

 The product of radical HO2 arising 

from the OH reaction chain can undergo further decomposition and eventually is 

recycled to OH.
171

 The radicals OH and HO2 are collectively known as HOx that is the 

heart of the photochemistry of the troposphere.
172-176

  

The photolysis of ozone by UV irradiation in the presence of water vapour is 

accepted as a primary generation mechanism of tropospheric OH radicals.
177-180

 

Recently, Sinha and his coworkers investigated the reaction of excited-state nitrogen 

dioxide with water and found that its is another important source of tropospheric 

hydroxyl radicals.
181,182

 Irradiation of NO2 at 420 nm or longer wavelength initiates 

the photochemistry of efficiency of OH formation in the presence of water vapor. The 

formed HONO can undergo further photo-decomposition into the OH radicals. 

Although numerous studies were reported on photochemistry of nitrogen dioxide and 

its reaction with water, quantitative understanding of its photo-reaction mechanism 

has not been achieved up to now. We have performed a combined CASSCF/CASPT2 

calculation to elucidate how OH radical is generated in the troposphere from NO2 and 

H2O. A summary is given in this chapter and the detailed results can be found in the 

published paper 2. 

6.1 The active space  

The CASSCF method was employed to optimize structures of the critical points 

(minima and conical intersections) in three lowest-lying electronic states (
2
A1, 

2
B1 and 

2
B2). It is well known that choice of the active space is a critical step for the CASSCF 

calculations. I would like to give some comments on how to select the active orbitals 

in the following. As shown in Figure 6-1, three   orbitals delocalized in the NO2 

molecule, 0

ONOπ , 1

ONOπ , and 2

ONOπ , which have zero, one and two nodes respectively, 

should be included in the active space. In addition, three non-bonding orbitals 

localized on oxygen and nitrogen atoms ( y

On , z

On , Nn ) are included in the active space, 

http://en.wikipedia.org/wiki/Troposphere
http://en.wikipedia.org/wiki/Greenhouse_gas
http://en.wikipedia.org/wiki/Methane
http://en.wikipedia.org/wiki/Ozone
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due to their important contribution to the n→* excited states. To account for the 

reaction of hydrogen abstraction, the O-H  and * orbitals and non-bonding orbital 

of water O atom ( H(W)-O , *

H(W)-O , O(W)n ) are added into the active space. Finally, the 

active space is composed of 13 active electrons in 9 active orbitals for the CASSCF 

calculation, referred to as CAS(13,9) hereafter. 

 

       

0

ONOπ           1

ONOπ          2

ONOπ  

       

y

On               z

On             Nn  

       

H(W)-O             *

H ( W )-O                  O ( W )n  

Figure 6-1 The active oribitals used for the CASSCF calculations.  

6.2 The critical structures involved  

Figure 6-2 shows the structures of minima and conical intersections for NO2 and 

its complex with water (NO2-H2O), along with the CASSCF/6-31G** optimized key 

bond parameters. The NO2 molecule in the ground state ( X
2
A1) has a C2v symmetry 

with the N-O bond length of 1.171 Å and the O-N-O angle of 133.9 at the 

CAS(9,6)/6-31G** level of theory. The optimized X
2
A1 bond parameters are 

quantitatively consistent with those measured experimentally.
183-186

 The CAS(9,6) 

calculated wave functions indicate that the unpaired electron is populated in the 

non-bonding orbitial of Nn , while the two three-center  orbitals ( 0

ONOπ  and 1

ONOπ ) 

with zero and one node are doubly occupied for NO2 in the ground state. It is evident 

that there is a three-center-four-electrons  bond in the ground state of NO2 rather 

than a three-center-three-electrons  bond. The electron spin resonance spectroscopy 

provides the strong evidence that the unpaired electron is distributed in nonbonding 

orbital rather than  orbitals.
187

 For the NO2-H2O complex in the ground state ( X
2
A1), 

the H-bond distance is 2.410 Å at the CAS(13,9)/ 6-31G** level of theory. The short 

H-bond distance predicts existence of a strong H-bond in the complex. However, 
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formation of the NO2-H2O complex has a little influence on the intramolecular bond 

parameters of NO2 and H2O, which are not given in Figure 6-2.  

The A
2
B2 and B

2
B1 excited states were optimized at the CAS(9,6)/6-31G** 

level for NO2 and at the CAS(13,9)/6-31G** level for NO2-H2O. The A
2
B2 state 

originates from one electron transition from y

On  to Nn  orbital. The formation of 

lone pair around N atom increases mutual interaction between nonbonding electrons 

and bonding electrons resulting in smaller O-N-O angle of 102.9  in A
2
B2 in 

comparison with 133.9  in X
2
A1. Meanwhile, the N-O bond lengths are also 

slightly elongated by ~ 0.071 Å due to increased interaction. The optimized A
2
B2 

structure was confirmed to be the first-order saddle point for NO2. But it is a true 

minimum-enenrgy structure for the NO2-H2O complex. The H-bond interaction is 

stronger in the A
2
B2 state than that in the X

2
A1 state, which is supported by the fact 

that the H-bond distance is shorter in A
2
B2 than that in X

2
A1. The strong H-bond 

interaction changes the property of the A
2
B2 structure from the saddle point to the 

minimum point. 

 
 

     
 

     

Figure 6-2 The CASSCF/6-31G** optimized structures of critical points for NO2 and 

NO2-H2O, along with key bond parameters (angle in  and distance in Å).  

The B
2
B1 state of NO2 adopts a linear geometry with Dh symmetry and the 

unpaired electron is excited from Nn  to the anti-bonding orbital of 2

ONOπ  in 

the X
2
A1B

2
B1 transition. The nature of this state is not changed upon formation of 

the NO2-H2O complex. The intersection structures among the X
2
A1, A

2
B2, and B

2
B1 

states have been determined by the CASSCF optimizations for NO2 and its complex 

with H2O, which are referred to as CI(
2
A1/

2
B2), CI(

2
A1/

2
B1), and CI(

2
B2/

2
B1) in line 

with the related electronic states. It shoud be pointed out that the CI(
2
A1/

2
B1) 

intersection and the B
2
B1 minimum-energy structures are not distiguishable for the 

NO2-H2O complex. 

6.3 The photophysical processes after irradiation at ~410 nm 

Photophysical processes for NO2 were illustrated in Figure 6-3, which is based 

on the CAS(9,6)//CASPT2 computed potential energy profiles. The relative energies 

of key structures are summarized in Table 6-1. Photoexcitation at ~ 410nm (70.7 
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kcalmol
-1

) vertically promote NO2 molecule to the Frank-Condon (FC) point of the 

B
2
B1 surface with the O-N-O angle of 133.9. As pointed out before, the O-N-O 

angle is 180 at the B
2
B1 minimum. There is a large intrinsic driving force in the 

direction of the O-N-O bending mode, resulting in a fast relaxation from the FC 

structure (the O-N-O angle of 133.9) to the B
2
B1 minimum (the O-N-O angle of 

180.0). Since the energy difference between 
2
B1 and 

2
A1 at the linear geometry is 

only 1.0 kcal/mol for NO2, which indicates that NO2 evolves to the CI(
2
A1/

2
B1) 

intersection region very easily. Then the CI(
2
A1/

2
B1) intersection functions as an 

efficient nonadiabatic funnel, leading NO2 to the ground state ( X
2
A1). 

Table 6-1 The relative energies of the key structures in the low-lying states (A1, B1, 

B2) calculated at the CAS(9,6)//CASPT2 level. 

Angle 

O2-N1-O3 
States 

Relative 

Energies 

(kcalmol
-1

) 

 
Angle 

O2-N1-O3 
States 

Relative 

Energies 

(kcalmol
-1

) 

90° 

A1 91.3  

133.9° 

A1 0.0 

B1 106.9  B1 70.7 

B2 41.2  B2 82.2 

102.9° 

A1 36.5  

140° 

A1 0.1 

B1 46.1  B1 52.9 

B2 27.5  B2 95.4 

105° 

CI(
2
A1/

2
B2) 

A1 28.1  

150° 

A1 7.4 

B1 48.4  B1 46.2 

B2 30.4  B2 122.2 

110° 

A1 19.8  

160° 

A1 17.8 

B1 49.1  B1 42.7 

B2 33.0  B2 159.4 

120° 

A1 6.4  

170° 

A1 30.9 

B1 60.4  B1 40.6 

B2 50.6  B2 172.6 

132.1° 

CI(
2
B2/

2
B1) 

A1 ---  
~180° 

CI(
2
A1/

2
B1) 

A1 43.8 

B1 64.2  B1 44.8 

B2 64.6  B2 182.9 

In addition to the nonadiabatic funnel along an increase of the O-N-O angle, a 

decrease of the angle can drive NO2 at the 
2
B1 FC structure to the ground state, which 

involves two intersection points of CI(
2
B2/

2
B1) and CI(

2
B2/

2
A1). From the FC 

structure of the B
2
B1 state, the NO2 molecule firstly relaxes to the CI(

2
B2/

2
B1) point, 

which is very close to the FC point of B
2
B1 in structure. The nonadiabatic funnel to 

the 
2
B2 state via CI(

2
B2/

2
B1) proceeds with high efficiency. Ultimately the system 

returns to the ground state through the CI(
2
B2/

2
A1) intersection. Double-exponential 
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components of fluorescence have been observed experimentally,
188-192 

which could be 

well interpreted by present two decay channels along the increasing and decreasing of 

the O-N-O angle.  
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Figure 6-3 The photophysical processes for NO2 on the basis of 

CAS(9,6)//CASPT2 computed results. Reprinted with permission 

from AmericanChemical Society. 

6.4 The hydrogen abstraction reaction between NO2 and H2O 

It can be expected that the NO2-H2O complex is formed before the hydrogen 

abstraction reaction take place. In principle, the abstraction reaction proceeds either in 

the ground state or in the excited states. Since a high barrier exists on the excited-state 

pathway and radiationless transition from an excited state to the ground state is an 

ultrafast process, the abstraction reaction takes place along the ground-state pathway.  
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Figure 6-4 Schematic mechanism of the hydrogen abstraction between NO2 

and H2O after photo-excitatiuon at 410 nm. Reprinted with 

permission from AmericanChemical Society.  

The CAS(13,9)/6-31G** optimized structures of critical points are given in 
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Figure 6-2 for NO2-H2O complex in the low-lying electronic states. The possible 

photophysical processes and the hydrogen abstraction reaction are shown in Figure 

6-4. The formation of NO2-H2O complex leads to all critical structures in C1 

symmetry. For convenience of discussion, irreducible representation in C2v group is 

still used for the NO2-H2O complex hereafter. A very sharp barrier connects the 

reactant of the NO2-H2O complex ( X
2
A1) and product of HONO( X ) + OH in the 

ground state. With respect to zero level of NO2-H2O ( X
2
A1) minimum, the barrier of 

thr hydrogen abstraction is 51.6 kcalmol
-1

 at the CAS(13,9)/6-31G**//CASPT2 level 

of theory, which is decreased to 41.6 kcalmol
-1

 at the B3LYP/6-31G** level. A barrier 

of 40.0~50.0 kcalmol
-1

 is really high for thermal reaction in the ground state. This 

indicates that the zeroth-order 0,, 321 nnn  vibrational level can not functions as an 

efficient reaction precursor state to trigger the hydrogen abstraction. Herein, n1, n2, 

and n3 are numbers of quanta in the symmetric stretching, bending, and asymmetric 

stretching modes, respectively. After photo-excitation at ~410 nm, the NO2-H2O 

complex is populated in the excited state. Once decaying to the ground state, the 

complex is left with sufficient interanl energies to overcome the barrier on the 

pathway from NO2-H2O( X
2
A1) to HONO( X ) + OH.  

6.5 Conclusion  

To get insights into how to generate hydroxyl radical from NO2 and H2O in 

troposphere, the photo-induced physical and chemical processes for NO2 and its 

complex with H2O have been mapped by using multiconfigurational perturbation 

theory and density functional theory. The surface-intersections were found to 

dominate the photophysical processes upon irradiation of NO2 by ~410 nm light 

source in troposphere and further control the generation of OH radical by means of 

hydrogen abstraction. We contribute an in-depth understanding on how hydroxyl 

radical is generated from NO2 and H2O in troposphere upon photo-initiated by 410 nm 

light source. 
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