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ABSTRACT 

 

PHOTODISSOCIATION DYNAMICS AND COLLISION ENERGY TRANSFER OF 

HIGHLY EXCITED SO2 

 

Jianqiang Ma 

 

Hai-Lung Dai 

 

As one of the simplest tri-atomic molecules, SO2 is extremely important in various fields in 

chemistry. SO2 is released by volcanoes and various industrial processes including combustion of 

sulfur containing fuel, and is well known to be the key chemical that causes the acid rain on earth. 

Therefore, SO2 has been studied intensively in both atmospheric chemistry as well as combustion 

chemistry. SO2 has also been discovered in extraterrestrial environment. For example, it is 

reported to be the most abundant gas observed in the atmosphere of Jupiter’s moon, Io[1].  It has 

therefore generated great interests in the planetary chemistry as well. Even though understanding 

the structure, spectroscopy and reaction dynamics of SO2 has been of great and fundamental 

interests for more than 50 years, there are yet some very interesting topics, particularly those 

related to highly excited SO2, that require further investigations. 

In this thesis, we combine time-resolved Fourier transform infrared emission spectroscopy with 

theoretical modeling to study selected interesting problems relevant to highly excited SO2. First, 

the photodissociation of SO2 molecule by 193 nm photons is investigated. The role of different 

predissociation channels of electronically excited SO2 is carefully defined. Secondly, the 
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excitation of SO2 by hot H atoms, a topic important in combustion and atmospheric chemistry, is 

examined. The energy transfer mechanism is identified and discussed. This newly discovered 

energy transfer mechanism involves the formation of the reactive intermediate species, which will 

greatly enhance the energy transfer efficiency on top of the classical impulsive type of collision 

mechanisms. In addition, the collision quenching of highly vibrationally excited SO2 with about 

32,000 cm-1 energy is studied. It is found that the long range interactions contribute significantly 

to vibration to vibration (V-V) energy transfer. The contributions from both long range and 

impulsive mechanisms are discussed in detail. 

The studies presented in this thesis have provided important insight on the collision energy 

transfer and reaction dynamics of highly excited SO2 that would be useful in assessing the 

behavior of this important molecule in atmospheric, planetary, and combustive environments. 

 

Reference: 

1. Zolotov M.Y., Bruce F. Jr., Icarus, 1998, 132, 431. 
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CHAPTER ONE 
 

THE PROLOGUE 

TIME RESOLVED (STEP-SCAN) FOURIER TRANSFORM INFRARED EMISSION 

SPECTROSCOPY OF SO2: AN INTRODUCTION 

 

1.1 A brief tour of the TR-FTIR spectroscopy 

This laboratory has a well documented history of studying energy transfer as well as 

characterizing vibrational spectral signatures of various species, especially molecules or 

radicals at a high level of vibrational excitation[1]-[18]. This thesis focuses on the SO2 

molecules highly vibrationally excited by several means. There are many experimental 

methods that have been used to monitor highly vibrationally excited species. Among 

them are transient infrared absorption, time of flight mass spectroscopy (TOF) and pump-

probe, time resolved Fourier transform infrared emission spectroscopy which has a few 

unique features. This technique is also used in this laboratory as one of the primary 

techniques in monitoring highly vibrationally excited species.  

The TR-FTIR technique, first of all, is a technique that observes the infrared emission 

from vibrationally excited species. From the quantum mechanical results of the harmonic 

oscillator approximation, the downward transition strength has a linear relationship with 

the vibrational quantum number. This implies that then emission intensity scales linearly 

with the vibrational quantum number, therefore, infrared emission from highly 

vibrationally excited species in principle is much stronger than that from lower 

vibrationally excited species because of the higher vibrational quantum number. This 

unique feature of the vibrational downward transitions gives the infrared emission 
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detection technique particularly high sensitivity on the highly vibrationally excited 

species. 

As a mature experimental technique, Fourier transform infrared spectroscopy has been 

applied to many systems and the mathematical and engineering details are also very well 

established[19]. The very basic physical principle for every Fourier transform spectrometer 

is the Michelson interferometer (Figure 1.1).  

 

Figure 1.1: Michelson interferometer setup: Fixed mirror, Translating mirror and beamsplitter. 

The Michelson interferometer is composed of three basic components: the beamspliter, 

the fixed mirror and the translational mirror. By scanning the translational mirror position 

x, the frequency information that is embedded in the source can be subtracted by the 

simple Fourier transform relation between these two measurables[1]: 

I(!) = I(x)cos(2"!)dx
!"

"

#  

where I(x) is the intensity of the interferogram with different translational mirror 

positions and I(ω) is the frequency dependent signal intensity. 

Traditional Fourier transform spectroscopy requires continuous scanning of the 

translational mirror at different positions in order to get the interferogram. This method 

however is not able to get time resolved information from short lifetime events due to the 
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finite velocity of the translation mirror that a Fourier transform spectrometer can achieve. 

Here in this thesis, a different experimental approach called step-scan is applied to get the 

time resolved information from the IR emission of systems of interest (Figure 1.2). 

 

Figure 1.2: Step-scan time resolved Fourier transform technique: (a) (left) 3-D view of the data 

acquisition[18]; (b) (right) the data acquisition and data analysis sequence diagram[1]. 

The key difference between the step-scan and conventional scans is the specific 

operation of the translational mirror, which completely eliminates mirror velocity as the 

determining factor on time resolved scans. Instead of continuously scanning the 

translational mirror to different positions, the step-scan mode collects the temporal profile 

of the interferogram intensity I(x,t) at each available translational mirror position x 

(Figure 1.2 a). The time resolution of the temporal profile of the interferogram intensity 

I(x,t) is solely dependent on the response time of the detection system, and therefore 

much faster than the velocity of the translational mirror. After collecting all the temporal 

profiles I(x,t), a matrix of the interferogram intensity as a function of both x and t is 

obtained (Figure 1.2 b). The black circle represents the data acquisition process in the 

I(x,t) matrix, while the interferograms are analyzed by looking at different time slices, i.e. 

the red circle. This way, the interferograms of different time slices are obtained and then 
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Fourier transformed into the frequency domain, yielding corresponding series of time-

resolved frequency spectra. 

In this laboratory, we are particularly interested in species such as radicals and 

molecules with a lot of vibrational energy[1]-[18]. These species are fairly short-lived after 

initial preparation, therefore the step-scan FTIR technique provides us with an excellent 

experimental probe to study such short-lived species as well as fast events. The systems 

described in this thesis generally have the experimental setup as follows: a pulsed UV 

laser is used as the pumping source. The molecules that absorb the UV photon, can either 

dissociate or populate highly vibrationally excited states through various processes. The 

IR emission from the vibrational relaxation of the vibrationally excited species is 

collected with the step-scan FTIR method and analyzed as series of time resolved FTIR 

spectra.    

1.2 A brief look ahead 

This thesis is devoted to the theoretical and experimental characterizations of the highly 

vibrationally excited SO2 resulting from processes such as pre-dissociation and 

vibrational energy transfer. The UV-vis. absorption spectrum of SO2 between 106 to 

403nm as well as the energy diagram of relevant SO2 electronic states are shown in 

Figure 1.3 for general information[21][22]. The remainder of the thesis starts with a chapter 

on theoretical modeling on the infrared emission from highly vibrationally excited SO2 

molecule as well as SO radical, followed by the remaining four chapters which will 

consist of three individual studies. First, the photodissociation of SO2 by 193nm photons 

is investigated: 

SO2 ( !X)
193nm! "!! SO2 ( !C)

predissociation! "!!!! SO(v > 0)+O  
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Figure 1.3: (a) (left) UV-vis. absorption spectrum of SO2 between 106 to 403nm; (b) (right) Schematic 

diagram of the relevant potential curves of SO2 in this thesis. 

The IR emission from the system is studied and the role of different predissociation 

channels after the electronic excitation of SO2 is carefully examined. This work provides 

new information to get a deeper understanding on this subject. The second part of this 

work will be focused on a novel translational energy transfer channel between 

translationally hot H atom and SO2 molecule: 

H ! + SO2 "H + SO2 (v >> 0)  

The IR emission from vibrationally excited SO2 molecules generated from the process 

above is first analyzed. Then a “novel” energy transfer channel is identified and attributed 

to an “intermediate formation” mechanism. The trajectory simulation using the advanced 

direct dynamics[20] is then described in the following chapter to confirm the suggested 

mechanism. The methodology and the initial results of the trajectory simulation will be 

presented in the simulation chapter. The last part of the work presented in this thesis is 

the vibrational to vibrational (V-V) energy transfer between highly vibrationally excited 

SO2 and ambient SO2 molecule: 

SO2
* + SO2 ! SO2

" + SO2
#  
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The highly vibrationally excited SO2 is populated through the laser excitation and internal 

conversion process with about 32,000cm-1 ro-vibrational energy. The vibration to 

vibration energy transfer of highly vibrationally excited SO2 to SO2 involves both long 

range and short range interactions. The long range interaction is found to contribute 

significantly to the V-V energy transfer of the highly vibrationally excited SO2 

molecules. 
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CHAPTER TWO 

SIMULATION OF INFRARED EMISSION FROM VIBRATIONALLY EXCITED 

SPECIES 

 

2.1 Introduction 

     In this chapter, theoretical simulations of the IR emission from the SO radical and the 

SO2 molecule are discussed. One of the most important tasks to analyze IR emission from 

vibrationally excited species is to properly simulate the emission of the species with a 

suitable model for different experimental methods. As for the TR-FTIR experiment, what 

we observe is the vibrational downward transitions from different vibrational modes of 

different species, therefore, harmonic oscillator approximation is one of the best ways to 

describe the IR emissions. Even for the high internal energy regions, in which harmonic 

oscillator approximation does not work well because of the complexity of the local 

energy level structure, due to the nature of the IR emission, it is still reasonable to apply 

the harmonic oscillator picture to try to understand the characteristics of the emitting 

species, such as energy content as well as the time-dependent behaviors. The outline of 

this chapter is as follow. In the first part, general formulas to calculate the line intensity 

of each ro-vibrational transition are introduced. The general formulas are then applied to 

both the SO radical and the SO2 molecule to simulate emission spectra respectively. For 

the SO radical, emissions of Δv=-1 transitions are simulated from v’=1 up to v’=5. 

Simulations with different rotational temperatures are also done to examine the 

broadening of the P, R branches in the emission patterns. For SO2 molecule, there are 2 

IR active modes that are within our IR detector range: ν1 (~1151.1cm-1) and ν3 
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(~1361.3cm-1)[2]. For each vibrational mode, the simulation is first applied to the 

absorption spectrum of the fundamental transition of ν1 and ν3, and then compared with 

the experimental (HITRAN[3]) data for SO2 to test the quality of the experimentally 

determined molecular constants we used. The Herman-Wallis factor is also examined for 

SO2 as an asymmetric rotor polyatomic molecule. The Herman-Wallis factor accounts for 

the rotational dependence of the transition dipole moment. The results show that the 

Herman-Wallis factor will not affect the relative intensity of the P and R branches 

significantly for SO2. After simulating the absorption spectrum of SO2, molecular 

constants for SO2 are selected for the simulations of the emission spectra. For SO2, there 

are three vibrational modes into which vibrational energy can be partitioned. In order to 

simulate the emission spectra of such a system, one cannot only use the vibrational 

quantum numbers as the indication of the total internal energy of SO2. In order to 

correctly account for the energy content, direct level counting method is applied, and the 

internal energy of SO2 is divided into small energy bins, and is labeled with these energy 

bins instead of the individual vibrational quantum number for different modes. As a 

result, emissions of SO2 molecule from different internal energy contents are simulated 

and are set used as the bases of the simulation set for future spectrum analysis.  

 

2.2 Line intensity of individual ro-vibration transition 

     The general line intensity of an individual ro-vibrational transition can be expressed in 

the following formula[1]: 

         S’ ∝ |Mv’v”|2ΔSJ”
ΔJF(m)gJNrot                                                                                    (1) 
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In Equation (1), Mv’v” is the vibrationally averaged transition dipole moment i.e. the 

transition dipole matrix element of the vibration mode[1]: 

          Mv’v” = <Ψv’|µ|Ψv”> = <Ψvib(v’, J’=0)|µ(r)|Ψvib (v”, J”=0)>                            (2) 

This value can be determined by absorption experiment or theoretical calculation. For 

SO2, this value is determined by the HITRAN[3] experimental data and for SO, the 

vibrational transition dipole moment matrix element is calculated by theoretical 

calculation (Gaussian). ΔSJ”
ΔJ is the Hönl-London factor for the rotational transitions 

(detailed Hönl-London factors for SO2 vibrational modes will be presented in the 

Appendix of this chapter). Both diatomic and polyatomic Hönl-London factors can be 

found in Herzberg’s book[2]. F(m) is called the Herman-Wallis factor. It is defined as the 

following equation: 

                          !(!) ≡ !!"#$ !!,!! ! ! |!"#$(!,J")!|
!!"#$ !!,! ! ! !"#$ !,0 !

!
                                 (3) 

From equation (3), we can see that Herman-Wallis factor is caused by the vibration-

rotation interaction. The Herman-Wallis effect appears, for example, as a strengthening 

of an R branch and a weakening of a P branch (or vice versa). Herman-Wallis factor can 

be computed[1] from the electronic transition dipole moment function µ(r), or simply 

derived from experimental observations. Here, for SO2 case, Herman-Wallis factors are 

derived from the comparison of the simulated data with the HITRAN data. In general, 

Herman-Wallis factor can be very important for molecules that have strong vibration-

rotation interactions, such as molecules containing H atom. The effect of Herman-Wallis 

factor on SO2 will be further discussed later in this chapter. The gJ is the nuclear 

statistical weight factor, which is cause by the interchange of identical atoms in a 
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molecule. It can be found readily from literature for different molecules[2]. Nrot is the 

population factor of different rotational levels. From the Boltzman distribution we have: 

        N1/N0 = (2J’+1)/(2J”+1) * exp (-hν10/kT)                     (4) 

In general, N0 can be replaced by N using a relationship from statistical thermodynamics: 

         N0 = !(!!"!!)!
!!/!"

!
                                (5) 

In equation (4) and (5), Ni (i=0,1) is the population of the ith rotational level, N is the total 

population of all rotational levels, q is the rotational partition function, E is the energy of 

N0 level, ν10 is the transition frequency between N1 and N0, 2J’ (J”)+1 is the degeneracy 

factor of each rotational level, electronic and vibrational degeneracy can be included in 

the partition function q. Nrot = Ni – N0 is then the emission population factor. 

     So far, the general formulas that are used to simulate the transition intensity of 

individual ro-vibrational transitions are outlined. They will be discussed more for the SO 

radical as well as the SO2 molecule later in this chapter. For theoretical simulation, two of 

the most important features are: the line intensity (the transition amplitude) and the line 

position (the transition frequency). Here, only formulas that are used to calculate line 

intensity are introduced. Procedures to determine the line position of each ro-vibrational 

transition will be discussed later in the chapter for individual cases. 

 

2.3 Simulation of SO vibration bands 

As a very important radical in the planetary environment[4], the SO radical has drawn 

quite some attention recently. The IR absorption spectrum of the SO radicals has been 

recorded about 15 years ago[5]. Table 1 shows the molecular constants of the ground state 

of SO radical[5] from previous studies and the NIST Chembook[6]. The selection rule for 
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the SO ground state (X3Σ-) is ΔJ=±1 and ΔM=0, ±1 for rotational transitions and Δv=-1 

for vibrational transitions. A home-written program is used to simulate the emission 

spectra of SO radical using the molecular constants from literature[5] listed in Table 2.1.  

Table 2.1 Molecular Constants of SO radical, (a) (top) ref. [5]; (b) (bottom) NIST online chembook. 

 

 

In this case, the simulation covers transition from v”=0ß1 up to v”=4ß5. Fig. 2.1 is the 

interface of the home-written program window. The home-written program first 

calculates all possible ro-vibrational transitions individually according to the input 

molecular constants, the transition frequency is calculated from the ro-vibrational energy 

terms and the selection rules applied according to the harmonic oscillator approximation. 

Each individual ro-vibrational transition is plotted as a Gaussian function in the real 
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emission spectra with a given spectral width, which can be chosen as the instrument’s 

spectral resolution.  

 

Figure 2.1 The windows interface of the home-written spectra simulation program for diatomic molecules. 

In a typical simulation (Fig. 2.1), Trot is the rotational temperature, which ranges from 

300 to 1000K. M(10)/D is the vibrational transition dipole moment factor, which is set to 

1 since only 1 vibration mode is present. Min (v) and max (v) are the vibrational quantum 

numbers in the simulation, 1 and 5 are used in our situation. Max(J) is the maximum 

value of the rotational quantum number J sampled in our simulation. Its value depends on 

the rotational temperature of the system. In our simulation, a max (J) of 100 is used in 

most situations, because even at 1000K rotational temperature, the population at J=100 is 

already negligible. In this simulation, the rotational constants are treated as unchanged for 

different vibrational levels of SO radical. 
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     Several simulations are done for the emission of SO radical up to v”=5. The IR 

absorption/emission of the ground state of the SO radical has received limited studies 

before, no experimental data of the line intensity of the ro-vibrational transitions of the 

SO radical are available, only line positions for absorption have been reported before[5]. 

Therefore, the results of my simulation are compared only with regards to transition 

frequencies but not in terms of line intensities. Herman-Wallis factor therefore cannot be 

determined by comparing my simulations with the experimental results. On the other 

hand, for a diatomic radical like SO, it is estimated that the rotation-vibration coupling is 

very weak, hence the contribution from Herman-Wallis factor correction is estimated to 

be small and will not be included in the SO emission simulation. The ro-vibrational 

transitions frequencies of the simulation show great agreement with experimental results.  

  

Figure 2.2 Theoretical simulation of the emission of SO radical: SO emission set of ν” ß ν’, Trot = 300K 

and the resolution is 10 cm-1 (left); SO emission set of ν” ß ν’, Trot =1000K and the resolution is 10 cm-1 

(right). 

Figure 2.2 shows two simulation examples of the emission spectra of the SO radical 

within the 1000-1200 cm-1 spectral range. The rotational temperature is 300K (top) and 

1000K (bottom) respectively, the width of the Gaussian function is set to 10 cm-1 to 

match the instrument’s frequency resolution. The relative intensity of different 
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vibrational transitions are scaled using the harmonic oscillator scaling factor, v’ as well as 

the emission frequency correction factor of (νi/ν0)3. This frequency correction factor 

needs to be included on top of the harmonic scaling factor due to emission intensity being 

propotional to the cube of the center frequency of the vibrational transitions for different 

vibrational levels. This factor is usually very close to 1 for the SO radical related 

simulations because only very low v quantum numbers are included in the simulation. 

This factor is more important in situations when the anharmonic correction based shift of 

the vibrational transitions become large, especially in the highly vibrationally excited 

energy regions. 

     In order to check the simulation results further, intensity information for the individual 

transitions need to be measured experimentally. 

 

2.4 Direct level counting for SO2 molecules up to 32,000cm-1 internal energy 

      The energy transfer of SO2 with a lot of ro-vibrational energy has been of great 

interest to our group. Several studies have been done using different experimental 

methods such as quantum beat (QB) spectroscopy and TR-FTIR spectroscopy[7]. For TR-

FTIR method, IR emission from the vibrational relaxation of SO2 is used as the 

observable to study the energy transfer of vibrationally “hot” SO2. In order to simulate 

emission from the vibrationally “hot” SO2 molecules, we need to find a set of 

eigenfunctions to describe the vibrational levels of SO2 at different energy range.  Here, 

we are going to use the harmonic oscillator eigenfunctions with the vibration coupling 

anharmonicity constants. At low vibrational energy, harmonic oscillator wavefunctions 

are a good approximation to represent the vibrational levels of molecules, but it is a very 
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different situation at higher energy ranges. It is known that when molecules have a lot of 

vibrational energy, various coupling mechanisms are no longer negligible, and we enter 

this so-called “spectroscopic chaos” region, where simple harmonic oscillator 

approximation cannot describe the real energy level structure of molecules. Other 

approaches are applied onto spectroscopic regions like this, such as the “Polyads” for the 

C2H2 system[8]. On the other hand, even the local energy level structure of the highly 

vibrationally excited SO2 molecule is practically impossible to know, we can still use the 

harmonic oscillator approximation eigenfunctions to describe the vibrational relaxation 

process for the following reasons. First, no matter what the local vibrational level 

structure is or what the true wavefunction of a particular vibration level is, the 

wavefunction of the “local” vibration can always be expressed by the linear combinations 

of the harmonic eigenfunctions. Therefore, we can represent the “local” vibrational levels 

with a proper selection of the harmonic eigenfunctions and coefficients. Second, the IR 

emission observed in our experiment, is the evolution/overlapping of the harmonic 

eigenfunctions, because the IR emission is the representation of the normal modes picture. 

For the two reasons listed above, even though we don’t know the “local” structure of the 

vibrational levels of the “hot” SO2 molecules, it is still a valid approximation to use the 

harmonic oscillator eigenfunctions to simulate the IR emission of SO2.     

Table 2.2 shows the molecular constants and energy term values used in this work to 

calculate the vibrational energy levels of SO2 up to 32,000 cm-1[9]. These molecular 

constants are fitted by experimental data up to the 22,000 cm-1 range and the vibrational 

energy term is given by the anharmonic expansion of the vibrational energy (the Dunham 

expansion): 
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where ωi, χij and yijk are the harmonic and anharmonic vibrational constants for SO2. All 

the possible vibrational energy levels of SO2 from fundamental up to 32,000 cm-1 are 

calculated using the formula by plugging in all possible quantum numbers for all 3 

vibrational modes of SO2.  

Table 2.2 Molecular constants for SO2 vibrational levels. 

 

The direct counting method can give us a complete set of vibrational levels of SO2 from 

fundamental up to 32,000 cm-1 energy range. There are about 9800 vibrational levels 

within the energy range of 0 to 32,000cm-1 recorded with this method. Theoretically, this 

method can be applied to any arbitrary vibrational quantum numbers, but one must take 

into consideration the break-down of the molecular constants at certain energy since these 

anharmonicity constants are fitted from experimental data only up to 22,000 cm-1 and will 

have significant deviation when the internal energy is too high. Another issue is the 

dissociation of SO2, which imposes an upper limit in internal energy with this method. 
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     From direct counting results, we can examine all the possible energy levels in a 

particular energy range. We call this particular energy range “energy bin”. The simulation 

of the emission of SO2 then can be divided into many energy bins. For example, energy 

bin of 1000-2000 cm-1 vs. 20,000-21,000 cm-1. The size of each energy bin, which can be 

adjusted for different experiments, usually is set to 1000 cm-1. Simulation of the emission 

spectra of each energy bin will be discussed later in the chapter. 

 

2.5 Simulations of the absorption spectra of SO2 and calculations of the Herman-

Wallis factor for SO2 

     The simulation of the absorption spectra of SO2 is performed to test the molecular 

constants derived from experimental studies. AsyrotWin[10] program is used to simulate 

the absorption of SO2 at 300K and at the 900-1500 cm-1 range.  

  

Figure 2.3 Rotational Contour simulation of the ν1 and ν3 absorption spectra of SO2 at 300K. The 

simulation of ν1 (left) and ν3 (right) mode respectively, simulation result (solid) is compared with the 

HITRAN (dotted) experimental data. The resolution of the absorption and simulation are set to 4 cm-1. 

AsyrotWin is a rotational contour calculation program for asymmetric top molecules. 

Spectroscopic constants are applied for SO2, more specifically, different sets of rotational 

constants, which are reported in previous experimental studies[11], are applied for vi=0 and 
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vi=1 vibrational states respectively. Table 2.3 shows the different sets of rotational 

constants of SO2 used in this simulation. Only (1,0,0) and (0,0,1) constants are considered 

here because we are simulating the absorption spectra in the 900-1500 cm-1 spectral 

range. Figure 2.3 shows the simulation of the absorption spectra of SO2 and we can see 

that with the molecular constants reported previously in experimental studies[11], the 

simulation overlaps with the absorption spectra very nicely.  

     Herman-Wallis factors of each individual ro-vibrational transitions are calculated for 

both ν1 and ν3 mode of SO2 from the comparison of the simulation with the HITRAN 

experimental data. The formula to calculate the Herman-Wallis factor for each ro-

vibrational transition is: F(m)=IHITRAN/Isimulation, where IHITRAN is the intensity of the 

transition from the HITRAN database and the Isimulation is the intensity of the transition 

from the simulation.  

Table 2.3 Spectroscopic Parameters of SO2. 

 

Figure 2.4 shows the Herman-Wallis factors calculated from selected ro-vibrational 

transitions for both ν1 and ν3 mode of SO2. The Herman-Wallis factors are then fitted in 

the function form of F(m)=1+Am+Bm2+Cm3+Dm4 according to the literature[12], where 
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m is J+1 for R branches and –J for P branches. For Q branch transitions, a different 

formula is applied to calculate the Herman-Wallis factor, but in general, the Herman-

Wallis factor for Q branch transitions is very close to unity because there is no J quantum 

number change in the ro-vibrational transition. Therefore, Q branch Herman-Wallis 

factor for SO2 is not calculated in this chapter[1].  In Figure 2.4, the red dots are the 

calculated Herman-Wallis factors for different m values and the black line is the fitted 

result.  

 

Figure 2.4 The Herman-Wallis factors of P, R branches for ν1 and ν3 mode of SO2. Only J quantum number 

Herman-Wallis factors are shown in this calculation. The F(m) (red dots) for ν1 and ν3 mode are fitted with 

the function form of F(m)=1+A*m+B*m2+C*m3+D*m4 (black lines) as described in the text. 

The Herman-Wallis factors obtained from Figure 2.4 are then applied to correct the 

absorption spectra of SO2. Shown in Figure 2.5, the corrected absorption spectra of SO2, 

however, show worse fitting quality compared with the uncorrected spectra. This result is 

not surprising on the other hand, because in the above calculation, only the Herman-

Wallis factors related to the J quantum numbers of P and R branches are considered. This 

approach is suitable in general for diatomic/linear molecules. On the other hand for 

asymmetric top molecules, not only the J quantum number, but also the Ka/Kc quantum 

numbers need to be included. The full expression of the Herman-Wallis factor for 

asymmetric top type of molecules is presented as follow[12]:  

FHW = {1+ Ai
JmJ + Ai

KmK + Ai
JJ (Q)[J(J +1)!mJ

2 ]+ Ai
JJ (PR)mJ

2 + Ai
KK K 2 + Ai

JKmJmK}
2  
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where mJ is the J quantum number index defined as m earlier, mK=[K’2-K”2]/2, which is 

the K quantum number index. In this expression, it is seen clearly that not only the J 

quantum number, but also the K quantum number can affect the entire Herman-Wallis 

factor of each ro-vibration transitions. As a nearly prolate symmetric top molecule, Ka 

quantum number is used to calculate the entire Herman-Wallis factors for SO2.  

 

Figure 2.5 Absorption spectra of SO2 before (left) and after (right) correction with the Herman-Wallis 

factors: ν1 (top) and ν3 (bottom) mode respectively. 

The detailed calculations of the K quantum number Herman-Wallis correction will not be 

discussed here. The same principles are applied to the K quantum number Herman-Wallis 

correction calculations. The final result shows that with the correction of the K quantum 

number Herman-Wallis factors, the “over-corrected” absorption spectra of SO2 (Figure 

2.5 right) are corrected back to overlap with the absorption spectra nicely again (smaller 

reduced χ2). The overall Herman-Wallis factors for both ν1 and ν3 modes of SO2 are very 

close to unity with less than 5% variations for both P and R branches. The Herman-
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Wallis factor is expected to have a significant effect on molecules with large rotational 

constants, for example H-containing molecules. In our lab, the Herman-Wallis factor is 

shown to be very important in the simulation of the emission from vibrationally excited 

C2H2 molecules. For molecules like SO2, on the other hand, it is shown here that the 

overall Herman-Wallis factor is very close to unity. This indicates a small rotational-

dependence of the vibrational transition dipole moments.   

 

2.6 Simulation of the emission spectra of SO2 from different energy bin 

     Using the same set of the molecular constants from the absorption simulation, the 

emission spectra of the fundamental of ν1 and ν3 mode are simulated. AsyrotWin program 

is used here to generate the emission spectra of 0 ß 1 emission spectra for both modes. 

One of most important assumptions in this simulation is that we assume the rotational 

constants of different Δv=-1 pair remain the same as 0 ß 1 transition. Rotational 

constants of highly vibrational excited levels are not experimentally available for SO2 

molecule. From this assumption, emission from n-1 ß n differs from the 0 ß 1 emission 

by the transition center frequency due to the anharmonicity shift, the harmonic intensity 

scaling-factor and the frequency cube factor mentioned earlier in the SO simulation part. 

Using this method, we can calculate all the transition frequencies of each level as follow: 

 

 

where G(v1, v2, v3) is the energy term value mentioned earlier in the chapter. For each 

transition, AsyrotWin program can be used to generate the rotational contour spectra for 

!G(!1)=G(v1,v2,v3)-G(v1-1,v2,v3)

!G(!3)=G(v1,v2,v3)-G(v1,v2,v3-1)
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the band. The rotational contour spectra then are summed over all the vibrational levels in 

the energy bin to give the total emission spectra of the energy bin. 

     Empirically, when the vibrational energy content of molecules become high, the total 

number of vibration levels per energy bin becomes high, the rotational structure of each 

vibration transition will be “smeared out” due to the sum of all possible vibration 

transitions inside the energy bin. Here, we provide an approximate way to simulate the 

emission spectra for each vibration transition. A Gaussian lineshape function can be used 

to replace the rotational contour for each vibrational transition: 

 

where ν1 is the transition frequency, ΔνD is the Gaussian width of the emission band. In 

our simulation, the Gaussian width is 65cm-1 and 40cm-1 for ν1 and ν3 mode respectively. 

The Gaussian width is determined by overlapping the simulation with the absorption 

spectrum of SO2. One must keep in mind that, this Gaussian lineshape function is just an 

approximation used to simulate the emission from molecules with decent amount of 

vibrational energy. Rotational contour calculation is always a more accurate way to 

simulate emission especially for energy regions near the fundamental transitions. 

      The emission from the vibration level (v1, v2, v3) then can be written down as: 

I(v1,v2,v3) = 1
gi
(a1 !v1 ! g(! "#G(v1))+ a3 !v3 ! g(! "#G(v3)))  

where v1, v3 are the quantum number of ν1 and ν3 respectively, gi is the population factor. 

The gi factor is 1 when the upper vibrational level has either v1=0 or v3=0, a factor of 0.5 

is applied when both v1 and v3 quantum numbers are nonzero. ai is the scaling factor of 

the transition dipole moments of v1 and v3 mode times the frequency cube correction due 

to the anharmonic shift of the vibrational transitions. ai can be expressed as following: 

gD (! !!1) = 2
"!D

ln2
" e

!4ln2((!!!1 )/"!D )
2
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a1=(ΔG(ν1)/ν1)3|M10(ν1)|2, a3=(ΔG(ν3)/ν3)3|M10(ν3)|2 

      In order to generate the emission spectra of SO2 from certain energy bin, one can sum 

over the emissions of all the levels in the energy bin: 

!!"!#$ =
1
!

!!
!

 

in this equation, Itotal is the total emission of SO2 from the energy bin, N is the total 

number of vibrational levels in the bin and Ii is the emission of each vibrational level in 

the bin. The total number of vibrational levels N is used here includes the levels with 

quantum numbers as (0, v2, 0) in order to normalized the population properly. The 

emission spectra from selected energy bins are shown in Figure 2.6. 

 

Figure 2.6 Simulated emission spectra of SO2 from selected energy bins. 

 

2.7 Conclusion 

     In this chapter, simulations of the emission spectra from vibrationally excited SO 

radical and SO2 molecules are discussed. The general principles can be applied to other 

systems to simulate the IR emissions from vibrationally excited species. A current project 

in the group is to combine the direct counting method and the rotational contour into one 



 24 

procedure in order to account for the lower energy regime simulations, where a Gaussian 

lineshape function is not enough to describe the rotational structure. 
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CHAPTER THREE 

THE 193nm PHOTOLYSIS OF SO2: 

NASCENT PRODUCT ENERGY DISTRIBUTION EXMAINED 

THROUGH IR EMISSION 

 

3.1 Introduction 

The dissociation of SO2 has been the subject of many studies in the past. Not only is 

SO2 an important molecule in the chemistry of the atmosphere and the combustion of 

petroleum products, but the overall complexity of the dissociation process alone is 

worthy of note1-13. A particular type of dissociation processes of interest is the 

predissociation of electronically excited molecules following photo-excitation. Couplings 

of the electronically excited state through vibronic interactions14 with other states cause 

radiationless transitions15, including dissociation.  In the case of SO2, Okabe reported a 

sudden drop in the laser induced fluorescence (LIF) quantum yield near 219 nm and 

predicted the predissociation threshold to be 5.66 eV13. Later studies, detailed below, 

suggested that the predissociation involves coupling between the C
~

1B2 state and three 

other states: the ground electronic X
~

1A1 state, the singlet 31A1 state and the repulsive 

23A’ state.  

Katagiri et al.10 combined fluorescence quantum yields, measured from the LIF 

spectrum in the 220-210 nm region, and predissociation rates, from rotational line 

broadening in high-resolution absorption spectra, to conclude that near 200 nm the 

predissociation mechanism is not much different from that at excitation wavelengths just 
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above the dissociation threshold (~219 nm). The main mechanism of predissociation is 

through vibronic coupling of the C
~

 and X
~

 states.  

Cosofret et al.5 examined the photodissociation of SO2 in the 202-207 nm region 

through detection of the photofragments with resonance-enhanced multiphoton ionization 

time-of-flight (REMPI-TOF) mass spectrometry. They observed a change in the 

population of the nascent SO radical at 203.0 nm, which they attributed to the presence of 

two predissociation mechanisms. It was suggested that the dissociation mechanism for 

wavelengths shorter than 203 nm involves an avoided crossing with the repulsive singlet 

state 1A1. This conjecture is supported by the dispersed emission spectroscopy study2 

between 197-212 nm as well as the theoretical calculation of the vibrational states up to 

the dissociation limit8. 

Kanamori et al. used tunable infrared diode laser spectroscopy to characterize the 

nascent SO product from 193 nm photolysis of SO2
4. They observed correlations between 

the SO levels with different electronic spin and rotational angular momentum quantum 

numbers and suggested that this result was indicative of spin-orbit mixing between the C
~

 

state and a 3A’ repulsive triplet state of SO2 that facilitates dissociation. 

Several other studies have used a variety of methods to examine the population 

distribution of the SO radical from photolysis at 193 nm 1,3,7,9,11. A summary of the 

population distribution of the nascent SO was presented by Yamasaki et al.3 The nascent 

SO was determined to be in an inverted vibrational population with the maximum at v=2. 

Populations of v>2, on the other hand, remain unclear as one report indicated no 

substantial population for v>211, while others have reported that there is small but non-

negligible (<10%) population in v=53,4. The nascent SO vibrational population 
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distribution is an important subject for study, not only as a novel example of a 

predissociation reaction, but also due to the general importance of SO energy transfer in 

the characterization of combustion and planetary environments18. As a diatomic radical, 

SO is a model system for studying radical energy transfer, a topic of fundamental interest. 

Weiner and coworkers have performed a study of the 193 nm photolysis of SO2 using 

time-resolved FTIR for detecting IR emission following photo-excitation1. This study 

highlights the effectiveness of time-resolved IR emission in analyzing the nascent SO 

product distribution. The results showed evidence of intra-molecular relaxation from the 

C
~

 state to the ground state of SO2. In addition, collision relaxation rate constants for 

vibrationally excited SO and SO2 (ν1 and ν3 modes) were reported. The overall 

complexity of the IR emission studies is rooted in the fact that the early time emission 

features, originating from both SO and SO2, are heavily entangled (see the 1 µs spectrum 

of Fig. 2 in Ref. 1). This issue is further confounded by the high rotational excitation of 

the nascent SO photoproduct4, which makes assigning and interpreting the IR emission 

spectrum a non-trivial task.  

In this chapter, we report the study of the 193 nm photolysis of SO2 using time-

resolved FTIR and re-examine prior assignments of the IR emission spectra. The FTIR 

emission spectra are analyzed with theoretical simulations including both rotational and 

vibrational excitation for the nascent SO. It is shown that the nascent SO radical is indeed 

rotationally hot for v=1 and 2 vibrational levels. Consequently, we show that the early-

time emission peaks that were previously assigned as SO and SO2(ν1) in Ref. 1 actually 

originate solely from rotationally and vibrationally excited SO radicals. Additionally, we 

show that the nascent SO is generated vibrationally excited with a maximum vibrational 
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population in v=2. Further, while there is substantial vibrational population in v=5 

(~6.4%), there is no detectable population for either v=3 or 4.  

Combining the results from previous studies1,4,10 with our own observations, we 

attribute the generation of the vibrational population distribution of nascent SO following 

193 nm excitation of SO2 to two different predissociation mechanisms: one from the spin-

orbit coupling between the C
~

 state and a repulsive triplet state 3A’ and the other from 

vibronic coupling between the C
~

 state and the ground electronic state.  

 

3.2 Experimental setup 

The experimental setup for the time-resolved FTIR emission spectroscopy has been 

described previously16,17. A brief summary is outlined here. The 193 nm output from an 

Excimer laser (Lambda Physik LP200, 20 Hz repetition rate, beam spot size 1x2 cm2) 

was collimated into a flow cell as the photolysis source. The typical laser pulse was <100 

mJ/pulse in energy and 20 ns in duration. The IR emission following the photolysis pulse 

in the flow cell was collected by a Welsh Cell and focused into the FTIR spectrometer 

(Bruker IFS 66s) by a pair of KBr lenses, and detected by a liquid-N2 cooled mercury-

cadmium-telluride (MCT) detector (Judson, J15D14). The signal was processed with a 5-

times pre-amplifier (Judson, PA-101) and digitized using an external ADC board 

(Spectrum GMBH, PAD82a) interfaced directly to a microcomputer. The MCT detector 

had a response time of 500 ns and a spectral range of 700-4000 cm-1. After Fourier 

transform, the acquired FTIR spectra were first co-added over 500 ns durations, and the 

intensity was corrected with the detector response function. All spectra were frequency 

calibrated using the 2P3/2 ß 2P1/2 transition of Br* at 3685 cm-1, observed following the 
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193 nm photolysis of vinyl bromide. The spectral resolution in this experiment was set at 

10 cm-1. The total IR signal decayed away ~ 20-40 μs following the photolysis pulse 

depending on the total IR signal intensity.  

Sulfur Dioxide (BOC Gases, >99.9%) and Ar (Airgas, >99.999%) were used directly 

without further purification. Experiments were performed with 10-180 mTorr of SO2 and 

0-3 Torr of Ar buffer gas in a continuous flow reaction cell. 

	  

Figure 3.1 Time-resolved FTIR emission spectra following 193 nm photolysis of: 50 mTorr SO2 in 2 

Torr Ar (left) and 100 mTorr pure SO2 (right). Spectra at selected times following the photolysis laser pulse 

are shown. Numbers in square boxes indicate the assignments: 1) emission from SO and SO2 (ν1), 2) SO2 

(ν3) emission, and 3) SO overtone emission. 

      

3.3 Results 

A. Time-resolved FTIR emission spectrum 

Time-resolved FTIR emission spectra at selected times following the 193 nm pulse, for 

samples of 100 mTorr pure SO2 and 50 mTorr SO2 in 2 Torr Ar, are shown in Fig. 3.1. 

The initial rise of the IR intensity (before 1 µs) is due to the response time of the system. 
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Three main features appear in both spectra: (1) the feature in the 1000-1200 cm-1 region, 

which is assigned to emission from vibrationally excited SO (X3Σ-) radical; (2) the feature 

in the 1200-1400 cm-1 region, assigned to SO2(ν3) emission; and (3) a very weak feature 

in the 2200-2400 cm-1 region, assigned to the overtone (Δv=-2) emission of the SO 

radical. 

In both the pure SO2 and the SO2/Ar cases, the center of the SO emission lies slightly 

red-shifted from the 1à0 fundamental transition at 1137.94 cm-1. The red shift indicates 

the presence of emission from v>1 populations of SO radicals. As observed in the early 

time spectra, the bandwidth of the rotational branches of the nascent SO is quite different 

in the two experiments. The pure SO2 experiment shows a broader width for both the P 

and R branches, while the SO2/Ar experiment shows a width similar to the room 

temperature absorption profile. The broadened rotational braches in the early time spectra 

of the pure SO2 experiment narrow down quickly and, in the later time spectra, become 

similar to the room temperature absorption profile. This broadened rotational bandwidth 

indicates that the nascent SO is rotationally excited. In the pure SO2 experiment, 

rotational cooling is observed as the narrowing of the rotational bandwidth. In the 

previous IR emission study1 this feature was assigned to both the SO radical and SO2(ν1) 

as the latter is near to its fundamental (ν1 = 1155.71 cm-1).21 Here, we assign the emission 

feature between 1000-1200 cm-1 to SO radicals only. It is shown that at later time slices, 

emission from the ν1 mode of SO2 starts to grow in as excited SO2 is generated from near 

resonant V-V energy transfer from vibrationally excited SO.  

The feature in the 1200-1400 cm-1 region does not appear immediately after the 

photolysis, but is observed to grow in at later time slices. Centered around 1350 cm-1, this 
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emission is weak and does not shift much in frequency over time. We attribute this 

feature to emission from vibrationally excited SO2(ν3) generated from reactions between 

hot SO/O radicals and ambient SO2 molecules.  The ν3 mode of SO2 has the largest 

transition moment, thus it can be detected in our experiment. Hot SO/O radicals can be 

quenched significantly by the buffer gas (Ar), thus the probability that hot SO/O radicals 

collide with the ambient SO2 molecules is substantially decreased with the presence of 

the Ar buffer gas. This is why no significant emission from SO2(ν3) is detected in the 

SO2/Ar experiment. The overall decay of emission from SO2 (ν3) is very long because the 

reaction continues inside the cell. 

The weak feature in the 2200-2400 cm-1 region is assigned to the overtone emission of 

the nascent SO radical. The SO 2ß0 transition has been detected in IR absorption 

spectroscopy20. In our experiments, the overtone emission rises immediately after the 

photolysis with a much weaker intensity compared to the fundamental transition and 

decays much faster in time. 

B. Quantitative analysis of the time-resolved spectra 

The time-resolved emission spectra can be analyzed for the determination of the 

nascent SO energy distribution. We focused our attention on the 1000-1200 cm-1 spectral 

region where vibrationally excited SO emits. The emission in the region 2200-2400 cm-1 

is also from the nascent SO but is not quantitatively treated due to low signal intensity.  

We model the frequency and intensity of the SO emission based on the harmonic 

oscillator model using normal mode quantum numbers. First, the energies of the 

vibrational levels are calculated using experimentally determined molecular constants for 

SO12. For the present study, only the v=1 to v=5 levels are calculated as v=5 is the highest 
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energetically possible vibrational level for SO generated from the 193 nm photolysis of 

SO2. For each vibrational level, emission occurs through the harmonic oscillator selection 

rule, i.e. Δv=-1. The harmonic scaling factor is applied to account for the vibrational 

band intensities. The frequency of an individual vibration-rotation transition in both P 

and R branches is calculated with the diatomic Hamiltonian. The intensity of each 

individual vibration-rotation transition is calculated using the line intensity expression: S” 

= |Mv’v”|2ΔSJ”
ΔJNrot, where |Mv’v”|2 is the pure vibrational transition dipole moment squared, 

which corresponds to the square of the fundamental transition dipole moment |M10|2 times 

the harmonic scaling factor v for different vibrational levels, ΔSJ”
ΔJ are the Hönl-London 

factors for rotational transitions, and Nrot is the population factor determined by the 

rotational temperature Trot. The emission band shape of each individual vibration-rotation 

transition is assumed to be Gaussian with a bandwidth σ, which is set to 10 cm-1 to match 

the spectral resolution of the experiment. The total emission intensity of the SO radical 

from each vibrational band is the sum of all the Gaussian profiles of vibration-rotation 

transitions in the vibrational band (Fig. 3.2). 

Modeling of the emission from SO2 is done similarly. The frequency and intensity of 

each rotation-vibration transition is calculated using the asymmetric rotor Hamiltonian 

(the AsyrotWin program for rotational contour calculation)22. Only emission from the 

v1=1ß2 and v1=0ß1 bands are calculated for the SO2 ν1 mode. As will be discussed 

later, SO2 (v1>0) is generated through near-resonant V-V energy transfer between SO and 

SO2, so only v1=1 or 2 will have significant population from this process. In Figure 3.2, 

simulations of emissions from SO and SO2(ν1) bands are shown. The relative intensity of 



 33 

the emission bands of SO and SO2(ν1) are scaled with the Einstein A coefficients of SO 

and SO2(ν1), which are calculated using the Gaussian program (B3LYP/6-31G(d))25,26. 

 

Figure 3.2 Theoretical simulations of the IR emission from the vibrational transitions of SO (solid line, 

from left to right: v = 5 à 4 and v =1 à 0) and SO2 (ν1) (dotted line, v =1 à 0). The integral intensity of 

SO (1à 0) band is normalized to 1. The intensity for SO emission (left Y axis) and SO2 (ν1) emission (right 

Y axis) are scaled with the harmonic oscillator scaling factor (SO 5à4) and theoretical calculations using 

Gaussian 09 for the Einstein emission coefficients of SO and SO2 (ν1) (SO2 1à0). 

The spectral feature observed at 1000-1200 cm-1 is fitted as a sum of emission bands 

from each of the modeled SO and SO2(ν1) vibrational levels, weighted by their 

population. Nonlinear least square fitting of the observed spectral shape results in a 

measure of the time-dependent population distributions. For the fitting, two kinds of 

population distributions were tried: 1) the population in each level is allowed to vary 

individually in the fitting (“free-for-all”), and 2) Gaussian functions were assumed for the 

vibrational population distribution of SO but the SO2 levels were allowed to vary 

independently. Briefly, the total intensity is formulated as a sum of the emissions from 

SO levels up to v=5 and SO2(ν1) up to v1=2: 
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where the ai coefficients depict the relative population of SO for the v=i vibrational levels 

and bi are the relative populations of SO2(ν1) for v1=1 or 2. In the first fitting procedure, 

both ai and bi are allow to vary independently with the only restriction of ai, bi > 0. In the 

second fitting procedure, two Gaussian functions are assumed for the population 

distribution for SO, so that ai is set as: 
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where σ1 and σ2 are the widths of the respective Gaussian functions, x1 and x2 are the 

centers of the Gaussian functions, and vi is the SO vibrational quantum number. Previous 

studies have shown that there are two possible channels for the generation of 

vibrationally excited SO, hence the sum of two Gaussian functions (Eq. 2) is used here to 

describe the ai coefficients. We have also tried single Gaussian as well as three Gaussian 

functional fits. The single Gaussian fitting yields very similar results to the two-Gaussian 

fitting, while the three-Gaussian results show that adding an additional Gaussian does not 

significantly change the quality of the fitting. Note that in both the free-for-all and the 

Gaussian fitting for SO, SO2 (ν1) populations are allowed to vary independently. Figure 3 

shows the fitting results using the two procedures. Best fit results for the “free-for-all” 

procedure (Fig. 3.3, left panel) yield a reduced χ2 value of 2.05*106 where the uncertainty 

of each ai and bi is 5-10% for all vibrational levels of SO and SO2(ν1). Alternatively, the 

best fit results for the two-Gaussian functions (Fig. 3.3, right panel) gave a reduced χ2 

value of 8.34*106 with a vibrational level population uncertainty of ~30% for SO and 

~5% for SO2(ν1). In the two-Gaussian model fitting procedure, the centers of two 
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Gaussian functions were both placed at v=0 by the fitting results. When the centers of the 

two-Gaussian functions were fixed at v=2 and v=5, in agreement with the free-for-all 

fitting results, the reduced χ2 value increased nearly an order of magnitude to 1.35*107. 

From the analysis above, we conclude that the quality of the fittings using Gaussian 

functions is not nearly as good as the free-for-all method. Therefore the fitting results 

using the free-for-all method are adopted here.  

 

Figure 3.3 Spectral fittings of the emission feature between 1000-1200 cm-1. The best result from the free-

for-all procedure is shown in the left panel: experimental data (solid line) and fitted spectrum (dotted line); 

the reduced-χ2 is 2.05*106. The two-Gaussian functions procedure result is in the right panel: experimental 

data (solid line) and fitted spectrum (dotted line); the reduced-χ2 is 8.34*106. 

Fig. 3.4 shows the time-resolved spectra following the photolysis of both pure SO2 and 

the SO2/Ar mixture together with the free-for-all fit spectra and the determined SO 

vibrational populations. In both cases, the vibrational populations of the nascent SO were 

found to have a maximum at v=2. This result is consistent with previous studies1-10. An 

experimentally significant population is also found at v=5 (~6%). This population was 

observed in all spectral fittings regardless of the SO2 sample pressures or relative 
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presence of Ar buffer gas. This result is consistent with the works of Hirota and 

coworkers4 and Tsuchiya and coworkers3. Further, there is no discernable population 

measured for the v=3 or 4 levels of SO. In Fig. 3.4, the best fit of the 1 μs spectrum from 

the pure SO2 experiment gives a rotational temperature of ~1000 K for the v=1 and v=2 

population of the nascent SO radicals; the rotational temperature of the v=5 population of 

the nascent SO radials on the other hand remains at 300 K. This rotational temperature 

difference is in agreement with the previous report of the observation of rotationally hot 

nascent SO radicals at v=1 and v=2 population but not in v=5 population4. Analyses of 

spectra from the pure SO2 experiment show that during the early times after the 

photolysis, nascent SO radicals undergo mainly rotational cooling while the vibration 

population remains unchanged. For the case of SO2 in Ar, as shown in Fig. 3.4, on the 

other hand, the rotational temperature of the SO in the early time spectra is found to be at 

300 K due to fast rotational cooling by the Ar buffer gas19,23.  

The relative vibrational populations of the nascent SO were determined to be (v=1): 

(v=2): (v=5) = 0.57±0.03: 1.00±0.03: 0.10±0.03. These ratios are in good agreement with 

previous studies3. Conversely, spectral analyses did not reveal any significant population 

in the SO2(ν1) levels. The emission collected immediately after the photolysis in this 

spectral region must therefore contain little contribution from SO2(ν1), suggesting that all 

emission in this feature originates from SO. At later times, however, we observe that the 

emission from the v1=1 and 2 levels of SO2 (ν1) grows in. This can be interpreted as the 

result of the near resonant V-V energy transfer between the fundamental SO vibration 

(1137.9 cm-1) and the SO2(ν1) mode (1151.3 cm-1).  



 37 

The temporal profile of the SO2(ν1) level population, determined from spectral fittings, 

is shown in Fig. 3.5. The fitting results show that the v1=2 population appears before the 

v1=1 population. After the initial increase, v1=2 population reaches its maximum and 

starts to decrease at later time. The v1=1 population of SO2 on the other hand keeps 

increasing in our experiment. Due to the overall low IR intensity, a quantitative analysis 

to deduce the relaxation rate of each of the vibrational levels of the SO radical was not 

attempted. 

	  

	  

Figure 3.4 The deduced SO vibrational populations obtained from spectral fittings shown in the top-

right. From top to bottom: the 1 µs spectrum obtained for the 30 mTorr pure SO2 sample, and the 1 µs and 5 

µs spectra from 100 mTorr SO2 in 2 Torr Ar. In each graph, the experimental spectra are show as solid lines 

and fittings as dotted lines. 
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3.4 Discussion 

A. Is there vibrationally excited SO2 immediately following the 193 nm excitation? 

It is generally accepted1-10 that at 193 nm the SO2 molecule is excited into the C
~

1B2 

electronic state. After electronic excitation, SO2 can either go through pre-dissociation or 

radiative decay. LIF and high-resolution absorption studies by Katagiri et al10 reported 

that at 193 nm the fluorescence quantum yield is less than 10-4 and the photodissociation 

lifetime of the vibronic levels of the C
~

1B2 state is ~10 ps. Based on this understanding, it 

is expected that nearly all photo-excited SO2 will dissociate to SO+O while vibrationally 

excited SO2, generated from the radiative decay, would be several orders lower in 

population than the nascent SO.  

The previous time-resolved FTIR study by Gong et al. has assigned the emission peak 

in the 1150 cm-1 region, detected right after the photolysis, to the SO2(ν1) mode1. They 

then concluded that the Einstein A coefficient for the SO2(ν1) to be 2-3 orders of 

magnitude larger than that of the SO mode. We have performed theoretical (Gaussian09, 

B3LYP/6-31G(d)) calculations for both SO and SO2(ν1). The calculations show that the 

Einstein coefficient of SO2(ν1) is no more than one order of magnitude larger than that of 

SO (Fig. 3.2). Based on the analysis above, it is estimated that the IR emission from 

vibrationally hot SO2, generated by the radiative decay, will be much weaker than that 

from the nascent SO. This is consistent with the nonlinear least squares fitting of the 

emission feature in the 1000-1200 cm-1 region, detected immediately following the 

photolysis pulse (less than 1 µs), in which all IR emission intensity can be attributed 

solely to vibrationally excited SO generated from the photolysis.  

B. Rotational energy content of the nascent SO 
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In experiments of pure SO2 (with pressure ranging from 30 to 150 mTorr), the emission 

from the nascent SO right after photolysis is about 50% broader (as in FWHM) than in 

experiments run with an Ar buffer gas (Fig. 3.4). This observation suggests that the 

nascent SO is generated with considerable rotational excitation. In the presence of a 

buffer gas, the rotational energy content is collision quenched much faster and the 

bandwidth of the observed IR emission is rotationally narrowed.  

The rotational temperature of nascent SO, deduced from fittings of early time spectra in 

the pure SO2 experiments, is about 1000 K for v=1 and v=2 population. Detection of 

rotationally hot nascent SO radicals has been reported in previous studies4,19. A tunable 

IR diode-laser spectroscopy study4 reported that the “rotational distribution in each 

vibrational state differed significantly from the thermal distribution, and was shifted 

towards higher rotational levels in lower vibrational states”. Significant population in 

rotational levels up to N=38 (v=2) was found for the nascent SO after 193 nm photolysis, 

while the room-temperature Nmax is 11. This study has also reported that the N=38 (v=2) 

population is rapidly quenched as the absorption intensity quickly decays after the initial 

photolysis. The millimeter-wave rotational spectroscopy study19 reported a rotational 

relaxation time of ~0.6 μs for 20 mTorr of pure SO2. In our experiments, the IR detector 

has a response time of 500 ns. Therefore, the rotational temperature deduced may not 

accurately reflect the nascent rotational population of the SO radical. The rotational 

temperature of ~1000 K for the nascent SO v=1 and v=2 should be considered as a lower 

limit. Our results also indicate fast rotational relaxation of the nascent SO. Specifically, 

around 1 μs following the arrival of the photolysis pulse, the SO rotational population is 

cooled to the room temperature distribution. The v=5 population of the nascent SO 
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radical has a rotational temperature of 300 K from the data analysis, which is also 

consistent with previous observation4. The different rotational temperatures of these two 

populations may indicate that different photolysis mechanisms are responsible for each 

population. This will be discussed further later in this chapter. 

Our experiments on the SO2/Ar mixture, on the other hand, show that the SO radicals in 

early time emission spectra are not rotationally hot. In these experiments 2-3 Torr Ar 

buffer gas was used. These pressures correspond to a 30-50 ns average collision time 

between SO and Ar. Even within the detector response time, there were >10 collisions for 

SO with Ar. Rotational-to-translational (R-T) energy transfer is commonly considered to 

be a very efficient process where only several collisions are required to quench rotational 

excitation23. Under the current experimental conditions, rotational excitation in the 

nascent SO should be quenched during the detector response time, suggesting that the IR 

emission detected would only shows ambient temperature rotational excitation. 

C. The predissociation channels of SO2 at 193 nm  

The spectral fittings have shown that there are two vibrational populations for the 

nascent SO: One encompasses v=1 and 2, which accounts for about 94% of the total 

population; the other is v=5, which accounts for about 6%. Hirota and coworkers’ study 

of the electronic spin states of individual ro-vibration levels4 found that “the electron spin 

is polarized in the v=1 and 2 states in a direction either parallel or antiparallel to the 

rotational angular momentum, and this selective population is not observed for v=5”. The 

bimodal vibrational distribution, combined with the different spin state distributions, 

suggest that there are likely two different predissociation mechanisms resulting in the two 

populations respectively. According to previous studies7,10 (Fig.1 in ref. 7), following 193 
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nm excitation, there are several possible pre-dissociation channels available to SO2, 

specifically: 1) Internal conversion from the C
~

1B2 to the X
~

1A1 states, 2) an avoided 

crossing between the C
~

1B2 and the 31A’ states, and 3) intersystem crossing from the C
~

 to 

the 23A’ states. The intersystem crossing channel was suggested in the spin study4 for the 

generation of v=1 and 2 in the nascent SO. Houston and coworkers studied the 

dependence of the excitation wavelength between 202-207 nm in the vibrational 

population of the nascent SO5. Their data suggested that the predissociation mechanism 

changes at 203 nm. For wavelengths shorter than 203 nm, they observed that the majority 

of the nascent SO population is in v=0. For wavelengths longer than 203 nm, they found 

the majority of nascent SO radicals to be vibrationally excited in the v=1 and 2 levels.  

At 193 nm, several channels are possible. The internal conversion mechanism involves 

participation of the highly vibrationally excited ground state of SO2, where local 

vibrational level density is very high. The LIF study suggested a 20 ps lifetime of SO2 

excited at this energy in the X
~

 state10. This lifetime is long enough for intra-molecular 

vibrational redistribution (IVR) to happen which could lead to the generation of the 

vibrationally excited SO. Houston and coworkers suggested that at 206.71 nm, 75% of 

the nascent SO are vibrationally excited and the v=2 level has the highest population. At 

193 nm, the total available energy increases by about 2600 cm-1 compared to 206.71 nm. 

This increase of excitation energy enables vibrationally excited SO to be generated 

through this mechanism at the v=5 level. The avoided crossing mechanism proposed by 

Ref. 5, on the other hand, will produce almost all nascent SO radical in the v=0 level as 

the repulsive singlet 31A’ state distributes most of the excess energy into the translational 
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degrees of freedom of the SO and O fragments. Unfortunately, as vibrational ground state 

levels produce no emission, we cannot directly probe the v=0 SO population using our IR 

emission based method. Nevertheless, according to the previous time-of-flight mass 

spectroscopy study11,24 and the spin polarization study4, the SO v=0 population is assumed 

to be small. The avoided crossing mechanism is thus not included here. 

D. Collision Relaxation of Vibrationally Excited SO 

Yamasaki et al. have reported the vibrational relaxation rate constants of the various 

vibrational levels of the nascent SO3. 63% of the vibrational deactivation of SO v=2 by 

SO2 were suggested to go through two-quantum transitions. The temporal profile of 

SO2(ν1) that we have deduced is consistent with this finding (Fig. 3.5).  

 

Figure 3.5 The temporal profile of SO2 (ν1) v=1 and 2 populations following 193 nm photolysis of 100 

mTorr SO2 in 2 Torr Ar. The shaded columns are the populations of the v=2 level, and the clear columns 

those of v=1 at indicated times. 
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We have observed that the v1=2 population grows in before the v1=1 population, which 

indicates a very efficient Δv=-2 energy transfer channel from SO to SO2. This non-

intuitive result is actually consistent with Ref. 3, which reported an efficient Δv=-2 

channel between SO and SO2(ν1). It was proposed that an attractive potential or the 

formation of an intermediate could be responsible for this type of energy transfer3. The 

delayed v1=1 population of SO2(ν1) is attributed to the sum of the V-V energy transfer 

between SO and SO2 through the Δv=-1 channel and the depletion of the v1=2 

population. 

 

3.5 Conclusions  

Analyses of the time-resolved IR emission spectra, recorded following photolysis of 

SO2 by a 193 nm laser pulse, revealed the nascent SO population distribution as: 94% in 

the v=1 and 2 levels and 6% in the v=5 level. The nascent vibrational population 

distribution of SO is measured to be (v=1): (v=2): (v=5) = 0.57(±0.03): 1.00(±0.03): 

0.10(±0.03), in good agreement with previous studies3. This bimodal energy distribution 

can be best explained by two dissociation mechanisms operating at 193 nm: the lower 

excited majority population generated through an intersystem crossing mechanism 

between the C
~

state and a repulsive triplet state (23A’), and the much smaller high 

population generated through an internal conversion mechanism between the C
~

 and X
~

 

states. The nascent SO is rotationally excited with an average rotational temperature of 

about 1000 K for the v=1 and v=2 vibrational levels. 

Contrary to a previous IR emission study1, quantitative fitting of the emission spectra 

did not reveal any contribution from vibrationally excited SO2 generated immediately 
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following the photolysis. Efficient V-V energy transfer from the nascent vibrationally 

excited SO to SO2(ν1) has been observed. The time-resolved appearance of the SO2(ν1) 

v1=1 and 2 populations is consistent with the previous report3 that Δv=-2 channel is faster 

than the Δv=-1 channel. 

 

Acknowledgements. This work was supported in part through the U.S. Department of 

Energy, Basic Energy Sciences, Grant No. DEFG 02-86ER 134584. 

	  

 

	  
	  
 

 

 

 

 

 

 

 

 

 

 

 



 45 

CHAPTER FOUR 

TRANSLATION TO VIBRATION ENERGY TRANSFER THROUGH 

INTERMEDIATE FORMATION: A TR-FTIR STUDY ON “HOT” H 

ATOMS COLLIDING WITH SO2 MOLECULES 

 

4.1 Introduction 

One of the fundamental goals of chemical physics is to gain a detailed understanding of 

the potential energy surfaces (PES) that control different chemical processes, such as 

chemical reactions and energy transfers. Among these topics, vibrationally inelastic 

scattering is a fundamental collision process that transfers kinetic energies of the 

colliding partners into vibrational excitation (T-V energy transfer). This collisional 

energy transfer process is usually treated by considering the repulsive part of the 

intermolecular potential and the collision process is considered impulsive. This classical 

picture has provided some explanation for what is observed in collisions of translationally 

hot H atoms with various species[1]-[10]. In other cases, attractive interaction between the 

colliding partners is invoked to explain enhanced T-V energy transfer process[5]. Recent 

experimental work has shown some striking new findings[11]-[14] on both T-V energy 

transfers between fast H atoms with D2
[11] and C2H2

[13][14], as well as the decomposition 

of the formaldehyde molecule[12]. Combined with the more advanced trajectory 

calculations, these new results have suggested that the attractive part of the potential 

energy surface can be very important[12]-[14] or even dominant[11] during the T-V energy 

transfer processes or chemical reactions. These could potentially be another area of great 

fundamental interest: to study how the attractive part of the potential energy surface 
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affects both chemical reactions and energy transfer processes, for example between fast 

H atoms and other species.  

The hydrogen atom is a great candidate for translationally “hot” colliders due to its 

small mass. Translationally “hot” H atom can be generated through the photolysis of 

different precusors with a laser pulse[1]. Since the early 1980’s, there have been many 

investigations using hot H atoms[4] in both T-V energy transfer and chemical reactions 

due to its unique ability to probe one type of energy transfer channels. A few works will 

be reviewed here on the T-V/R energy transfer mechanisms between hot H atom and 

different molecules. 

Leone’s group performed T-V energy transfer studies from hot H atom to NO and CO 

by the Excimer laser photolysis/infrared fluorescence method[5]. They reported the 

excited vibrational state distribution of the NO and CO. Their results show that, the 

absolute T-V energy transfer efficiency for H+CO is a strong function of the initial H 

atom energy while the efficiency for H+NO is essentially constant over the same range of 

the initial H atom energy[5]. Their theoretical calculations used classical impulsive model 

agree well with the energy dependence of H+CO system but cannot reproduce the 

behavior of H+NO system. They have attributed this initial H energy dependence of 

H+NO to the attractive potential of the HNO transient species or collision complexes. 

Leone’s group have also studied the T-V energy transfer and the exchange reaction of 

H(D)+HF(DF) system using time and wavelength resolved infrared fluorescence[6]. The 

rotational distributions for HF(DF) from nonreactive inelastic collisions with different 

kinetic energies of H atom look similar, which contain a low J and a high J component. 

Their theoretical simulations show that two distinct rotational distributions are attributed 
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to the different atoms in HF(DF) with which hot H atoms collide[6]. This result also 

suggests that different parts of the potential energy surface are responsible for the energy 

transfer between HF(DF) and hot H atom dependent on which atom (H/D or F) that the 

hot H atom attacks. 

     Flynn’s group has studied the state-resolved vibrational, rotational and translational 

energy transfer between hot H atom and CO2
[7][8] using high resolution tunable diode 

laser absorption spectroscopy method. They have measured the relative cross sections of 

the T-V energy transfer to each vibrational mode of CO2
[8]. Their state-resolved energy 

transfer experiments show that the even rotational levels are more populated than the odd 

rotational levels, which agree with their model studies. 

     Recently, Kong’s group and Sloan’s group have studied the reactions and T-V energy 

transfers by hot H atoms colliding with CO2
[9] and N2O[10] using the FTIR technique. 

Interestingly enough, IR emissions from vibrationally excited CO2 and N2O (Evib.~6000 

cm-1) are observed. They have attributed the vibrational excitation in the CO2 and N2O to 

the high efficiency T-V energy transfer by colliding with hot H atoms. On the other hand, 

the mechanism behind the T-V energy transfer requires further investigations into the 

potential energy surface of each system.  

The system of interest here, H+SO2, has strong inelastic and reactive channels as well 

as two stable HOSO intermediates, and has been the subject of numerous experimental 

and theoretical studies[15]-[24]. The previous studies focused on the reaction pathway, 

H*+SO2àOH+SO[15]-[24], which is of interest in both combustion and atmospheric 

chemistry. However, the inelastic collision pathway, T-V/R energy transfer channel has 

not been investigated previously. The T-V/R energy transfer between hot H and SO2 
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provides another prototype of H colliding with small polyatomic (triatomic) molecules 

and is of fundamental interest for us to understand how the potential energy surfaces 

govern the energy transfer process between H and SO2 molecule. 

In this chapter, we report the first experimental observation of the vibrational excitation 

of SO2 molecules through collisions with translationally hot H atoms (53-61kcal/mole) 

using time-resolved Fourier transform infrared emission spectroscopy (TR-FTIR) 

technique. Two distinct populations of vibrationally excited SO2 are identified. The first 

population is best represented as an exponential decay with the increase of the total SO2 

internal energy, with a decay constant of 0.001±0.0005cm. This population is attributed 

to the T-V energy transfer between hot H atom and SO2 through a repulsive interaction. 

The second population can be represented as an Gaussian distribution centered at 

Evibrational(SO2)=5500cm-1 with a width of 5000cm-1. This broad population distribution is 

attributed to the formation of the two stable intermediates (“active complex”), HOSO and 

HSO2 on the potential energy surfaces during the collision process. The relative ratio of 

the population in the exponential distribution to that in the Gaussian distribution is about 

1:5.  From the data analysis, the total T-V energy transfer cross section through the 

formation of the intermediates is calculated to be 0.9(±0.1)Å2. This is the first 

experimental determination of the T-V energy transfer cross section through the 

intermediates formation mechanism for H+SO2 system. 

IR emission from vibrationally excited SO radical is also reported in this chapter. 

Vibrationally excited SO radicals are generated through both the reaction channel, 

H+SO2àOH+SO(v=1) and the photolysis channel, SO2+193nmàO+SO(v≥1). Data 
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analysis indicates that the relative ratio of SO radical generated from the reaction channel 

to the SO radical generated from the photolysis of SO2 channel is about 2:3. 

4.2 Experimental setup 

The time resolved Fourier transform infrared spectroscopy (TR-FTIR) setup has been 

described previously[25][26]. A brief summary is outlined here. The 193nm output from an 

Excimer laser (ArF, Lambda Physik LP200, 20Hz repetition rate, beam spot size 1x2 

cm2) was collimated into a flow cell as the photolysis source. The typical laser pulse was 

<100 mJ/pulse in energy and 20ns in duration. The IR emission following the photolysis 

pulse in the flow cell was collected by a Welsh Cell and focused into the FTIR 

spectrometer (Bruker IFS 66s) by a pair of KBr lenses, and detected by a liquid-N2 

cooled mercury-cadmium-telluride (MCT) detector (Judson, J15D14). The signal was 

processed with a 5-times pre-amplifier (Judson, PA-101) and digitized using an external 

ADC board (Spectrum GMBH, PAD82a, 8bit, 200MHz) interfaced directly to a 

microcomputer. The MCT detector had a response time of 500ns and a spectral range of 

700-4000cm-1. After the Fourier transformation, the acquired FTIR spectra were first co-

added over 500nsec durations, and the intensity was corrected with the detector response 

function at spectra analysis. All spectra were frequency calibrated using the 2P1/2à
2P3/2 

transition of Br*àBr at 3685cm-1, observed following the 193nm photolysis of vinyl 

bromide using the same instrument. The spectral resolution in this experiment was set at 

10cm-1. The total IR signal decayed away ~ 40µs following the photolysis pulse 

depending on the total IR signal intensity. 

     Different hot H precursors are tested in this experiment. Under 193nm Excimer laser 

pulse, both H2S and HBr molecules are good candidates. The absorption cross sections 
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are: 7×10-18 cm2 for H2S and 1.5×10-18 cm2 for HBr[1]. The average translational energy of 

hot H atom has for each is: 54.4kcal/mole for H2S and 48.9 to 59.2kcal/mole for HBr[1] 

(bimodal distribution with ~85% of Br in the ground electronic state).  Under our 

experimental conditions, H2S precursor deposits on the inside of the chamber as well as 

optical windows very easily during the experiments and then reduces the total IR signal 

detected by the FTIR overtime. Therefore, HBr was used as the precursor for hot H 

atoms. 

     SO2 (BOC Gases, >99.99%), HBr (Aldrich, >99%) and Ar (Airgas, >99.999%) were 

directly used without further purification. The three gases are mixed inside the 

observation chamber with constant flow. Experiments were performed with 10-100mTorr 

of SO2, 100-200mTorr of HBr and 0-2Torr of Ar. The relative pressures of SO2 and HBr 

are experimentally determined for maximized total IR signal. Ar buffer gas is used 

mainly to prevent the deposition/coating on the optical windows by the SO2 and HBr 

molecules. Ar buffer gas also serves as collisional quencher in the system. 

 

4.3 Result and data analysis 

A. Time-resolved FTIR spectrum and spectral assignment 

Figure 4.1 is the TR-FTIR spectrum of 200mTorr HBr/40mTorr SO2/2Torr Ar mixture 

emission at 1µs after the 193nm laser pulse, corrected with the detector response 

function.  Two strong emission regions are seen in the spectrum. First region is between 

1000-1400cm-1 and the second region is between 2000-2500cm-1. The second region is 

assigned mainly to the IR emission from the vibrationally excited HBr (ν=2558.58cm-

1)[27] molecules through collisions with the hot H atoms. In this work, we will not focus 
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on this region because the total intensity of the IR emission is relatively. The spikes near 

the 4000cm-1 on the spectrum are the artificial results after correcting the FTIR spectrum 

with the instrumental response function (IRF) of the MCT detector. We will focus on the 

first emission region, 1000-1400cm-1, which has most of the IR intensity throughout the 

spectrum. 

 

 

 

 

 

 

Figure 4.1 TR-FTIR spectrum of 200mTorr HBr, 40mTorr SO2 and 2Torr Ar mixture at 1µs delay after the 

193nm Excimer laser pulse. The spectrum reported here is corrected with the instrumental response 

function (IRF) of the MCT detector. The spectral range is 1000-4000cm-1. 

Figure 4.2 shows the TR-FTIR spectra between 1000-1500cm-1 region recorded at 

different time delays after the laser pulse. Two features are seen in all the spectra. The 

feature between 1000-1200cm-1 loses its intensity at later time but does not shift much in 

the frequency domain, the emission pattern remains relatively similar as well. On the 

other hand, emission feature between 1200cm-1 shows very different behavior. At early 

time, the emission feature is a broad peak covering almost the entire 1200-1400cm-1 

region. The emission intensity between 1200-1300cm-1 decreases rapidly to nearly none 

at later time, while the emission intensity between 1300-1400cm-1 remains very similar. 

We assigned feature 1 to the IR emission from SO (ν=1138 cm-1) radicals and SO2 
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(ν1=1151 cm-1) and feature 2 to the IR emission from SO2 (ν3=1361 cm-1) for the 

following reasons.  

 

Figure 4.2 TR-FTIR spectrum of 200mTorr HBr, 40mTorr SO2 and 2Torr Ar mixture at 1µs, 2µs, 5µs, 

10µs, 15µs delay after the 193nm Excimer laser pulse (from top to bottom). The spectral range is 1000-

1500cm-1. Feature 1 is assigned to emission of vibrationally excited SO radical as well as SO2 (ν1); feature 

2 is assigned to emission from vibrationally excited SO2 (ν3). 

First, we consider the major processes after the laser shot in our system. They are listed 

as follow: 

1. SO2 + 193nm à SO (v=1-5) + O 

2. HBr + 193nm à H* (61kcal/mole) + Br*/Br 

3. H* + SO2 à SO (v=0-1) + OH (v<3)[15] 

4. H* (E) + SO2 à H* (E-ΔE) + SO2 (ΔΕ) 

5. H* (E) + HBr à H* (E-ΔΕ) + HBr (ΔΕ) 

6. SO + HBr à OH+S+Br 
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7. O + HBr à OH+Br 

8. H* + SO àHOS 

9. H* + O àOH 

10. X + M (Ar) à Collisional energy quenching 

Reaction 1 and 2 are the photolysis process of SO2 and HBr by the 193nm Excimer 

laser respectively. Vibrationally excited SO radical can be generated from the photolysis 

of SO2
[26]. The photolysis of HBr will generate translational hot H atom[1] and about 15% 

Br is generated at its electronic excited state (2P1/2). The signature transition of Br*àBr 

(2P3/2à
2P1/2) at 3586 cm-1 is used to calibrate our FTIR spectrum. Reaction 3 is the 

chemical reaction between the hot H atom and SO2, which generates SO radical and OH 

radical. Very weak IR emission from OH radical is likely observed in the 3000-3700 cm-1 

spectral range, but the emission is too weak to do any quantitative analysis under our 

experimental condition. Equation 4 and 5 are the T-V/R energy transfers from hot H atom 

to SO2 and HBr molecules. Vibrationally excited SO2 and HBr are generated. Emission 

from vibrationally excited SO2 lies in the 1000-1400 cm-1. As mentioned earlier, emission 

from vibrationally excited HBr is also observed in the 2000-2500cm-1 region, which will 

not be studied in this chapter. Reactions 6-9 are some of the secondary reactions that 

could happen in our system. With the proper control of the experimental conditions, these 

secondary reactions can be minimized. Reaction 10 is the collisional energy quenching 

between vibrationally or translationally hot species (X= SO(v>0), H*, SO2(ΔΕ), HBr 

(ΔΕ)) and the Ar buffer gas molecule. Other possible molecules and radicals (such as 

HOS, HSO2 etc.) are also examined to check if they will interfere with our spectral 

assignments. These species either don’t emit IR photons at our desired spectral range or 
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the probability of finding them under our experimental condition is very low, therefore 

we believe that the only emitting species in the 1000-1400cm-1 spectral range are SO 

radicals and SO2 (ν1 and ν3) molecules. 

B. Quantitative analysis of the FTIR spectra: simulation of the emission spectra 

The FTIR emission spectra can be analyzed for the determination of the vibrational 

energy distribution of SO and SO2 molecules at different time delays. The method of 

modeling the frequency and intensity of IR emission of different species based on the 

harmonic oscillator model is described previously[26]. In principle, the vibrational energy 

levels are calculated using experimentally determined molecular constants for different 

species. The vibration transition frequencies through the harmonic selection rule (Δv=-1) 

are then calculated. For SO radical emission simulation, the intensity of each individual 

ro-vibration transition is calculated using the line intensity expression: 

S”=|Mv’v”|2ΔSJ”
ΔJNrot, where |Mv’v”|2 is the pure vibrational transition dipole moment 

squared, which corresponds to the square of the fundamental transition dipole moment 

|M10|2 times the harmonic scaling factor v for different vibrational levels, ΔSJ”
ΔJ is the 

Hönl-London factor for rotational transition and Nrot is the population factor determined 

by the rotational temperature Trot. The emission band shape of each ro-vibration transition 

is assumed to be a Gaussian function with a bandwidth of 10cm-1, which matches the 

spectral resolution of the experiment. The total emission intensity of SO from each 

vibrational level is the sum of all the Gaussian profiles of the ro-vibration transitions 

within the vibrational band. The simulated emission of SO radical from v=1 to v=5 is 

shown in Figure 4.3 (left). For SO2 emission simulation, the vibrational transitions are 

calculated the same way. As a polyatomic molecule, even though SO2 only has 3 atoms, 
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with the increase of the total internal energy, the number of vibration levels grows 

rapidly. From our calculation using harmonic oscillator model along with the anharmonic 

constants, over 9000 vibrational levels are counted up the about 25000cm-1 total internal 

energy for SO2. Due to the large number of possible vibrational levels, the emissions 

from vibrationally excited SO2 are divided into small energy bins. The bin size can vary 

according to different simulations. In this case, a bin size of 1000cm-1 is chosen. The 

emission from each energy bin is the sum of all the possible vibrational transitions within 

the energy bin. A Gaussian function centered at the vibrational transition frequency is 

used to simulate the emission from each vibrational transition. The integrated area of the 

Gaussian function, which represents the emission intensity of the vibrational transition is 

calculated using the follow formula: I=(1/gi)|Mvi’vi”|2, where gi is the population factor. 

The gi factor is 1 when the upper vibrational level has either v1=0 or v3=0, a factor of 0.5 

is applied when both v1 and v3 quantum numbers are nonzero. This factor accounts for 

the population normalization of emission coming from a single quantum state. The 

|Mvi’vi”|2 is the pure vibrational transition dipole moment squared for either ν1 or ν3 mode 

at that transition. It is defined similarly as SO radical, only different fundamental 

transition dipole moment squared (|M10|2) is applied to different vibrational mode. The 

width of the Gaussian function σ, which represents the rotational structure and 

temperature, is obtained by fitting with the absorption spectrum of SO2 at room 

temperature with our simulations. For the ν1 and ν3 modes, the σ values are: 65cm-1 and 

40cm-1 respectively at room temperature. The total emission from the energy bin is 

therefore the sum of all these Gaussian functions. Normalization of the emission from 

each energy bin is done by dividing the total emission intensity by the total number of all 
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the vibrational levels with the energy bin. The simulated bin emissions of SO2 up to 

15000cm-1 internal energy are shown in Figure 4.3 (right). This simplified simulation 

does not include the rotational structure of the emission. This method works reasonably 

well for the “energy bin” picture, in which the total number of vibrational transitions is 

large. The rotational structures of each individual vibrational transition tend to “smear 

out” after sum up over all the vibrational transitions. On the other hand, for energy bins 

where there are only small numbers of vibrational levels, for example, at the low energy 

end close to the fundamentals, the rotational structures will not “smear out” after the sum. 

In order to simulate the emission from these energy bins, it is more accurate to include 

the simulation of individual ro-vibrational transitions. The fitting results for our FTIR 

spectra on the other hand show no significant difference on the vibrational population 

distribution of SO2. Therefore in this chapter, we will only report the fitting result using 

the simplified simulation model for all the energy bins. 

 

Figure 4.3 Simulation of IR emission from SO radical (top) and SO2 (bottom). For SO radical, emissions 

from v’=1 to 5 are plotted and for SO2, emissions from different energy bins are plotted. The energy bin 

size of SO2 is set to be 1000cm-1, the total internal energy of SO2 is up to 15000cm-1 in this simulation. The 

absolute emission intensities for SO radical and SO2 molecules are scaled with the harmonic scaling factor 

v and the relative transition dipole moments for each mode. 
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The global fitting of the FTIR spectrum between 1000-1400cm-1 is done by using the 

simulated emission from SO and SO2 (ν1,ν3). The absolute transition dipole moments of 

SO and SO2 (ν1,ν3) are calculated with Gaussian 09 (B3LYP/6-31G(d))[28][29]. The 

computed IR band intensity (S’) for SO and SO2 ν1, ν3 are 8.23, 27.64 and 164.99 

km/mole respectively. The integrated band intensities (S’) are then converted to the 

vibrational transition dipole moments |M10|2[30] for each mode (8.23, 27.64, 139.51 

km/mole in the relative scale to the SO radical). The relative values generated in this 

manner should provide a reasonable basis for the spectra simulation on the emission 

intensity of different species, however, the absolute values are not expected to match 

experiment. 

C. Spectral fitting results 

Figure 4.4 shows the global fitting results for the FTIR spectra of 1µs (top) and 10µs 

(bottom) after the laser pulse. The upper trace of each spectrum is the residue from the 

fitting procedure. From the residue of the fitting procedure, we observed a regular pattern 

that appears in all of our FTIR spectra (Figure 4.5). This regular “ringing” pattern is most 

likely coming from a systematic error in our instruments or a misalignment of the optics 

in our experiment. Therefore, it is impossible to fit this “ringing” pattern with our 

theoretical simulations. In our spectral fitting results, we have attributed this “ringing” 

pattern as part of our background noise and corrected as part of the instrument response 

function. In Figure 4.4, we have also shown the vibrational energy distribution of SO2 

molecules for the 1µs and 10µs spectra (right panels). At 1µs after the laser pulse, the 

vibrational population of the SO2 can be best fit with two components: one is an 

exponential decay function (f(E)=e-aE) with a decay constant a of 0.001±0.0005cm, the 
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other component is a Gaussian distribution function centered at Eint=5500cm-1 with a 

width of 5000cm-1. The relative ratio of the contribution of these two components is 

determined by the fitting to be: Exponential:Gaussian=1:5. This will be discussed further 

later in this chapter. At 10µs, the vibrational population of SO2 is predominantly at the 

lower energy end. This is a typical result of the vibrational relaxation process of 

vibrationally excited SO2. 

 

 

 

Figure 4.4 Spectra fittings of the 1µs (top left) and 10µs (bottom left) FTIR spectra. The red trace is the 

spectrum and the black trace is the fitted spectrum. The residues from the fittings are also shown in the 

spectra as the upper trace. The vibrational population distribution of SO2 for 1µs and 10µs spectra are 

plotted on the right side of each spectra.  

The global fitting results also show the vibrational population distribution of the SO 

radical. There are two possible sources for the generation of SO radical in this experiment. 

Mentioned earlier in the assignment section, one is from the photolysis of SO2 by 193nm 

laser pulse, and the other is from the reaction of H+SO2àOH+SO. The photolysis of SO2 
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by 193nm laser pulse has been studied before[26], and the relative vibration population of 

SO radical is reported to be v=1:v=2:v=5 = 0.57:1.00:0.10[26].  

 

Figure 4.5 The “ringing background” of the FTIR spectra. The residues of the fitting results from the five 

FTIR spectra shown in Figure 4.2 are plotted on top of each other. The “ringing background” pattern is 

clearly seen from the overlapping of the fitting residues. This “ringing background” is most likely due to a 

systematic noise from the instruments and is corrected in the total system response function in the data 

analysis. 

On the other hand, there is no available experimental results reporting the vibrational 

population distribution of the SO product of the reaction channel. Previous IR emission 

study of the H+SO2àOH+SO study has reported that the product OH radicals can be 

observed at up to v=3 level, and qualitatively, most of the SO products are in the v=0 

vibrational state[15][20]. Here in this data analysis, two strategies are used to fit the 

emission of the SO radicals in order to determine the SO vibrational population 

distribution. In the first case, we assumed that there is no predetermined vibration 

population distribution for the SO radicals, the fitting result is shown in Figure 4.6 (left). 

Second one, we assumed that there is no vibrationally excited SO radical generated 

through the H+SO2àOH+SO channel, therefore, all the SO radical should come from the 

photolysis of SO2. Hence a predetermined vibrational population distribution is used for 

the SO radical to fit the spectrum. The result is shown in Figure 4.6 (right). The vibration 

population distribution of SO is shown in Figure 4.6 (bottom) for both non-predetermined 
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(blue) and predetermined (red) procedures. The least reduced χ2 fitting procedure yields a 

χ2 value of 4.02×106 for the non-predetermined procedure and a χ2 value of 1.22×107 for 

the predetermined procedure. Base on these results, we think that the non-predetermined 

procedure yields a better fitting result and then represents more likely the real vibrational 

population distribution of the SO radicals. Therefore, we think that a portion of the 

emission is from SO radicals that are generated from the reaction pathway of 

H+SO2àOH+SO. The relative vibration population of the SO radical in this experiment 

is determined to be v=1:v=2:v=5 = 1.61(±0.06):1.00(±0.08):0.10(±0.07). 

 

 

Figure 4.6 Spectral fittings of 1000-1200cm-1 range of the 1µs FTIR spectra. The red trace is the 

spectrum and the black trace is the fitting result. The residue is shown as the upper black trace on each 

spectrum. Top left panel is the fitting result with the SO vibrational population not fixed, while the top right 

panel is the fitting result with the SO vibrational population fixed to the SO vibrational population 

distribution of the photolysis of the SO2 under 193nm laser. The reduced χ2 from both fittings are 4.02*106 
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(left) and 1.22*107 (right) respectively. The relative populations for different vibrational levels of SO are 

shown on the bottom plot for both non-fixed result (blue) and fixed result (red). 

Rotational temperature of the SO and SO2 are also fitted with our simulation model. 

The result shows that both SO and SO2 are both at room temperature (300K) in our FTIR 

spectrum. With our experimental condition, we will not be able to observe rotational 

quenching due to the existence of relatively high Ar buffer pressure and efficient, early 

time, thermalization of rotational energy.  

 

4.4 Discussion 

A. Repulsive vs. Intermediate 

Vibrationally excited SO2 is generated through the T-V energy transfer between H atom 

and SO2. The nascent SO2 has two distinct vibrational population distributions as shown 

in Figure 7. First distribution is described as an Exponential function of total internal 

energy of SO2 with a decay constant of 0.001±0.0005cm. This energy dependence of the 

T-V energy transfer can be attributed to the interaction along the classical repulsive 

intermolecular potential. From the semi-classical energy transfer theory, the T-V energy 

transfer probability can be calculated for a diatomic molecule and H atom system[5][6]. 

According to the model, the vibrational distribution for a harmonic oscillator subjected to 

a T-V energy transfer process is given by the Poisson distribution[5][6]:  

Pv = (
ET!V

h!
)v exp(! ET!V

h!
) / v!  

where ν is the harmonic frequency, v is the vibrational quantum number, and ET-V is the 

amount of T-V energy transfer obtained from a classical calculation. An estimation of the 
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classical T-V energy transfer for an A+BC type can be followed by the classical SSH 

theory[31], the classical energy transfer is given by: 

ET!V

EH

=
4ABC(A+B+C)
(A+B)2 (B+C)2

(!"L
vi
)2 ( 2
e

!"L
vi ! e

!!"L
vi
)2  

where A,B,C are the masses of the atoms, vi is the initial relative velocity, ω is the 

angular frequency of the oscillator, L is the repulsive potential constant, which is set to be 

0.2Å in our calculation. For polyatomic molecules like SO2, semi-classical SSH theory 

can still be applied by replacing the mass factor 4ABC(A+B+C)/(A+B)2(B+C)2 with the 

coefficients Ak
2 (“Breathing Sphere” model”)[31]. Based on the information above, we can 

calculate the ET-V for both ν1 and ν3 modes of SO2. Sample calculation gives ET-V 

=1671cm-1 for the ν3 mode when H atom has 55kcal/mole translational energy. Then the 

probability Pv for each vibrational level can be calculated.  

 

Figure 4.7 Fitted result for the nascent vibrationally excited SO2 population (1µs) as a function of total 

internal energy. Two distributions are shown in the plot: the Exponential decay (red dotted) and the 

Gaussian function (blue dotted). The total distribution is shown as the black trace. 

By fitting the T-V energy transfer probability of different vibrational levels as a function 

of energy to an exponential function, the decay constant of the exponential function is 

estimated at 0.001±0.0005cm. This result shows good agreement with our experimental 

fitting results as well as previous studies[5][6]. The repulsive mechanism is partly 
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responsible for the vibrationally excited SO2 generated from the T-V energy transfer from 

H to SO2. 

On the other hand, about 80% of the hot SO2 molecules that are generated in this 

experiment show a very different vibrational population distribution than is consistent 

with the repulsive mechanism. The Gaussian distribution in our experiment shows that 

80% SO2 are vibrationally excited to about 5500cm-1 of total internal energy and have a 

wide energy distribution of 5000cm-1. This distribution indicates a very different energy 

transfer mechanism than the classical repulsive mechanism. Recent theoretical as well as 

experimental works have revealed the importance of the inter-/intra- molecular potential 

energy surfaces on governing chemical reactions and energy transfer processes[11]-[14]. 

The formation of the loosely bounded transition states or intermediate radicals can greatly 

affect chemical reaction and energy transfer process after the initial collision. Here, we 

have observed another example of such a system. Theoretical calculations have reported 

previously that there are two stable intermediate states in the H+SO2 system: HOSO and 

HSO2
[17]-[24]. Both intermediates are very important in the chemical reaction pathway of 

H+SO2
[17]-[24]. It is reasonable to assume that these two intermediates are also important 

in the T-V energy transfer processes between H and SO2. We plan to perform a quasi-

classical trajectories calculations on the H+SO2 system to study further on the energy 

transfer pathway to identify the significance of the formation of the intermediates to the 

T-V energy transfer process, and will be reported in a separate chapter. 

B. Calculation of the energy transfer cross section 

One of the most important aspects of such a T-V energy transfer process is the cross 

section of the energy transfer. In this section, the T-V energy transfer cross section 
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between hot H atom and SO2 through the non-classical intermediate formation 

mechanism will be estimated for the first time. First of all, we need to emphasize that the 

energy transfer cross section estimated here is under the multi-collision condition. 

Translationally hot H atoms are generated here with ~61kcal/mole energy, which equals 

to a roughly 2cm/µs relative velocity between H atom and other species (Ar, SO2, HBr 

etc.). According to the previous studies[5][6], H atom will becomes thermalized after about 

40 collisions with Ar molecule. Under our experimental conditions, there will be a 

collision between hot H atom and Ar buffer gas atom every 5ns on average, while a 

collision will happen between hot H atom and cold SO2 atom every 25ns. This indicates 

that vibrationally excited SO2 molecules that are generated through H+SO2 are the result 

of a multi-collision process. Before colliding with SO2, translationally hot H atom could 

experience collisions with other molecules/atoms in the system and therefore loses some 

of its translation energy. Therefore the energy transfer cross section reported here is a 

multi-collision energy transfer cross section. H atom is estimated to have a 1.2eV to 

2.7eV translational energy range under our experimental condition[5][6]. The estimation of 

the T-V energy transfer cross section is based on the relative emission intensities of 

vibrationally excited SO2 molecules and SO radicals. It is generally accepted that the 

photolysis of SO2 under 193nm laser has a quantum yield of unity[26]. Therefore, we can 

calculate the concentration of SO radicals that are generated from the photolysis process 

in our experimental condition. The absorption cross section of SO2 at 193nm is reported 

to be 3×10-18cm2, and the total pressure of SO2 is 40mTorr. The nascent SO radical 

concentration from the photolysis under such conditions is calculated to be about 

1.5mTorr. Based on the relative populations of SO radicals and SO2 molecules from the 
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fitting, we then estimated that the nascent vibrationally excited SO2 from the Gaussian 

distribution is about 0.45mTorr. Here, both contributions from the reaction pathway of 

H+SO2 (SO radicals from reaction) and the repulsive energy transfer mechanism (the 

exponential population of SO2) are subtracted properly according to their relative 

populations. The T-V energy transfer cross section through the intermediate formation 

mechanism then is calculated to be 0.9(±0.1)Å2. This cross section is about 40 times 

smaller than the hard sphere cross section, but it counts for about 80% of the total 

vibrational excitation of SO2 from the T-V energy transfer between hot H atom and SO2. 

Based on this estimation, the T-V energy transfer cross section through the repulsive 

mechanism observed in our experiment is about 0.18Å2. However it is impossible to 

directly compare the relative energy transfer efficiency of these two channels because we 

cannot probe SO2 with internal energy that is less than ν1 fundamental frequency. 

According to the repulsive mechanism, the probability of T-V energy transfer increases 

with the decrease of the amount of energy transferred. On the other hand, the 

probabilities of the V-T energy transfer from SO2 to various monoatomic molecules have 

been calculated using the SSH theory to be on the order of 0.01Å2[35] in terms of cross 

section. Therefore, the T-V energy transfer through intermediate formation has a 

significantly larger cross section than that from the SSH predictions and should be treated 

as a very important if not dominant channel for this system. 

C. Reaction vs. energy transfer (a RRKM approach) 

Based on the photolysis of SO2 quantum yield, we also calculated the relative amount 

of the SO radicals generated from the reaction pathway. From previous studies, it is 

assumed that the reaction pathway of H+SO2àOH+SO will only generate v=1 
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population[15][17]. Therefore, the relative ratio of SO v=1 and v=2 from the fitting is the 

sum of both photolysis and reaction. By fixing the vibrational population distribution 

from the photolysis channel[26], the relative amount of SO v=1 population from the 

reaction pathway is calculated to be about 1mTorr. Previous theoretical studies have 

reported that the formation of the HOSO intermediate is the most important path to the 

reaction channel[15][17][20]-[23]. Here, we have performed a RRKM calculation to estimate 

the relative branching ratio between the reaction channel and the energy transfer channel.  

 

Figure 4.8 RRKM rate constants for HOSOàH+SO2 (blue diamond), HOSOàHSO2 (red square) and 

HOSOàOH+SO (black circle) as a function of initial energy in HOSO radical calculated using 

RRKM(Texas) program. The Y axis is the logarithm of the unimolecular rate constant k for each process. 

We started with the HOSO planar cis- conformation, which is determined by 

Schaefer[24]. The HOSO radical has about 107kcal/mole of total energy to match our 

experimental conditions based on the potential energy surface calculations[17]. The 

transition state for the HOSOàH+SO2 is well defined from theoretical calculations[17]. 

For the HOSOàOH+SO pathway, there is no transition state conformation along the 

reaction coordinate but only a local Van der Waals complex minimum[17]. A “loose” 

transition state is estimated based on canonical variational transition state theory[24][32]. 
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The RRKM calculations are performed with the RRKM (Texas) program[33][34]. The 

RRKM rate constants for HOSOàH+SO2, HOSOàOH+SO and HOSOàHSO2 are 

shown in Figure 8. At 107kcal/mole initial internal energy of HOSO, the RRKM rate 

constants for HOSOàOH+SO and HOSOàH+SO2 are 3.6×1012 s-1 and 2.1×1012 s-1 

respectively. This result shows good agreement with previous theoretical studies[32]. The 

RRKM rate constants predict that at 107kcal/mole total internal energy, the probabilities 

for HOSO to go reaction pathway (OH+SO) and the energy transfer pathway (H+SO2) 

are on the same order of magnitude. On the other hand, however, our IR emission 

experiments can only probe species that are vibrationally excited. Therefore, we can not 

probe the SO products from the reaction pathway that are at v=0 level, which is assumed 

to be the majority of the SO product population[15][20]. For the energy transfer channel, the 

IR emission also is limited to only probing vibrationally excited SO2 molecules, which 

imply the T-V energy transfer events that have at least around 1150cm-1 energy 

transferred from H atom to SO2 molecules. Based on the reasons above, we are unable to 

compare our experimental observations to the RRKM calculations. We hope that the 

planned QCT calculations can help us elucidate on this branching ratio issue. 

 

4.5 Conclusion 

We have performed an IR emission measurement of the T-V energy transfer between 

translationally “hot” H atom and SO2 molecules using TR-FTIR technique. Vibrationally 

excited SO2 molecules are observed to have two distinct population distributions. The 

exponential decay distribution is attributed to the semi-classical impulsive collision 

induced energy transfer process. The Gaussian distribution is proposed as a result of the 
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T-V energy transfer through the intermediates formation mechanism. The energy transfer 

cross section of such intermediates formation mechanism is experimentally determined to 

be 0.9 (±0.1)Å2. This is the first experimental determination of such an energy transfer 

cross section. The on going QCT calculations will help us to further understand the 

significance of the intermediates formation on both energy transfer pathway as well as 

reaction pathway. The reaction channel of H+SO2àOH+SO is also identified from our 

experiment by analyzing the emission from the vibrationally excited SO radicals. 

Vibrationally excited SO radical are generated through both the reaction channel, 

H+SO2àOH+SO(v=1) and the photolysis channel, SO2+193nmàO+SO(v≥1). Data 

analysis indicates that the relative ratio of SO radical generated from the reaction channel 

to the SO radical generated from the photolysis of SO2 channel is about 2:3. 
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CHAPTER FIVE 

THEORETICAL SIMULATION OF T-V ENERGY TRANSFER 

BETWEEN H ATOM AND SO2 MOLECULE USING DIRECT 

DYNAMICS 

 

5.1 Introduction 

This study is inspired by previous experimental observations[1]. Briefly, H atoms are 

created with 55 kcal/mol or 61 kcal/mol of translational energy by the photolysis of H2S 

or HBr with 193 nm laser pulse; the hot H atom can then collide with, and vibrationally 

excited SO2. Vibrationally excited SO2 is monitored by TR-FTIR and data analysis of the 

IR emission of SO2 reveals two distinct vibrational population distributions: the first 

population distribution can be represented as an exponential decay function of the 

vibrational energy of SO2 with the decay constant of 1000cm-1; the second population 

distribution can be represented as a Gaussian function of the vibrational energy of SO2, 

centered at 5500cm-1 with a width of about 5000cm-1 (Figure 5.1).  

 

Figure 5.1 (same as Figure 4.7) Vibrational population distribution of SO2 after colliding with fast H 

atoms. 
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The first distribution agrees well with the translation to vibration energy transfer 

between H and SO2 dominated by the repulsive interaction. The second distribution 

remains unexplained. We have suggested that the formation of the intermediates (HOSO 

and HSO2) could be responsible of the observed shape of the population distribution 

during this energy transfer process. Several theoretical works are done to describe the full 

PES of the H+SO2 system (including formation of intermediates HOSO and HSO2, and 

the reaction to form OH+SO)[2]-[5]. Quasi-classical trajectory simulation of the H+SO2 

reaction has been reported using the VENUS96 program, and an analytical PES fit from 

higher level quantum chemical results[5]. In this short chapter, as a follow-up of the last 

chapter, progress towards conducting direct dynamics simulation (using 

VENUS/NWChem) of the energy transfer between H and SO2 are described. The detailed 

input files for the VENUS/NWChem program will also be documented in details in the 

Appendix. 

 

5.2 Methods 

Electronic Structure Calculations and Model for the PES. Direct dynamics integrate the 

classical equations of motion on the PES determined using quantum chemical techniques. 

Therefore the first step is to find a good combination of theory and basis set that 

accurately reproduce the PES. The unreactive portion of the PES is described by three 

minima[2]: i) H and SO2 at infinite separation, ii) HOSO (the global minimum), and iii) 

HSO2 (a local minimum). The NWChem program[6] was used to optimize the geometry 

of the three minima with the B3LYP, Becke98, BHandH and MPWB1K density 

functional theory (DFT) methods. The functional were paired with each of the 6-
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31++G**, aug-cc-pVDZ, and aug-cc-pVTZ basis sets. The energies of HOSO and HSO2 

(relative to H and SO2 at infinite separation) appear in Table 5.1. The energetics that 

appear in Table 5.1 are quite varied when compared to the much more accurate full 

valence complete active space (FVCAS) calculations previously published[2]. The 

BHandH/aug-cc-pVTZ method provided a small error for each of the two minima (c.f. 

other methods in Table 1, which tend to get the energy of one minimum correct at the 

cost of greater error in energy of the other minimum). 

NOTE: The direct dynamics simulations herein utilize a single reference method. 

Therefore, any reaction pathway H+SO2àOH+SO results will not be accurately 

described because this portion of the PES exhibits significant multireference character. 

Table 5.1 Quantum chemical calculations of the energies of two stationary points on the potential energy 

surface: HOSO (global minimum) and HSO2 (local minimum). 

 

 

 

 

 

 

 

 

 

*: The HOSO result shows an imaginary frequency, which indicates a transition state instead of the true 

global minimum. 

**: The calculation did not finish with HSO2 configuration  

E(kcal/mol) HOSO HSO2 

b3lyp/6-31G -58.89 -25.98 

b3lyp/pVDZ -62.93 -27.26 

b3lyp/pVTZ -55.99 -27.59 

becke98/pVTZ -54.84 -26.68 

becke98/pVDZ -51.86 -22.14 

becke98/6-31G -57.64 -24.87 

beckehandh/6-31G -51.19 -15.59 

beckehandh/pVDZ -55.70 -17.55** 

beckehandh/pVTZ -47.46 -17.39 

mpwb1k/pVDZ -61.59 -25.49 

mpwb1k/6-31G -57.13 -23.85 

mpwb1k/pVTZ -53.77 -25.37 

FVCAS/AVTZ[1] -44.2 -21.9 
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Computational Details of the Direct Dynamics Simulation. Trajectory Initial 

Conditions. 

The relative translational energy between H and SO2 is set to be 61 kcal/mol, SO2 

vibrational and rotational energy is sampled by a Boltzman distribution at 293.15K. The 

initial separation of H and S atom is 6.5Å (we will test this value before starting 

production calculations, but simply took this value to start test simulations). The 

orientation of SO2 relative to H atom is random with trajectories initiated with kinetic 

energy leading to a direct collision (i.e. the impact parameter equal to 0). 

 

Integrating the Classical Equations of Motion. To carry out direct dynamics 

simulations, it is important to have a fast and accurate way of integrating Newton’s 

equation of motion. Optimization was achieved by varying both the method of integration 

and time step for integration. The velocity-Verlet and 6th order symplectic integration 

schemes with time steps of 0.05, 0.1, 0.3 and 0.5fs were tested and the results are 

presented in Table 5.2. From the results, it is clear that the velocity-Verlet integration 

method does not conserve energy when paired with the time steps considered herein. The 

6th-order symplectic method with a 0.05 fs time step is the only method that (modestly) 

conserves energy (spread of 0.5 kcal/mol). 
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5.3 Future plan 

Initial results suggested that the direct dynamics simulations should be run with 0.05 fs 

time stepsize and the 6th-order symplectic integration method. After investigating the 

potential energy dependence of the initial H---SO2 distance production runs will begin. 

We expect an ensemble of approximately 100 trajectories to provide sufficient sample 

size to produce statistically significant results. 

Production runs will continue with variation in the relative translational energy between 

61 and 21 kcal/mol with an interval of 6 kcal/mol. This will simulate the experimental 

occurrence of translationally “hot” H atoms colliding with the buffer gas (Ar) before 

finding the target SO2 molecule. The experimental IR emission from SO2 is the ensemble 

of these energy transfer events. From the classical calculation, H atom is expected to lose 

about 1/40 of its translational energy (1.5 kcal/mol) each time it collides with an Ar atom. 

 

Table 5.2 Comparison of the Energy spread and the CPU time with different VENUS parameters: 

Integrator and time stepsize. 

 

 

 

 

 

 

 

 

 

Integrator Stepsize(fs) Energy spread 
(Einitial-Efinal) kcal/mol CPU time 

Velocity-Verlet 0.5 15.00 1 (126mins) 
Velocity-Verlet 0.3 11.00 1.21 

Velocity-Verlet 0.1 4.10 2.52 

Velocity-Verlet 0.05 2.30 4.44 

6 order Symplectic 0.5 2.56 5.51 

6 order Symplectic 0.3 1.70 7.56 
6 order Symplectic 0.1 0.77 17.52 

6 order Symplectic 0.05 0.50 32.76 
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CHAPTER SIX 

VIBRATIONAL ENERGY TRANSFER OF HIGHLY VIBRATIONALLY EXCITED 

SO2 TO SO2 STUDIED BY TR-FTIR: 

LONG RANGE INTERACTION VS. SHORT RANGE INTERACTION 

 

6.1 Introduction 

Collisional vibrational energy transfer is of fundamental interest for chemists for 100 

years now as the earliest reference in this topic dates from 1911[1]. As one of the most 

well-studied triatomic molecule systems, vibrational energy transfer of SO2 molecules 

from 300K-2000K are studied back in the 70s of the last century as an example to test the 

semi-classical SSH-T theory[2][3]. While vibrational energy transfer processes can be well 

characterized for molecules at the low-vibrational energy region[4], vibrational energy 

transfer from highly vibrationally excited molecules remains challenging and of great 

interests for physical chemists. Vibrational energy transfers including vibration-to-

translation (V-T) as well as vibration-to-vibration (V-V) of highly vibrationally excited 

SO2 has received both experimental and theoretical studies in the past [5]-[14]. 

Studies on collisional vibrational energy transfer of highly vibrationally excited SO2 

revealed several unique features compared to its low energy counterpart. First, when SO2 

has a lot of vibrational excitation, the local vibrational level structure will deviate far 

from the harmonic oscillator description due to the vibrational coupling. The extensive 

intramolecular vibrational redistribution (IVR) often found at high vibrational energy 

regions then will make it difficult to apply the semi-classical SSH-T theory to estimate 

the vibrational energy transfer process in those energy regions. The very high density of 
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state of vibrational levels (vibrational “quasi-continuum”[11]) will also make the 

vibrational energy transfer of the highly vibrationally excited SO2 much different from 

the lower energy regions.  Previous experimental as well as theoretical work have 

revealed a nonlinear dependence of the energy loss per collision (<ΔE>) on the total 

internal energy (<E>) in the collisional vibrational energy transfer process of SO2, while 

the semi-classical SSH-T calculations rather give a linear relationship[9]-[12]. This 

nonlinear energy dependence has been attributed to several effects such as  “sparsity of 

the energy levels at low energies, the extension of propensity rules up to higher energies, 

and the properties of the envelope of a continuous collisional-energy-transfer 

probability.”[11] A second feature that makes the highly vibrationally excited SO2 unique 

are the possibilities of coupling mechanisms that are usually not accessible in the lower 

energy region, for example the vibronic coupling with a nearby electronic excited state. 

The enhanced vibrational energy transfer from coupling with a nearby electronic excited 

state has been identified previously for molecules such as NO2 and CS2 in the highly 

vibrationally excited region[6]-[8]. The mixing of the excited electronic state into the 

highly vibrational levels provides contributions from electronic transitions, which in 

general are much stronger than the vibrational transitions. Therefore the vibronic 

coupling can greatly enhance the vibrational energy transfer by increase the vibrational 

transition dipole of the downward transition of the highly vibrationally excited molecules. 

Large vibrational energy transfer cross sections are also experimentally identified for SO2 

near the dissociation limit [10][14], which can be partially attributed to the strong vibronic 

coupling of the nearby electronic excited states[10][14]. 
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Previous work of our group have demonstrated the usefulness of time-resolved FTIR 

spectroscopy to study vibrational energy transfer in highly vibrationally excited 

molecules[5]-[8]. It is suggested that a long range transition dipole coupling mechanism can 

be very important and effective for the V-V vibrational energy transfer between the 

vibrationally excited molecules and the energy receiving molecules[5]-[8]. The transition 

dipole coupling model predicts that the V-V energy transfer probability through long 

range interaction is strongly dependent on the spectral overlap of the emission from the 

vibrationally excited donor molecules and the absorption of the acceptor molecules. 

Previous studies on the V-V energy transfer between highly vibrationally excited NO2 

and ambient CO2 show good agreement between the experimentally measured collisional 

energy transfer rate and that calculated from the transition dipole model[6]. The V-V 

energy transfer from highly vibrationally excited SO2 to SF6 (31) study provides another 

great example of the importance of such a long range energy transfer transition dipole 

coupling mechanism[5].  Evidence supporting this long range V-V energy transfer 

speculation has also been demonstrated by several other experimental studies[14][15]. 

Flynn’s group has concluded, based on the cold rotational population distribution of the 

energy acceptor molecule, that the V-V energy transfer from the highly vibrationally 

excited molecules to the bath molecules is through a long range interaction[15]; Bin’s 

measurement of the relaxation cross section of the SO2 excited to near the dissociation 

limit under a supersonic jet condition found that the relaxation cross section of SO2 at 

that energy is more than one order of magnitude larger than the hard sphere model, which 

implied the contribution from the long-range interaction between SO2 and the bath 

molecule[14]. 
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In this work, the vibrational relaxation process of highly vibrationally excited SO2 

molecules is studied using time-resolved FTIR spectroscopy technique. It is shown before 

that TR-FTIR technique is a very powerful tool to study species with a lot of internal 

energy[5]-[8][13], due to its high sensitivity of monitoring IR emission from vibrationally 

“hot” species. The IR emission from the highly vibrationally excited SO2 is monitored in 

real time after it is prepared through the direct laser pumping of SO2 through electronic 

transitions followed by the collision induced internal crossing (CIIC) process. SO2 also 

served as the energy acceptor molecules in this study. The emission from the acceptor 

SO2 molecules is also monitored in real time in this experiment. Emissions from two 

distinct populations of the acceptor SO2 molecules are identified from the data analysis. 

The first emission is from the fundamental emission for SO2 molecules and the relative 

probability of this emission is strongly dependent on the internal energy of the highly 

vibrationally excited molecules. This emission is also identified to have a cold rotational 

temperature of 300K throughout the time in the experiment. The emission from this 

population is attributed to the long range V-V energy transfer mechanism through the 

transition dipole coupling model. The second emission population has a rotational 

temperature of around 600K and an exponential decay distribution with the total internal 

energy of the acceptor SO2 molecules. This population is attributed to the V-V energy 

transfer through the impulsive collision between the “hot” SO2 and the ambient SO2 

molecules. It is also shown from the data analysis that the relative V-V energy transfer 

probability of the SO2 ν1 mode as the energy accepting mode through the repulsive 

interaction is about three times larger than the relative probability of the SO2 ν3 mode. 
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This interesting finding as well as the relative importance of the long range versus 

impulsive collision in the vibrational relaxation process of SO2 will be discussed. 

 

 

6.2 Experimental setup 

The TR-FTIR experimental setup is described previously[5][13]. Briefly, SO2 was excited 

to the 1B1 state by a 308nm Excimer laser pulse (Lambda Physik LPX 210i, operated at 

30Hz repetition rate, 300mJ/pulse). IR emission collected from a Welch cell was 

collimated and focused into the FT spectrometer (Bruker IFS-88 with step scan) by a pair 

of IR lenses. After IR fluorescence passed through a FT spectrometer, it was detected by 

a MCT detector (EG&G Judson, J15D14, 500ns rise time). Typical conditions used in our 

experiments were a 3949cm-1 spectral bandwidth, 16cm-1 frequency resolution, 500ns 

time resolution, and signal averaging of 40 laser pulses per mirror position. 

SO2 gas from Mathesson (99.5%) was used without further purification. IR absorption 

spectrum showed no presence of contaminants. TR-FTIR experiments conducted with 

SO2 purified by vacuum distillation were found to yield spectra identical to those taken 

with non-purified SO2. No buffer gases were used in this experiment. The pressure in the 

gas cell was measured using a capacitance manometer (MKS Instruments Baratron, 0-

1Torr). Typical experimental condition is 700mTorr of pure SO2. 

 

6.3 Results and data analysis 

A. Fittings of the TR-FTIR spectra 
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Figure 6.1 shows the FTIR spectra of 700mTorr SO2 excited by 308nm Excimer laser 

pulse. The IR emissions from spectral range of 1000-1500cm-1 of different time delays 

after the laser pulse are shown in the Figure. This spectral range is chosen so that most 

intense features are included. All the FTIR spectra are obtained by digitizing the spectra 

from Ref. 13[13]. At t=1µs, there is only one strong feature (A in Figure 6.1) in the 

spectrum, this emission can be assigned to the emission from the ν3 mode of the highly 

vibrationally excited SO2 molecules[5].  

 

Figure 6.1 The TR-FTIR spectra of 700mTorr SO2 followed by 308nm Excimer laser pulse at different 

time delay after the laser pulse. 

This ν3 emission feature is considerably broader than the room-temperature absorption 

band and is significantly red-shifted from the ν3 fundamental position (ν3= 1361cm-1). 

This red-shift suggests that the emission is from the highly vibrationally excited SO2. At 

later time, feature A is blue-shifted and decreases in intensity, which can be interpreted as 

that the “hot” SO2 is deactivated to less anharmonic, lower vibrational levels and loses its 

total population as well. At around 5µs after the laser pulse, feature B in the 1100-
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1200cm-1 range starts to grow in in intensity and becomes a broad and strong emission 

band at the later time. Similarly, feature C in the 1300-1400cm-1 range is very weak at the 

early time and grows in in intensity and becomes the dominant emission feature at later 

times. Both B and C features don’t shift in frequencies much as a function of time, which 

suggest that they are not from emissions of the highly vibrationally excited SO2. The 

frequencies of feature B and C overlap well with the fundamental emissions of the ν1 and 

ν3 modes of SO2 respectively, but both emission features are much broader than the room 

temperature fundamental emissions. In order to accurately describe the population of both 

the highly vibrationally excited SO2 and the acceptor SO2 molecules, spectra simulation 

and data fitting are performed to all the FTIR spectra. 

Simulation of the emission from highly vibrationally excited SO2 using the harmonic 

oscillator approximation with the anharmonicity correction has been described 

previously[6][16][17]. Briefly, the vibrational energy levels are calculated using 

experimentally determined molecular constants for SO2
[18][19]. The vibration transition 

frequencies through the harmonic selection rule (Δvi=-1) are then calculated. The 

emission from the vibration level (v1, v2, v3) then can be written down as: 

I(v1,v2,v3) = 1
gi
(a1 !v1 ! g(! "#G(v1))+ a3 !v3 ! g(! "#G(v3)))  

where v1, v3 are the quantum number of ν1 and ν3 respectively, gi is the population factor. 

The gi factor is 1 when the upper vibrational level has either v1=0 or v3=0, a factor of 0.5 

is applied when both v1 and v3 quantum numbers are nonzero. This factor accounts for 

emission from a single quantum state. ai is the scaling factor of the transition dipole 

moments of ν1 and ν3 mode times the frequency cube correction due to the anharmonic 

shift of the vibrational transitions. ai can be expressed as following: 
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a1=(ΔG(ν1)/ν1)3|M10(ν1)|2, a3=(ΔG(ν3)/ν3)3|M10(ν3)|2 

where ΔG(ν1) and ΔG(ν3) are the transition frequencies and |M10(ν1)| and |M10(ν3)| are the 

transition dipole moments obtained from theoretical calculations. The g(! !"G(v1))  is a 

Gaussian lineshape function that describes the rotational structure of each vibrational 

emission for each Δv1=-1 transition[6][16][17], a similar Gaussian lineshape function is also 

applied to the emission for each Δv3=-1 transition. The rotational temperature of SO2 can 

be fitted to the width of the Gaussian function. The total internal energy of SO2 is divided 

into several 1000cm-1 energy bins. The emission from each energy bin is the sum over the 

emissions of all the levels in the energy bin. The simulated emissions from selected 

energy bins of vibrationally excited SO2 molecules are shown in Figure 6.2 (left). 

 

Figure 6.2 Spectra simulation of emission from vibrationally excited SO2 (top) and fundamental emissions 

(1à0) of SO2 (bottom). Spectral resolution for the absorption is set to match the FTIR resolution, 10cm-1. 

The fundamental emission of SO2 is simulated with the rotational contour program 

AsyrotWin[20] with experimental determined molecular constants[19]. The simulated 1à0 

emissions for ν1 and ν3 mode are shown in Figure 6.2 (right). The emission intensities are 

scaled with the transition dipole square and the frequency correction factor of each mode. 

All FTIR spectra are fitted with simulated emissions of SO2, selected fitting results are 

shown in Figure 6.3. Several populations can be deduced from the spectra fitting, which 

will be analysis individually in the following. 
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B. Fitting results of the FTIR spectra 

Feature A has been assigned to the emission from the highly vibrationally excited SO2 

molecules. It can be best fitted with a Gaussian population distribution function of SO2. 

The population distribution of highly vibrationally excited SO2 is shown in Figure 6.4. 

From emissions at 1µs to 13µs after the laser pulse (top to bottom in Figure 6.4), it is 

clearly seen that the vibrationally excited SO2 is deactivated from higher vibrationally 

excited states to lower excited states. At 1µs, the “hot” SO2 has a Gaussian population 

distribution centered at energy of 24,500cm-1 with a width of about 4,000cm-1. At later 

time, the population center shifted to as low as 9,000cm-1 while the width of the 

distribution does not change significantly. The relative population of total vibrationally 

excited SO2 is also decreasing with time, indicating the lost of emitting molecules in the 

detecting area of the experimental setup. The relaxation of the vibrationally “hot” SO2 

will be further discussed later. 

 

Figure 6.3 Spectra fitting results for the 1µs (top) and 9µs (bottom) FTIR spectra. 

Emission from feature B is assigned to the emissions of ν1 mode of the acceptor SO2 

molecules based on its grow-in in intensity and non-shifting emission frequency. From 

the spectra fitting, feature B has two distinct population contributions. The fitting result 

of the relative population of each contribution vs. time is shown in Figure 6.5 (top). The 

blue diamond population shows a small but quick increase throughout the time and 
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reaches a “plateau” at later time in the FTIR spectra. This population is assigned to the 

result of the V-V energy transfer between “hot” SO2 and the ambient SO2 through long 

range transition dipole coupling interaction: 

SO2 (< E >)+ SO2 ! SO2 (< E > "!1)+ SO2 (!1)  

The rotational temperature of this population is determined to be at room temperature, 

suggesting that it is through a long range energy transfer process[5][15]. The time behavior 

of this population will be discussed later with our kinetic model. On the other hand, the 

red square population shows a constant rise throughout the time. This population has 

been assigned to the result of the V-V energy transfer through the short range impulsive 

collision between “hot” SO2 and the ambient SO2 molecules: 

SO2 (< E >)+ SO2 ! SO2 (< E > "#E)+ SO2 (#E)  

The most important observation in this population is that the emission from this 

population is much broader than its room temperature counterpart, which implies a higher 

rotational temperature. Fitting results show that the rotational temperature of this 

population is about 600K. The large error bars (~100% error) for the relative populations 

of both contributions at early time spectra are due to the strong overlap of the “hot” SO2 

emission with the ν1 emissions. The ν1 emissions are completely buried under the 

emission from the highly vibrationally excited SO2, therefore we cannot get an accurate 

fitting result for the relative populations. 

Feature C is assigned to emissions from the ν3 mode of the energy acceptor SO2 

molecules, and can be fitted and analyzed very similarly to feature B. Two distinct 

populations are also deduced from the fitting of the emission from feature C. The relative 

population of the long range interaction (blue diamond) and the short range repulsive 
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interaction (red square) vs. time is shown in Figure 6.4 (bottom). The relative population 

from the long range interaction for the ν3 mode is almost zero at early time and only 

slowly grows in intensity and still very low at the later time. On the other hand, the 

relative population from the repulsive interaction for ν3 mode shows very similar 

behavior to its ν1 counterpart, only the absolute population of this contribution is about 3-

4 times smaller than that of ν1’s and grows slower than that of ν1’s. The rotational 

temperatures of two populations are 300K and about 600K for long range interaction and 

short range impulsive collision respectively. At around 1350cm-1 in feature C, spectra 

fitting result generates a “sharp” peak compare to the FTIR spectra (Figure 6.3 left). This 

is observed in all the FTIR spectra after the 3µs time delay. This is probably due to the 

low resolution during the digitization process when the FTIR spectra were collected.  

 

Figure 6.4 Population distribution of the highly vibrationally excited SO2. From top to bottom: 

population distribution of 1, 3, 5, 7, 9, 11, 13µs after the laser pulse respectively. 

In the spectral fitting of the fundamental 1à0 emission from the ν1 and ν3 mode of 

SO2, the relative population of each contribution is corrected with the “reabsorption” or 

0	  

0.2	  

0.4	  

0.6	  

0.8	  

1	  

1.2	  

1.4	  

0	   50	   100	   150	   200	   250	   300	  

Ar
b.
U
ni
t	  

E	  (*100cm-‐1)	  

Population	  of	  vibrationally	  hot	  SO2	  



 85 

the “IR trapping” effect. Under our experimental condition in the experiment, based on 

the absorption spectra of SO2
[21], the fundamental 1à0 emission from the ν1 and ν3 mode 

loses about 3% and 15% intensity respectively due to the “reabsorption” of the emission 

effect by the ambient SO2 molecules. 

 

 

Figure 6.5 Relative population of the two contributions from energy acceptor SO2 molecules at different 

time delays.  Feature B (ν1 mode) (top) and feature C (ν3 mode) (bottom). Two contributions are: repulsive 

interaction (red square) and transition dipole coupling interaction (blue diamond). 

 

6.4 Discussion 

A. V-V energy transfer governed by the long range transition dipole coupling 

From previous studies[5]-[8], the relative energy transfer probability through the 

transition dipole coupling can be expressed as: 
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P(! )!|µD (! ) |
2 |µA (! ) |

2  

where µA is the transition dipole moment of the energy acceptor molecule at frequency ν, 

µD is the transition dipole moment of the donor molecules at frequency ν, in this case the 

highly vibrationally excited molecules. In our experiment, there are two energy acceptors, 

ν1 and ν3 mode of SO2. The |µA|2 for each mode can be obtained from the absorption 

spectra of SO2 (Figure 6.6 black). The |µA|2 is calculated by integrating the absorption 

spectrum of SO2 at different spectral range: 

|µA |
2! Iabs. (! )d!"  

where Iabs.(ν) is the intensity at frequency ν in Figure 6 absorption curve. The |µA|2 for ν1 

and ν3 mode of SO2 remain constants in our experiment. At any instant time, the 

transition dipole moment of the energy donor, the ensemble of vibrationally “hot” SO2 

molecules can be directly related to their integrated emission intensity in the specific 

spectral range (integrated spectral range of |µA|2 for ν1 and ν3 mode), in the TR-FTIR 

spectra: 

|µD (t) |
2!

I(! i, t)
(! i )

3 "[SO2*](t)
 

where I(! i, t) = I(!, t)d!
!i

! is the integrated emission intensity at the ν1 or ν3 spectral 

range, νi is the fundamental frequency of ν1 or ν3 mode, [SO2*](t) is the total 

concentration/population of the highly vibrationally excited SO2 molecules at time t. Both 

I(νi,t) and [SO2*](t) can be calculated from the emission patterns subtracted from the 

spectral fitting result presented earlier for vibrationally excited SO2. The emissions from 

the vibrationally “hot” SO2 at different time delays are shown in Figure 6.6 (red). The 

calculated energy transfer probabilities through the transition dipole coupling model are 
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shown in Figure 6.7 for both ν1 and ν3 mode. For ν1 mode, the calculated probability 

decreases significantly after the initial time slice. This is because that the ν3 emission 

band from the highly vibrationally excited SO2 shifts towards the higher frequency side 

and therefore moves from highly resonant to off-resonant quickly with the ν1 absorption 

band of ambient SO2.  

 

 

Figure 6.6 Emission patterns of the highly vibrationally excited SO2 extracted from the spectral fitting of 

different time delays, overlaping with the absorption spectrum of SO2 obtained from HITRAN database. 
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An illustration of the spectra overlap in the transition dipole coupling model (top). Resonance condition in 

the energy diagram (bottom): ΔΕ(ν3)=ΔΕ(ν1). 

 

At later time, the ν3 emission band of the vibrationally excited SO2 continues to shift 

toward its fundamental position, but the relative V-V energy transfer probability stays 

relatively unchanged. This is because that the ν1 emission band from the vibrationally 

excited SO2 starts to contribute to the spectral overlap. The overall energy transfer 

probability is very small at later time is due to the overall low spectral overlap between 

the emission of vibrationally excited SO2 and the absorption of ambient SO2 compared to 

the 1µs time spectrum. For ν3 mode, the calculated energy transfer probability is almost 

zero at early time spectrum due to the completely off-resonance of the spectral overlap.  

 

 

Figure 6.7 (top): Relative V-V energy transfer probabilities from SO2* to SO2 (ν1 and ν3 mode) as a 

function of time, calculated by the transition dipole coupling model. P(ν1) is shown in blue square and P(ν3) 
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is shown in red diamond. (bottom): Calculated population of SO2 (ν1) through transition dipole coupling 

model using the kinetic model (black square) versus experimental result (red cross) as a function of time. 

 

At later time, when the ν3 emission band of the vibrationally excited SO2 shifts towards 

its fundamental frequency, energy transfer probability starts to increase as the spectral 

overlap begins. The overall energy transfer probability for ν3 mode is low throughout all 

the FTIR spectra compare to that of the ν1 mode due to the overall poor overlap between 

the emission of vibrationally “hot” SO2 and the absorption of the ν3 mode of ambient 

SO2. 

In order to compare the calculated the energy transfer probability with the observed 

emission intensity from the spectra fitting result, we have performed a simulation through 

a simple kinetic model[5]. For example, the processes that are related to the fundamental 

ν1 emission of SO2 can be written as following: 

SO2 (< E >)+ SO2
kp! "! SO2 (< E > #!1)+ SO2 (!1)(v1 =1)

SO2 (!1)(v1 =1)+M
kd! "! SO2 +M (= SO2 )

SO2 (!1)(v1 =1)+ SO2 '" SO2 +!1 + SO2 '" SO2 + SO2 '(!1)(v1 =1)
 

assuming the emission intensity is proportional to the concentration of SO2(ν1) (v1=1), the 

first reaction is the V-V energy transfer from the vibrationally “hot” SO2 to the ambient 

SO2 through the transition dipole coupling model, the rate constant kp is set to equal to 

kc×P(t), where kc is the Lenard Jones bi-molecular collision frequency[5] and P(t) is the 

calculated transition probability presented earlier. Because the absolute P(t) can not be 

obtained from this calculation, therefore the simulation presented here is on a relative 

intensity scale. The second reaction is the vibrational relaxation of SO2(ν1) through other 

V-V/RT processes with the ambient SO2 molecules. The third reaction is the self-
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absorption or the “IR trapping” in the experiment. This effect is corrected in the data 

fitting part using the Beer-Lambert law. From the information given above, the 

concentration of SO2(ν1) can be determined as: 

d
dt
[SO2 (!1)(t)]= P(t)kc[SO2 (< E >)(t)]! kd[SO2 ][SO2 (!1)(t)]  

The integrated form of this kinetic equation, with [SO2(ν1)]=0 at t=0, is[5]: 

SO2 (!1)(t) =
P(t)kc[SO2 (< E >)](t)[SO2 ]exp(kd[SO2 ]t)dt0

t
!

exp(kd[SO2 ]t)
 

where the parameters are determined as follow: [SO2]=0.7Torr, which is a constant in our 

experiment, P(t) is taken from the calculated values from the transition dipole coupling 

model in Figure 7, [SO2(<E>)](t) is taken from the fitted result for the vibrationally 

excited SO2 molecules, kc is estimated to be 10.7 µs-1Torr-1 from the Lennard-Jones 

collisional rate constant[5], SO2(ν1)(t) is taken from the fitted result in Figure 6.5. Even 

though the magnitude of the calculated energy transfer probabilities P(t) cannot be 

directly compared with the absolute energy transfer probabilities, the rate constants kd, 

which is only a function of time, can be deduced from the simulation using the kinetic 

model. The simulation using this kinetic model gives the vibration relaxation constant kd 

for ν1, ν3 mode as 0.03(±0.01) µs-1Torr-1 and 0.02(±0.01) µs-1Torr-1 respectively (Figure 

6.7b). This result shows good agreement with the slow vibrational relaxation time in SO2 

calculated with the SSH-T theory[2]. The simulation of the time-dependence of the 

population of the rotationally cold SO2 (ν1, ν3) using the kinetic model assuming a long 

range energy transfer process through transition dipole coupling, matches with that 

measured experimentally, suggesting that the V-V energy transfer from highly 

vibrationally excited SO2 molecules is partly through this long range, transition dipole 
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coupling model. This result has given another example of such energy transfer model that 

has been proposed previously[5]-[8]. Unlike other examples[5]-[8], however, the long range 

energy transfer model is not the predominant energy transfer channel for the vibrational 

relaxation of highly vibrationally excited SO2 molecules throughout the entire 

experiment. This is mainly due to the characteristics of this transition dipole coupling 

model, it is highly dependent on the spectral overlap between the emission of the energy 

donor and the absorption of the energy acceptor. In this case, only at the early time, 

which strong spectral overlap is observed between the emission from vibrationally “hot” 

SO2 ν3 region and the absorption of the SO2 ν1 mode. The spectral overlap decreases 

rapidly as the vibrationally “hot” SO2 shifts to lower energy content, therefore the 

contribution from this long range energy transfer model decreases rapidly as well. 

Compare with other colliders, such as SF6
[5], SO2 is a less effective energy quencher 

through the transition dipole coupling model for the highly vibrationally excited SO2 

probed in this experiment. 

B. V-V energy transfer governed by the short range repulsive interaction 

 Impulsive type of V-V energy transfer is also observed in this experiment. From the 

experimental conditions, there is an impulsive type of collision between vibrationally 

“hot” SO2 with the ambient SO2 roughly every 140ns. Therefore, in between our spectra 

time interval (2µs), there are more than 10 collisions in the system between the “hot” SO2 

and the ambient SO2. The semi-classical SSH-T theory predicts that the probability of the 

energy transfer through the impulsive type of collision (repulsive part of the interaction 

potential) decreases exponentially with the increase of the amount of energy 

transferred[4]. The spectra fitting and data analysis suggest such a distribution for both ν1 
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and ν3 excitations of SO2 molecules from the impulsive collisional energy transfer. One 

important aspect of the impulsive type of energy transfer is the rotational excitations of 

SO2 molecules. The data analysis gives an average rotational temperature for both ν1 and 

ν3 excitations of SO2 of around 600K, compared to the “cold” rotational temperature for 

SO2 molecules that are generated through the long range energy transfer pathway. This 

“hot” rotational distribution is a strong indication of the “impulsive” nature of this energy 

transfer channel. Similarly, we can write down a kinetic model for the impulsive 

collisional energy transfer between highly vibrationally excited SO2 and the ambient SO2 

molecules as follow: 

SO2 (< E >)+ SO2
ki! "! SO2 (< E > #$E)+ SO2 ($E)(v1,3 %1)

SO2 ($E)+M
kd! "! SO2 +M (= SO2 )

 
where ki=kc×P(νi) is the energy transfer rate constants for the impulsive collision channel 

and kd is the vibrational relaxation constant for both ν1 and ν3 modes. One of the main 

differences from the long range energy transfer channel here is that the amount of energy 

that can transferred from the impulsive type of collision is not a fixed range (absorption 

bands of SO2 in the transition dipole model), but rather a distribution function that are 

fitted with the semi-classical SSH-T theory[4]. Based on the SSH-T theory, the V-V 

energy transfer probability P(νi) is independent of the energy content of the colliders. The 

energy transfer rate constants ki, which is defined similarly as kc×P(νi), therefore is 

assumed to be independent of the total internal energy of the vibrationally “hot” SO2 

molecules, therefore are constants over time for this model. Similar kinetic simulations 

are performed for the impulsive collisional energy transfer channel, a few results can be 

drawn from the simulations. First, the vibrationally relaxation rate constants kd are 

determined to be 0.05(±0.01) µs-1Torr-1 and 0.07(±0.02) µs-1Torr-1 for ν1 and ν3 mode 
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respectively. The relaxation constants are slightly larger than that from the long range 

energy transfer model, this is probably due to the contribution from the rotational 

excitations in the impulsive energy transfer channel. The relaxation constants are in good 

agreement with previous theoretical and experimental works on the vibration relaxation 

of SO2
[2]. Second finding is that from the kinetic simulation, the energy transfer rate 

constant through the impulsive collision for ν1 mode is about three times larger than that 

for ν3 mode. This interesting observation indicates that the ν1 mode is a more “favorable” 

mode to receive vibrational energy from highly vibrationally excited SO2 through the 

impulsive type of collision than the ν3 mode. Qualitatively, this result can be attributed to 

the energy gap law in the SSH-T theory[4]. The ν1 mode has a smaller frequency (1151cm-

1) compare to the ν3 mode (1361cm-1), and the downward transitions from highly 

vibrationally excited SO2 have significantly red-shifted frequencies from its fundamental, 

therefore the energy gap in the V-V energy transfer through the impulsive collision, Δω, 

is smaller for the ν1 mode than that for the ν3 mode. This qualitatively explanation, 

however, is hard to test quantitatively with our experimental conditions due to the 

complexity of the downward transitions or emission from the highly vibrationally excited 

SO2 molecules. We suggest that this topic could be very interesting for theoretical 

simulations, such as direct dynamics[22]. 

C. Vibrational relaxation of vibrationally excited SO2 

From discussions above, the highly vibrationally excited SO2 can be self quenched 

through both the long range transition dipole coupling channel and the short range 

impulsive collision channel.  Based on the spectra fitting, we can deduce the average total 

internal energy <E> of the vibrationally excited SO2 at different delay time after the laser 
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pulse (Figure 6.4). The average amount of energy removed per collision by the ambient 

SO2, <ΔE>, can be derived from the <E> data by[6]-[8] 

< !E >= d < E > /d(ZLJ pt)  

where p is the pressure of the total ambient SO2, ZLJp is the Lennard-Jones collision 

frequency for SO2-SO2 and <ΔΕ> is a function of <E> only. The calculated average 

energy loss per collision <ΔΕ> vs. total internal energy <E> is shown in Figure 6.8. The 

average energy loss per collision is at about 500cm-1 when SO2 has about 24,500cm-1 

internal energy and the amount of the average energy loss per collision drops quickly 

when SO2 shifts to less internal energy at about 13000cm-1 of internal energy. After 

13,000cm-1, the energy loss per collision is less than 100cm-1 but becomes relatively 

stable with the loss of the total internal energy of SO2. The values of the energy loss per 

collision for SO2 show very good agreement with previous transient absorption 

experiment[11] as well as theoretical work[12]. As a comparison, the energy loss per 

collision from this experiment is much smaller compare to a previous experimental work 

of SO2 vibrational relaxation using the Quantum Beat spectroscopy[14], in which the 

vibrational relaxation cross section of SO2 is measured to be about 20-30 times larger 

than the hard-sphere cross section near the dissociation limit of SO2. This difference is 

mainly attributed to the participation of the electronic excited state into the vibrational 

energy transfer process. Earlier works from the group on the collisional energy transfer of 

highly vibrationally excited NO2 have show a dramatic increase in the amount of energy 

transferred per collision at energies above 10,000-12,000cm-1, which is near the origin of 

the NO2 !A 2B2/ !B 2B1 electronic states[6]-[8]. This threshold in the energy-transfer rate 

occurs because of the strong vibronic coupling between the !X 2A1
 and !A 2B2/ !B 2B1 
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electronic states. The electronic transition dipole, which is usually much stronger than the 

vibrational transition dipole, is contributing to the vibrational energy transfer in this case. 

Similar behavior is also observed for vibrational energy transfer of other systems such as 

CS2
[6]-[8]. For SO2 near the dissociation limit, the extreme large vibrational relaxation 

cross section can also have contributions from the strong vibronic coupling between the 

!C  and !X  electronic state[14]. On the other hand, in our experiment, the SO2 is firstly 

pumped into the energy range of ~ 32,000cm-1. In this energy range, there are a few 

electronic excited states for SO2: 1A2, 1B1 and 3B1
[23]. Previous spectroscopic works have 

shown that these electronic states are strongly entangled with each other and forms a 

spectroscopic chaos at the energy between 27000 to 32000cm-1 range[23][24]. The 1A2 and 

the 3B1 states cannot be accessed from the ground state directly because they are 

electronically forbidden and spin forbidden transitions respectively. The origin of the 

allowed 1B1 state is at around 31,000cm-1[24], which is just below our laser excitation 

energy. The radiative lifetime of the 1A2/1B1 state is reported to be around 25µs[23][24], 

which is very slow for an electronic transition lifetime. All above information suggested 

that the coupling between the ground state of SO2 and the electronic states within our 

energy range is relatively weak. The contribution from the electronic transition dipole to 

the vibrational relaxation of SO2 at the energy range < 32,000cm-1 is therefore small and 

negligible. The lack of strong vibronic coupling between the electronic excited states and 

the ground state is responsible for the reason that why the average energy loss per 

collision of SO2 vibrational relaxation in this energy range is much smaller than that of 

NO2-NO2 in similar situation as well as SO2 vibrational relaxation near the dissociation 

limit. 
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Our experimental results show that both the long range transition dipole coupling 

model and impulsive model could be important for the vibrational relaxation of the 

highly vibrationally excited SO2 at different internal energy content. Right after the laser 

excitation, SO2 has about 32,000cm-1 internal energy after been populated at the highly 

vibrationally excited ground state by the CIIC process. At this energy range, the 

vibrational energy transfer from SO2 to the ambient SO2 is dominant by the long range 

transition dipole coupling model as shown in Figure 6.7a due to the complete spectral 

overlap of the emission of the vibrationally “hot” SO2 and the absorption of the ambient 

SO2. The average energy loss per collision is estimated to be > 500cm-1, which is 

attributed predominantly to the long range transition dipole coupling model. This result 

agrees with our previous study of the vibrational energy transfer of SO2 with SF6 at the 

same energy region.  

 

Figure 6.8 Energy loss per collision (<ΔE>) of highly vibrationally excited SO2 by SO2 as a function of 

total internal energy of SO2 (<E>). 

At later time after the laser pulse, after the SO2 cascades down to lower energy regions, 

the spectral overlap drops quickly as the V-V energy transfer probability decreases 

significantly through the long range model, the average energy loss per collision drops 

quick to near 100cm-1 only after couple microseconds after the laser pulse. This is a clear 
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indication of the energy transfer is through mainly from the long range model as shown 

in Figure 6.6 and Figure 6.7a, in which the relative V-V energy transfer probability drops 

quickly after a few microseconds as a result of shift from resonance to off-resonance of 

the spectral overlap between “hot” SO2 emission and absorption of ambient SO2. On the 

other hand, the contribution from the impulsive type of collision energy transfer is not a 

strong function of the vibrational energy content of SO2 and remains steady throughout 

the whole experiment. At early time after the laser pulse, the contribution from the 

impulsive collision energy transfer is small compare to the long range channel, but at 

later time when the long range channel quickly loses its probability, the impulsive 

contribution starts to build up intensities and become stronger emission feature than that 

from the long range channel. This observation also supports our speculation about the 

strong dependence of the transition dipole coupling model on the spectral overlap 

between the emission of energy donor and the absorption of energy acceptor. We expect 

that at t=0 after the laser pulse, the SO2 is produced at around 32,000cm-1 internal energy, 

which could provide an even bigger spectral overlap with the absorption of the ambient 

SO2 molecules, i.e. the ν2 mode, which is out of our spectral range. Therefore, even at 1µs 

after the laser pulse, highly vibrationally excited SO2 has lost about 7000cm-1 of internal 

energy due to the extremely strong V-V energy transfer through the long range transition 

dipole coupling channel. 

As the energy acceptor, the ambient SO2 can be excited to its low vibrational excited 

states as the result of V-V energy transfer. The vibrational relaxation of these low 

vibrationally excited SO2 show relative slow rate constant. In our experimental 

conditions, the only ways for these SO2 molecules to relax other than the radiative decay, 
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which is in the orders of millisecond, is through the collisional V-V/T energy transfer 

with other species such as ambient SO2 or the inner walls of the reaction chamber etc. 

The total pressure of SO2 is only at 700mTorr, which results a collision about every 

140ns. At this collision rate, the collisional V-V/T energy transfer from the semi-classical 

SSH-T theory is predicted to be relatively slow. Our simulation results show good 

agreement with other experimental measurements of such vibration relaxations for low 

vibrationally excited SO2
[2]. 

 

6.5 Conclusion 

The vibrational relaxation of SO2 after been put at around 32,000cm-1 of pure 

rovibrational internal energy is studied using the TR-FTIR technique. Two V-V energy 

transfer channels are identified as the follow: The long range transition dipole coupling 

model produces rotationally cold SO2 and is the dominant energy transfer channel when 

SO2 is at highly vibrationally excited energy region. The long range transition dipole 

coupling channel quickly loses its contribution as SO2 shifts to lower internal energy 

content due to the sharp drop of the relative probability of the long range V-V energy 

transfer between vibrationally “hot” SO2 and the ambient SO2. The other V-V energy 

transfer channel is the impulsive collision channel, which produces rotationally excited 

SO2 molecules. The average rotational temperature of the SO2 generated through this 

channel is determined to be around 600K. The impulsive collision channel has a much 

smaller contribution compared to the long range channel when SO2 has a lot of internal 

energy, but the probability of the impulsive collision channel remains constant 

throughout the entire experiment unlike its long range counterpart. At later time in the 
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experiment, the contribution from the impulsive collision channel is comparable even 

greater than that from the long range channel. Our experiment also suggested that the V-

V energy transfer in the self-quench of SO2 through impulsive collision channel produces 

about three times more ν1 mode excitation than ν3 mode excitation. This observation can 

be qualitatively attributed to the energy gap law in the semi-classical SSH-T theory but 

quantitative study on this issue requires more advanced theoretical simulations. 
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APPENDIX A  

THE RO-VIBRATIONAL TRANSITIONS OF SO2 AND THE CALCULATION OF 

THE HÖNL-LONDON FACTORS. 

SO2 (O=S=O) is a near prolate tri-atomic molecules (κ=−0.94) with three IR active 

vibration modes: ν1 (symmetric stretch), ν2 (bending) and ν3 (antisymmetric stretch). The 

molecular axis is defined by its moment of inertia as the following: the molecular b axis 

is along the C2v axis, the molecular a axis is perpendicular to the b axis and lies in the 

SO2 plane and the molecular c axis is perpendicular to the SO2 plane. Based on symmetry 

analysis as well as quantum chemical calculations (Appendix 2-II.), the transition type of 

each vibration mode is determined by its transition dipole orientation as the following: ν1 

and ν2 are b type transition and ν3 is a type transition. 

In most of the experiments presented in this thesis, only ν1 and ν3 are observable within 

the IR detector range, therefore only these two modes will be considered in the following 

rotational selection rule consideration and Hönl-London factors calculations. If we treat 

SO2 as a prolate molecule, then the ν1 mode is a parallel transition, which correspond to 

the selection rule of: ΔJ=0, ±1 and ΔK=0; the ν3 mode is a perpendicular transition, 

which correspond to the selection rule of: ΔJ=0, ±1 and ΔK=±1. The energy term value F 

and the Hönl-London factors are tabulated as the following for the ν1 and ν3 mode: 

 

 

 

 

 

ν1 mode F Hönl-London factor 

ΔK=0, ΔJ=0 0  

ΔK=0, ΔJ=1 2B(J+1)  

ΔK=0, ΔJ=-1 −2BJ  
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ν3 mode F Hönl-London factor 

ΔK=1, ΔJ=0 (2K+1)(A-B) 

 

ΔK=1, ΔJ=1 2B(J+1)+(2K+1)(A-B) 

 

ΔK=1, ΔJ=−1 −2BJ+(2K+1)(A-B) 

 

ΔK=−1, ΔJ=0 −(2K-1)(A-B) 

 

ΔK=−1, ΔJ=1 2B(J+1)-(2K-1)(A-B) 

 

ΔK=−1, ΔJ=−1 −2BJ-(2K-1)(A-B) 

 

 

where exceptions have to be made for cases when K=±J: if K=J, then ΔK=1 and J=0,−1 

are not possible; if K=−J, then ΔK=−1 and ΔJ=0,−1 are not possible. 

 

 

  

 

 

 

 

 

 

 

 

(J +K +1)(J !K )(2J +1)
2J(J +1)

(J +K + 2)(J +K +1)
2(J +1)

(J !K !1)(J !K )
2J

(J !K +1)(J +K )(2J +1)
2J(J +1)

(J !K + 2)(J !K +1)
2(J +1)

(J +K !1)(J +K )
2J
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APPENDIX B  
DIPOLE DERIVATIVES OF SO2 VIBRATION MODES FROM QUANTUM 
CHEMICAL CALCULATIONS (unit: (km/mol)1/2). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dipole derivatives\Molecular Axis a b c Frequency (cm-1) IR intensity (km/mol) 

ν1 4.16E-04 5.261 5.55E-10 502.1 27.68 

ν2 -1.77E-05 5.825 4.88E-10 1140.1 33.93 

ν3 1.29E+01 -1.56E-04 -1.47E-10 1337.1 165.14 



 114 

 
 
APPENDIX C  
SAMPLE INPUT FILES FOR VENUS/NWCHEM PROGRAM 

Three input files are required for the direct dynamics simulation using the 
VENUS/NWChem program: jobname.sh, jobname.dt and jobname.nw. They are the job 
submitting file, VENUS input file and the NWChem input file respectively. In this 
appendix, sample input file for the H+SO2 direct dynamics simulation will be presented 
and explained in details. 

The job submitting file: jobname.sh 
Start quote: 
#!/bin/bash 
#$ -V 
#$ -cwd 
#$ -j y 
#$ -q all.q  
#$ -S /bin/bash 
#$ -pe mpi 8 
 
cat  $PE_HOSTFILE | awk '{for (i=0; i<$2; i+=1) print $1}' >hostfile.$JOB_ID 
sort -u hostfile.$JOB_ID  | sed "s/^/ssh -x /" | sed "s/$/ \"\/share\/apps\/bin\/pss :\"/" >status.$JOB_ID 
sort -u hostfile.$JOB_ID  | sed "s/^/ssh -x /" | sed "s/$/ \" killall -9 ven_nw.e \"/" >killall.$JOB_ID 
chmod 755 killall.$JOB_ID status.$JOB_ID 
 
export NWCHEM_TOP="/share/apps/nwchem-5.1.1" 
export NWCHEM_BASIS_LIBRARY="$NWCHEM_TOP/src/basis/libraries/" 
export LD_LIBRARY_PATH=/opt/openmpi/lib:$LD_LIBRARY_PATH 
export LD_LIBRARY_PATh=/opt/intel/fce/9.1.039/lib:$LD_LIBRARY_PATH 
export PATH=/opt/openmpi/bin:$PATH 
export LD_LIBRARY_PATH=/opt/intel/fce/9.1.039/lib:$LD_LIBRARY_PATH 
export MPI_PATH=/opt/openmpi 
 
FILENAME=J003 
cd /state/partition1 
mkdir -p $JOB_ID 
cd $JOB_ID 
cp  $SGE_O_WORKDIR/$FILENAME.nw . 
cp  $SGE_O_WORKDIR/$FILENAME.dt . 
cp $SGE_O_WORKDIR/hostfile.$JOB_ID . 
rm $SGE_O_WORKDIR/hostfile.$JOB_ID 
rm $SGE_O_WORKDIR/killall.$JOB_ID 
rm $SGE_O_WORKDIR/status.$JOB_ID 
date >> $FILENAME.timing 
 mpirun -np 8 -machinefile hostfile.$JOB_ID /share/apps/venus-nwchem/ven_nw.e < $FILENAME.dt > 

$FILENAME.out 
date >> $FILENAME.timing 
cp $FILENAME.timing $SGE_O_WORKDIR/$FILENAME.timing 
cp $FILENAME.out $SGE_O_WORKDIR/$FILENAME.out 
cp fort.8 $SGE_O_WORKDIR/$FILENAME.fort.8 
cp fort.50 $SGE_O_WORKDIR/$FILENAME.fort.50 
cp *err* $SGE_O_WORKDIR/ 
#delete scratch directory 
cd /state/partition1 
rm -rf $JOB_ID 
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End quote 
The job submitting file is a prewritten input file which requires very little change for 

each trajectory. Only change has to be made is to change the FILENAME line 
(highlighted) with the proper jobname. The job submitting file will generate several 
output files. The main trajectory result is in the jobname.out file. It can also generate 
output file called jobname.timing which is an output file that gives the CPU time of the 
trajectory. A few check point files such as jobname.fort.8 and jobname.fort.50. 

The NWChem input file: jobname.nw 
Start quote: 
basis spherical 
 * library aug-cc-pVTZ  ‘*: all H, S, O atoms; are using the basis set of aug-cc-pVTZ’ 
END 
 
set lindep:n_dep 0 
 
DFT     ‘DFT is the quantum mechanical method that is used here’ 
 print none 
 XC beckehandh ‘Exchange correlation theory in this DFT method is the beckehandh theory’ 
 iterations 500  ‘500 iterations is used for each calculation’ 
 grid fine 
 mult  2  ‘the multiplicity of the system is 2, since H+SO2 is a doubly degenerated state’ 
END 
 
SET task:theory dft ‘SET task is the fixed option for the VENUS/NWChem calculation’ 
End quote 
The NWChem input file is to configure the quantum mechanical theory and basis set 

that are used in the direct dynamics trajectory calculation. For each step in the trajectory 
calculation, the NWChem program reads the geometry of the system from the VENUS 
program and calculates the potential energy as well as the first derivative of the potential 
energy at that geometry, then returns these information back to the VENUS program to 
continue with the trajectory calculation. Line by line explanation can be found in the 
quoted sample input file. More information with regarding other theories as well as basis 
sets can be found in the User Manual of NWChem program[6]. 

The VENUS input file: jobname.dt 
This is the most complicated input file among the three required input files. It will be 

break down line by line and explained here with details. More details and other options 
can also be found in the user manual for the VENUS03 program[8]. 

Start quote with the line number ahead of each input line: 
1. H+SO2 Direct Dynamics with Venus/NWChem Test 
2. Beckehandh/aug-cc-pVTZ 
3. 4,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,4,0,1   
4. './J003.nw',aug-cc-pVTZ,beckehandh                               
5. 1,16,8,8,0.0                                                                   
6. 343420.1979981510000                                                
7. 2,0,0                               
8. 1.00794,32.065,15.9994,15.9994                     
9. 2 6 0                     
10. 1,20000,10,100,    
11. 0.03,                      
12. 0,5,1558896501,      
13. 0.001,2,              
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14. 1,0                      
15. 0.00000000     0.00000000       0.00000000                 
16. 3,1                      
17. -0.00000003     0.36822341     0.00000000 
18.  1.22256542    -0.36411171     0.00000000 
19. -1.22256538    -0.36411169     0.00000000 
20. 293.15                           
21. 0,293.15  
22. 1,2,0,0,10.0,9.0,0.0  
23. 1,61.0,6.5,                  
24. 1,0.0                           
25. 0,                                 
26. 1,1,                             
27. 1,3,                             
28. 1,2,2,3,2,4,                
29. 0,0, 
30. 0,0, 
31. 0,0, 
32. 0,0, 
33. 0,0, 
34. 0,0, 
35. 0,0, 
End quote. 
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Line by line explanation: 
1. and 2.: The title file describes the trajectory calculation information. 
3. The method input line: 4 atoms with direct dynamics with Venus/NWChem 
4. NWChem input file name (in which theory must be specified as SET task, instead of 

task), Basis sets, Methodology/Theory. 
5. Atomic numbers for the system and the charge of the system (atom ORDER will be 

strictly followed once setup here). The order here is: H, S, O, O. 
6. VZero (set to the energy of H+SO2 arbitrarily because it is the starting point), unit is 

kcal/mol--Get from quantum calculation. 
7. Type of calculation (NSELT=2 trajectory of one or two reactants), NSURF=0 (no 

surface collision involved), NCHKP=0 (checkpoint file not used). 
8. Atomic masses of same ORDER: H, S, O, O. 
9. Integrator specification (6th order symplectic scheme for this setup). 
10. NT(number of trajectory be calculated), NS(number of steps),NIP(number of steps 

between intermediate printout), NCROT(number of cycles of rotational energy average). 
11. Time step (0.3 fs in this input). 
12. NACTA(=0 atom/diatomic), NACTB(=5 polyatomic with Boltzman distribution), 

ISEED (random number seed, which determines the collision orientation configuration). 
13. HINC, NPTS (see manual p.59 input line10. This option doesn’t change often). 
14. NATOMA, NLINA      species A: H, atom treated as linear. 
15. Cartisian coordinates for H 
16. NATOMB, NLINB      species B: SO2, nonlinear 
17. – 19. Cartisian coordinates for SO2 in the order of S, O, O. 
20. Tvibb  (vibrational temperature for SO2, thermal sampling input) other options 

available here to give SO2 vibrational energy, but NACT will be chosen differently. 
21. NROTB(=0 thermal rotational energy distribution), TROTB (rotational temperature 

for thermal sampling--for symmetric top). 
22. NABJ,NABK(indices for two atoms J and K, distances are defined with RBAR and 

RMAX, here is atom 1(H) and atom 2(S) as the ORDER),RMAX (max distance between 
H+SO2 that trajectory will halt),RBAR(intermediate distance between H, S, it could 
correspond to a saddle point), DELH (INCLUDE VZERO, the potential energy of A and 
B in their equilibrium geometries and at infinite separation, in kcal/mol, is usually set to 0 
in most cases). 

23. NREL(=1, relative translational energy is fixed at SEREL in kcal/mol, =0 will be 
sampled as thermal), SEREL(=61.0kcal/mol, if NREL=0 then SEREL is the temperature 
in K), S (initial H, SO2 separation in A). 

24. NOB (=1, impact parameter is fixed to BMAX), BMAX (=0, means head-on 
collision). 

25. NPATHS (numbers of different reaction paths allowed in addition to that for 
reactants, =0 only considering one reaction pathway if any). 

26. NFQP, NFCOOR (INPUT part D starts here for result output options, remain 
unchanged in most cases). 

27. NFR, NUMBR(option to listing interparticle distances, NUMBR is the number of 
distances) NFR=1, NUMBR=3 (print 3 interparticle distances). 

28. Interparticle distances that are listing: H(1)-S(2), S(2)-O(3) and S(2)-O(4)  (The 
same ORDER established above) --This is for monitoring intermediate formation. 
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29. – 35.: Other output options which remains unchanged for most cases.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


