
 

 

ABSTRACT 

 

 

 

 

Title of Document: STATE-RESOLVED QUENCHING 

DYNAMICS IN COLLISIONS OF 

VIBRATIONALLY EXCITED  MOLECULES  

  

 
Juan Du, Doctor of Philosophy, 2010 

  

Directed By: Professor Amy S. Mullin, Department of 

Chemistry and Biochemistry 

 

 

 

The collisional relaxation of highly excited molecules plays a very important role 

in many chemistry processes.  The work presented in this thesis studies the collisional 

quenching dynamics of highly vibrationally excited molecules using high-resolution 

transient IR absorption spectroscopy.  This work investigates ñweakò (small energy 

transfer) and ñstrongò (large energy transfer) collisions between donor and bath 

molecules.  The experimental results illustrate how the properties of donor molecules 

influence the collisional energy transfer.  These properties include the molecular structure, 

internal energy, state density.  In several weak collision studies, this thesis studies the 

vibration-rotation/translation pathway for pyrazine/DCl, pyrazine/CO2 with different 

internal energies and for three excited alkylated pyridine molecules/CO2 systems.  A 

single-exponential rotational distribution and J-dependent translational energy 

distributions of scattered DCl molecules are observed.  For CO2 collisions, the scattered 

CO2 has a biexponential rotational distribution and J-dependent translational energy 

distributions for all collision pairs.  Recoil velocities scale with product angular momenta.  



The observed collision rates for these collision pairs match Lennard-Jones rates.  The full 

energy transfer distribution for these pairs is determined by combining data for weak and 

strong collisions.  Lowering the internal energy of donor molecules reduces the amount 

of rotational and translational energy transfer to CO2.  Reducing the internal energy of 

pyrazine decreases the probabilities of strong collision and increases the probabilities of 

weak collision.  The average energy transfer reduces by ~ 50% when the internal energy 

is decreased by only 15%.  The collision rates are independent on the internal energy for 

these systems.  Methylation of donor molecules decreases the magnitude of V-RT energy 

transfer.  The collision results are affected by the number of methyl-groups, and not by 

the position of the group.  Increasing the number of methyl groups increases the ratio of 

the measured collision rate to the Lennard-Jones collision rate.  In the strong collision 

studies, the effects of alkylation and internal energy are studied.   In collisions with 

alkylated pyridine donors with E ~ 39000 cm
-1

, CO2 molecules gain less energy from 

alkylpyridine than from pyridine.  The alkylated donors undergo strong collisions with 

CO2 via a less repulsive part of the intermolecular potential compared to pyridine.  For 

azulene/CO2 collisions with two different internal energies, scattered CO2 molecules gain 

double the amount of rotational and translational energy when the azulene energy is 

doubled.  The rate of strong collisions increases four times when the internal energy is 

doubled.   
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Figure 5.2 The transient absorption line shape for CO2 (00
0
0) J = 26 resulting 

from collisions with highly vibrationally excited pyrazine(E = 

32700 cm
-1

).   

 

Figure 5.3 Transient absorption line profile for the J = 26 rotational state of 

CO2 (00
0
0).  The double-Gaussian fitting parameters separate 

appearance process and depletion process.   

 

Figure 5.4 Energy transfer data for CO2 (J = 56ï80) that result from collisions 

with hot pyrazine excited at different UV wavelengths.  Data at l = 

308.8 nm is estimated from previous wavelength-dependent data.   

 

Figure 5.5 The current and previous data for scattered CO2 molecules at high-J 

states after collisions with excited pyrazine are compared.  Within 

the error, the rotational distributions of current data (Trot = 845 K) is 

agreement with the previous results (Trot = 918 ± 100 K).  The 

absolute populations for CO2 J = 72-74 in this work are bigger than 

the values at the same states in previous study. 

 

Figure 5.6 Nascent center-of-mass translational temperatures for individual 

rotational states of scattered CO2 (00
0
0) molecule resulting from 

collisions with highly vibrationally excited pyrazine(E).   

 

Figure 5.7 Nascent rotational distribution of scattered CO2 (00
0
0) following 

collisions with vibrationally excited pyrazine(l = 308.8 nm).  The 

distribution for the low-J states is characterized by Trot = 359 ° 40 

K. For high-J states, Trot = 918 ° 90 K. 

 

Figure 5.8 The upper plot investigates the correlation between the average 

change in angular momentum ộæJbathỚ of CO2 molecule and the 

average change of recoil velocity ộævrelỚ for CO2:pyrazine(E) 

system, where E = 32700 cm
-1

 and E = 37900 cm
-1

.  The open 
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circles in the lower plot illustrate the ratios of ộævrelỚ of two internal 

energies of pyrazine.   

Figure 5.9 (a) A two-component biexponential function fitting curve of the 

nascent rotational distribution of scattered CO2 through collisions 

with pyrazine(E = 32700 cm
-1

); (b) the results of fitting residuals at 

CO2 rotational states are shown as the circles.  

 

Figure 5.10 Population distributions of scattered CO2 at t = 1 ms after weak or strong 

collisions with pyrazine(E= 32700 and 37900cm
-1
).  (a) Populations of 

CO2 through collisions with pyrazine(E = 32700 cm
-1
).  76% of the 

observed CO2 populations (open circles) are from the cold population with 

Trot = 214 K which is the product of weak collisions.  The hot population 

with Trot = 909 K from the strong collisions is 24% of the whole observed 

population.  (b) Strong and weak collisions contribute similar percent 

populations for pyrazine(E = 37900 cm
-1
).  Trot = 1241 K of hot population  

and Trot = 329 K of cold population for pyrazine(E = 37900 cm
-1
) .   

 

Figure 5.11 Energy-dependent full energy transfer probability distribution 

function P(DE) for pyrazine(E)/CO2 at E = 32700 cm
-1

 and 37900 

cm
-1

.  Both of distribution functions are normalized to the Lennard-

Jones collision rate in the upper plot while they are normalized to 

the appearance collision rate in the lower plot.  

 

Figure 6.1 The molecular structure for three methylated pyridine donors.   

Figure 6.2 Transient absorption signals for scattered CO2 (00
0
0) in the J = 26 

state after collisions with highly vibrationally excited 2MP, 2,6MP 

and 3,5MP (E ~ 38500 cm
-1

).  The three plots on the left show 

depletion signals at line center n0.  The right-hand plots show CO2ôs 

appearance signals measured at a frequency of n0-0.003 cm
-1

. 

 

Figure 6.3 The transient IR absorption line shape for CO2 (00
0
0) J = 26 at t = 1 

µs after single collisions with three highly vibrationally excited 

donor molecules, 2MP, 2,6MP and 3,5MP.   

 

Figure 6.4 Transient absorption line profile for the J = 26 rotational state of 

CO2 (00
0
0) at t = 1 µs from collisions with vibrationally hot 2MP, 
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2,6MP and 3,5MP.  The black lines are double-Gaussian fitting 

curves.  The fitting curves are made up of appearance and depletion 

of populations, respectively.   

Figure 6.5 Nascent center-of-mass translational temperatures for individual 

rotational states of scattered CO2 (00
0
0) molecule resulting from 

collisions with highly vibrationally excited 2MP, 2,6MP and 3,5MP.   

 

Figure 6.6 The average velocity changes for CO2 (J = 2ï80) through collisions 

with highly vibrationally excited pyrazine, 2MP, 2,6MP and 3,5MP.   

 

Figure 6.7 Nascent rotational distribution for the J = 2-80 states of CO2 due to 

collisions with three highly vibrationally excited donors, 2MP, 2,6MP and 

3,5MP. The populations of scattered CO2 after collisions with three donors 

are fitted by the single-exponential mode (left plots) and the bi-

exponential mode (right plots).    

 

Figure 6.8 A two-component biexponential function fitting curve of the nascent 

rotational distributions of scattered CO2 through collisions with 

excited 2MP, 2,6MP and 3,5MP.  The plots to the right are the 

residuals for the fitting results. 

 

Figure 6.9 Two energy sub-distributions are separated by the two-component 

model.  The cold population distribution with Ta ~ 300 K is 

associated with weak collisions shown as three alkylpyridine 

molecules with CO2.  The hot populations of scattered CO2 from the 

strong collisions with three alkylpyridine molecules are 592 K for 

2MP, 852 K for 2,6MP, and 600 K for 3,5MP.  The contributions of 

cold and hot populations for the observed populations are 88:22 for 

2,6MP/CO2, 58:42 for 2MP/CO2 and 85:15 for 3,5MP/CO2. 

 

Figure 6.10 The ratios of experimental appearance collision rate kapp with 

Lennard-Jones collision rate kLJ for different collision systems.   

 

Figure 6.11 The full energy transfer distribution function P(DE) curves for CO2 

with four highly vibrationally excited donors: 2MP, 2,6MP, 3,5MP 

and pyrazine.  (a) shows three curves normalized to the Lennard-

Jones collision rate kLJ and (b) is normalized to the experimental 
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appearance collision rates kapp for three collision systems.  

Figure 7.1 The GRETCHEN model is based on Fermiôs golden rule and the 

idea that collisions of a highly excited molecule provide time-

dependent perturbations that induce energy transfer between 

molecules.  The probability for an energy exchange of the amount 

DE is predicted to be proportional to the final state density 

r(E-DE).  . 

 

Figure 7.2 Transient IR absorption for CO2 (00
0
0) J = 66 following excitation 

of azulene at l = 266 and 532 nm. The appearance signals of 

specific CO2 rotational high-states result from collisions with highly 

vibrationally excited azulene with different internal energies.   

 

Figure 7.3 Nascent population distributions of CO2 (00
0
0) in high-J states 

(62-78) through from collisions with highly vibrationally excited 

azulene which was prepared with l = 532 and 266 nm. 

 

Figure 7.4 Doppler-broadened transient absorption line profile for CO2 (00
0
0) J 

= 68 collected at t = 1 ms following laser excitation of azulene at l = 

266 and 532 nm.  Transient absorption data are fit ted by a Gaussian 

function.  

 

Figure 7.5 CO2 rotational state dependence of the average relative translational 

energy distribution through collisions with highly vibrationally 

excited azulene at ɚ = 532 and 266 nm.  

 

Figure 7.6 Energy transfer distributions P (DE) for strong collisions between 

highly vibrationally excited azulene(E = 38580 and 20390 cm
-1

) 

with CO2.  P (DE) curves are obtained in terms of the energy 

transfer rates and rotational/translational gain.  

 

Figure 7.7 Energy transfer probability for strong collisions of azuelene(E = 

38580 and 20390 cm
-1

) with CO2.  For each azulene internal energy 

in two plots, the transient IR probing data is compared with the 

results from KCSI experiment and PECT calculation. 

 

Figure 7.8 Semilogarithmic plot for azulene vibrational state density r (E-DE)  
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as a function of internal energy for initial E= 38580 and 20390 cm
-1

. 

Figure 7.9 The linear correlation of the experimental shape parameter bobs and 

the state density shape parameter br for strong collisional quenching 

of CO2 with a series of highly vibrationally excited donor 

molecules: azulene, 2,6-lutidine, picoline isomers, pyrazine, 

pyridine, C6F6 and toluene. 

 

Figure 8.1 The structures of aromatic species discussed in this Chapter  

Figure 8.2 Transient IR absorption signals for appearance of CO2 (00
0
0, J = 62) 

through collisions with three donors, 2EP, 2PP, and 2tBP, initially 

excited with l = 266 nm.   

 

Figure 8.3 Nascent Doppler-broadened line profiles for CO2 (00
0
0, J = 72) 

following collisions with vibrationally excited 2EP (a), 2PP (b) and 

2tBP (c).  The experimental data collected at 1 ɛs after UV pulse are 

fitted by the Gaussian function.   

 

Figure 8.4 The relative translational temperatures Trel that describe the 

translational energy distributions between recoiling donors and CO2 

(00
0
0, J = 62-78). The upper plot compares the translational energy 

distributions of the alkylated-pyridines with that for pyridine.  

Donor alkylation reduces the translational energy of the scattered 

CO2 molecules.  The lower plot compares Trel for different alkylated 

donors. The increase in Trel with CO2 J-state is consistent with an 

impulsive energy transfer mechanism.  For a give J-state, Trel 

generally follows the ordering of 2MP > 2PP > 2tBP > 2EP.  

 

Figure 8.5 Nascent rotational distributions of scattered CO2 (00
0
0, J = 62-78) 

at t = 1 ɛs following collisions with highly vibrationally excited 

three alkylated pyridine: 2EP, 2tBP, and 2PP.  The products of 

rotational distributions of scattered CO2 through collisions with 

three donors are similar Trot ~ 590 ± 60 K. 

 

Figure 8.6 The effective impact parameter beff is a function of the average 

change of CO2 angular momentum ộȹJbathỚ.  Values of beff for CO2 

with pyridine and alkylated pyridine pairs are compared.   
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Figure 8.7 Absolute state-specific rate constants kapp
J

 and energy transfer 

probabilities PJ(DE) for initial appearance of scattered CO2 (00
0
0, J 

= 62-78) following collisions with five donors: Pyr, 2MP, 2EP, 

2tBP, and 2PP.  The ordering of rates for appearance of a given CO2 

state is 2PP > 2MP > 2EP ~ 2tBP > Pyr; the ordering of 

probabilities for CO2 states is 2PP ~ 2MP > 2EP > 2tBP > Pyr.   

 

Figure 8.8 Energy transfer distribution function P(DE) for strong collisions 

with DE > 4000 cm
-1

 of CO2 with five vibrationally excited donors.  

The ordering of energy transfer probabilities is 2MP > 2PP > 2tBP ~ 

2EP. 

 

Figure 8.9 The relationship between bobs for strong collisions and the 

vibrational state density energy dependence parameter br for 

collisions of CO2 with highly vibrationally excited donors: pyrazine, 

pyridine, methylpyridine isomers (2MP, 3MP, 4MP), 2,6MP and 

azulene with different internal energies.  For these donor-CO2 pairs, 

there is a linear correlation between the parameters br and bobs.   

 

Figure 8.10 (a)The vibrational state density r (E-DE) of three alkylated pyridine 

molecules shown as a semilog plot.  The donor molecules are 

initially excited to E = 38570 cm
-1

 for 2EP, E = 38870 cm
-1

 for 2PP 

and E= 39123 cm
-1

 for 2tBP.  (b) The values of shape parameter br 

are from the slope of the semilog plot of r(E-DE) curves.  

 

Figure 8.11 Semilog plot of P(DE) curve with DE > 3000 cm
-1

 for strong 

collisions of vibrationally excited 2EP, 2tBP and 2PP with CO2.  

The slope of the curve is the shape parameter bobs. 

 

Figure 8.12 The relationship between bobs for strong collisions and the 

vibrational state density energy dependence parameter br for 

collisions of CO2 with highly vibrationally excited donors: pyrazine, 

pyridine, azulene with two internal energies, methylpyridine 

isomers (2MP, 3MP, 4MP), 2,6MP, 2EP, 2PP, and 2tBP.  For 

donors with larger alkyl groups, bobs no longer correlates with 
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changes in state density associated with DE. 

Figure B.1 The linear relationship between s and ŮkBϳ  for two series of 

alkylated cyclic molecules (benzene and cyclopentane) is used to 

estimate parameters for alkylated pyridines with CO2. 

 

Figure C.1 The experimental data for DCl (J = 5) from collisions with vibrationally 

excited pyrazine are fitted by a double-Gaussian function. The data are 

illustrated as grey circles and the fitting result is shown as a solid line.  

One set of fitting results for six parameters are also shown in the upper 

plot.  The residual value for each point is shown as the grey circles in the 

lower plot. 

 

Figure C.2 The sum of residuals based on 3 parameters fitting with one parameter 

constained. 

 

Figure D.1 The residuals for fitting results of the two-component mode at different 

constraints. 
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Abbreviations 

A rotational constant 

a absorption strength 

AC alternating current 

B rotational constant 

c speed of light 

C rotational constant 

cm centimeter 

cm
-1

 wavenumber 

CO carbon monoxide 

CO2 carbon dioxide 

cw continuous wave 

DC direct current 

DCl deuterium chloride 

DE energy change 

Erot rotational energy 

Etrans translational energy 

Evib vibrational energy 

e Lennard-Jones well depth 

F-center F-center laser 

FWHM full width at half maximum 

HCl hydrogen chloride 

H2O water 

HOD hydrogen deuterium oxide 

InSb indium antimonide 

IR infrared 

J total angular momentum quantum number 

K Kelvin 

kint integrated energy transfer rate constant  
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Ë   appearance rate constant 

kB Boltzmann constant 

kLJ Lennard-Jones collision rate constant 

? path length 

LJ Lennard-Jones 

l wavelength 

m meter 

mol mole 

ms microsecond 

mm micrometer 

MW megawatt 

n vibrational frequency 

Nd Neodymium 

ns nanosecond 

p pressure 

P probability 

pop population 

R ideal gas constant 

RT rotation and translation 

r vibrational state density 

S0 electronic ground state 

S1 first excited singlet electronic state 

S2 second excited singlet electronic state 

S4 forth excited singlet electronic state 

s Lennard-Jones diameter 

s second 

t time 

T0 initial temperature 

T1 first excited triplet electronic state 

Trot rotational temperature 
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Ttrans translational temperature 

UV ultraviolet 

v velocity 

V­V vibration to vibration 

V­RT vibration to rotation and translation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 1 - 

 

Chapter 1: Introduction of Collisional Quenching Dynamics  

 

1.1 Significance of Collision Energy Transfer 

Collisional energy transfer is a key step in many chemical reactions.
1-5

  When 

molecules have energies near their reaction thresholds, collisions between these excited 

molecules and cold bath molecules determine the fate of the reactions of the activated 

molecules.
6
  Therefore, understanding the mechanisms of the collisional relaxation of 

highly excited molecules is of both fundamental interest and practical value for the 

modeling of combustion and atmospheric chemistry.  Knowledge of the collisional 

energy transfer dynamics between molecules can help us to predict the rates of reactions 

in combustion and atmospheric chemistry.
5,7,8

    

A general theory for thermal unimolecular reactions was developed by 

Lindemann in 1922 and later improved upon by Hinshelwood in 1927.
9-11

  The 

Lindemann-Hinshelwood Model incorporates collisional energy transfer to explain the 

pressure dependence of unimolecular reaction rates.
12

  This model shows that inelastic 

collisions play a key role in the mechanism of unimolecular reactions.  The mechanism 

for the unimolecular reaction in the presence of collisions is described by three steps: 

 

A+M
k1
ᴼ A*+M          (collisional activation)                                                    (1.1) 

A
*
+M

k
-1

 A +M         (collisional deactivation)                                                (1.2) 

A
*k2ᴼ B                      (unimolecular reaction)                                                  (1.3) 
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Here, A is the reactant molecule, M is an inert collision partner, A
*
 is the excited species 

with high internal energy and B is the product of dissociation of A
*
.  Eq 1.1 shows that 

the reactant A becomes excited to A
*
 through collisions with M and the rate of 

appearance of A
*
 from this step is shown as Eq 1.4: 

 

dA
*

dt
 = k1A M                                                                                               (1.4) 

 

Eq 1.2 tells us that excited A* can be deactivated following collisions with M with a rate 

given as Eq 1.5: 

 

 
dA
*

dt
 = -k-1[A

*
]M                                                                                         (1.5) 

 

The Lindemann-Hinschelwood Model assumes that every collision is effective at 

removing enough energy from A* so that it is not reactive.  This assumption is known as 

the strong collision assumption.  Excited A* can also dissociate to product B.  The rate 

for the reaction is shown by Eq 1.6: 

 

dA
*

dt
 = -k2A

*
                                                                                                 (1.6) 

 

Applying the steady-state approximation to A* yields an overall reaction rate given by Eq 

1.7: 
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Reaction rate = 
k1k2AM
k

-1
M+ k2

                                                                                  (1.7) 

 

At low pressures, Eq 1.1 is the rate determining step and the reaction rate has 2
nd

 

order kinetics.  At high pressures, the collisional activation and deactivation establish a 

rapid equilibrium, and Eq 1.3 becomes the rate determining step.  In this case, the 

observed rate for the reaction has 1
st
 order kinetics. 

After the Lindemann-Hinshelwood Model, other theories were developed, such as 

the Statistical Adiabatic Channel Model (SACM), to describe unimolecular reactions.  

Most of these theories use the strong collision assumption, so understanding collisional 

dynamics and the role of collisions on the fate of excited molecules is an important goal. 

Many important questions about the collisional dynamics of highly excited 

molecules remain unanswered: How does energy transfer between two molecules occur 

through collisions?  Which pathways are the predominant channels of energy transfer in 

collisions of two molecules?  What properties of highly excited molecules are important 

in the collisional activation and deactivation?  How does the internal energy of the 

excited molecules affect the energy transfer? 

The work presented in this thesis seeks to find the answers for these questions.  

Using high resolution transient IR absorption spectroscopy, my doctoral research 

illustrates how excited molecules transfer energy to cold bath molecules through 

collisions.  This work provides a detailed picture of the collisional quenching of high 

energy molecules and will serve as a benchmark for future models of molecular energy 

transfer.    
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1.2 ñWeakò and ñStrongò Collisions 

Lindeman recognized that collisions are often the means by which molecules gain 

sufficient energy to react.  Without detailed knowledge of energy transfer mechanisms, 

Hinschelwood introduced the ñstrongò collision assumption to account for collisional 

deactivation by equating the deactivation rate (Eq 1.2) with the collision rate.  He 

assumed that every collision would remove enough energy to deactivate a reactive 

molecule.  Since collisions actually involve a distribution of energy transfer values, the 

strong collision assumption greatly overestimates the effect of deactivating collisions.    

Strong collisions, by definition, involve large amounts of energy.  On the other 

extreme, collisions that induce small energy changes are known as weak collisions.  Troe 

introduced the concept of ñweakò collisions to account for the discrepancy between 

observed and calculated rates for unimolecular reactions in the presence of collisions.
13,14

  

Some studies on unimolecular reactions have illustrated this phenomenon, such as in 

Figure 1.1.
13,15,16

   

This thesis uses the terms ñstrongò and ñweakò as relative descriptors for 

collisions that induce large and small changes of energy, respectively.  A representative 

energy transfer distribution function for the relaxation of a highly excited molecule is 

shown in Figure 1.2, where we see that weak collisions occur far more often than strong 

collisions.  In this thesis, the dynamics of energy transfer for strong and weak collisions 

are investigated.  Projects described in Chapters 3-6 measure the complete energy 

transfer distribution from both weak and strong collisions.  Work in Chapter 7 and 8 

focuses on studying the strong collisions for different highly excited molecules. 
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Figure 1.1 Schematic illustrating collisional deactivation by strong and weak collisions. 
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DE, cm
-1
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( D

E
) weak collisions

strong collisions

 

Figure 1.2 Energy transfer distribution function shows that weak collisions of excited 

molecules (small DE) occur more often than strong collisions (large DE). 
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1.3 Methods for Studying the Collisional Relaxation of Highly Vibrationally Excited 

Donors 

A number of theoretical studies have investigated the collisional quenching of 

highly excited large molecules.  In the 1970ôs, Troe and Rabinovitch independently 

developed semiempirical master equation theories using microcanonical transition state 

theory to describe collisional relaxation.
14,17-20

  Since the exact nature of the distribution 

function was not known at that time, they introduced different model functions such as 

stepladder, exponential and Gaussian forms for the distribution function.  Due to the 

unknown functional form of the distribution, a consistent picture of how collisional 

relaxation depends on fundamental molecular properties did not emerge.  Schlag and co-

workers developed a statistical model wherein a collision complex is formed and energy 

randomization occurs among all degrees of freedom.
21-23

  Nordholm and coworkers 

proposed that the energy of the colliding molecules is redistributed microcanonically, as 

it would be in a quasibound collision complex.  Based on this idea, they developed the 

ergodic collision theory (ECT).
24-26

  This theory correctly predicts observed collision 

trends but overestimates average collision energy transfer values àDEð.  Recently, 

Nordholm and coworkers have developed a semiempirical extension of ECT, called the 

partially ergodic collision theory (PECT), which describes energy redistribution using a 

variable subset of donor and bath degrees of freedom that are involved in the energy 

redistribution.
27-30

  

Developing a detailed physical picture of energy transfer in molecular collisions 

is challenging because of the high dimensionality of the available phase space.  Classical 

and semiclassical trajectories are powerful tools for providing insight into molecular 
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collisions, particularly when coupled with experimental results.  Trajectory calculations 

have been performed on collisions that quench high energy molecules by a number of 

investigators, including Lendvay and Schatz,
31,32

 Gilbert and co-workers,
33,34

 Lim,
35,36

 

Bernshtein and Oref,
37,38

 Luther and co-workers,
39-41

 Yoder and Barker,
42

 Chapman and 

co-workers,
43,44

 and Li et al.
45

  Most studies have focused on atomic collision partners.  

These studies show that most of the energy transfer involves the low-frequency donor 

modes, that chattering collisions are involved in both large- and small-DE collisions 

(particularly when the collision partner is a molecule), and that large-DE collisions occur 

through repulsive interactions. 

A number of experimental methods such as UV absorption (UVA),
46-52

 IR 

fluorescence (IRF),
53-60

 and time-resolved FTIR emission
61-63

 have been used to measure 

the collisional deactivation of high-energy molecules.  The experimental data from these 

studies have been fit using various model distribution functions such as single-, double-, 

and extended-parameter exponentials.  Luther and co-workers have used kinetically 

controlled selective ionization (KCSI) and fluorescence (KCSF) techniques to measure 

relaxation distributions of highly excited molecules.
27,29,64-68

  These approaches measure 

the complete energy transfer distribution function P(E,Eô) using two-color, two-photon 

ionization to monitor the highly excited molecules as they relax by collisions. 

Distributions of highly excited molecules with initial energy E are monitored as the 

molecules pass through experimentally determined energy windows at the energy Eô.  

KCSI experiments are ñself-calibratingò and do not require an empirical calibration curve.  

Their results are best described using a parameterized mono-exponential distribution.  

There is good agreement between their results and the predictions of Nilsson and 
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Nordholmôs partially ergodic collision theory (PECT).
27

  Recently, a new technique used 

molecular beam ion imaging to determine the energy transfer distribution functions for 

highly excited molecules with atomic collision partners.
69-73

  

Our group has investigated the collision dynamics for a number of collision pairs 

using high-resolution transient IR absorption spectroscopy.
74-88

  This approach measures 

energy gain of the energy-accepting molecules after collisions with highly excited 

molecules.  This technique tells us directly about the bath moleculeôs energy gain in the 

vibrational, rotational and translational degrees of freedom resulting from collisions with 

high energy molecules.  In addition, the energy transfer probability distribution function 

P(ȹE), the collision rate, and the average transfer energy ȹE rate for the single collisions 

are measured experimentally. 

The work in this thesis uses pulsed optical excitation to generate a highly excited 

molecule and monitors energy gain in small bath molecules using high-resolution 

transient IR spectroscopy.  State-resolved product distributions yield a detailed picture of 

the collision dynamics.  Energy transfer distribution functions are determined from the 

perspective of the bath molecules.  Michaels and Flynn developed the formalism for 

converting rotational state-specific energy gain distributions and rate constants into an 

overall probability distribution function.
89

  Flynn and coworkers studied the strong 

collision dynamics for a number of excited molecules (E) with CO2 system firstly using 

transient IR absorption.
74,90-100

  Sevy and co-workers have studied the interplay of 

photodissociation dynamics with collisional deactivation for several donor molecules 

with CO2 using a similar IR probe technique.
96,101-103
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1.4 High Resolution Transient IR Absorption Spectroscopy 

This thesis presents studies of the collisional relaxation of highly vibrationally 

excited molecules using high resolution transient IR absorption.  The experiments can be 

described by three processes.  

Highly vibrationally excited donor molecules are prepared by pulsed visible or 

UV light. 

 

(1) Donor + hn (UV or vis) ­ Donor (E) 

 

Collisions with small bath molecules induce energy losses in the high energy 

molecules and energy gain in the bath molecule.  The scattered bath molecule will have 

energy in vibration (v), rotation (J), and/or translation (V).   

 

(2) Donor (E) + Bath ­ Donor (E-DE) + Bath (v, J, V) 

  

The nascent scattered bath molecules are measured with high resolution transient 

IR absorption.  

 

(3) Bath (v, J, V) + hn (l ~ 2.7-4.3 µm) ­ Bath (vô, Jô, Vô) 

 

where, v is the vibrational state of bath molecule, J is the rotational angular momentum 

quantum number of bath molecule and V denotes the component of the recoil velocity 
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along the IR probe axis.  The details of the experimental method will be described in 

Chapter 2. 

1.5 Molecules in this Thesis 

1.5.1 Highly Vibrationally Excited for Azabenzene Molecules 

This thesis explores how the properties of donor molecules affect collisional 

energy transfer dynamics.  A number of different azabenzene molecules were used as 

highly vibrationally excited molecules.  Figure 1.3 illustrates the azabenzene donor 

molecules investigated in this thesis. 

Most of the highly vibrationally excited donor molecules in this thesis are 

produced by pulsed UV laser absorption.  After being pumped by UV light, azabenzene 

molecules undergo transitions to electronically excited states, followed by rapid 

radiationless decay, resulting in vibrationally excited states of the electronic ground state.  

The lifetimes for radiationless decay of donor molecules range from Ű = 5 ps to Ű = 100 ns.  

The fluorescence quantum yields for these azabenzenes are very small (typically on the 

order of 10
-5

).   

The preparation of the highly vibrationally azabenzene molecules is described in 

this Section.  In each case, preparation of the highly vibrationally excited molecules 

occurs well before the average collision time in our experiments.  In energy-dependent 

collision projects (Chapters 4, 5 and 8), the donor molecules were prepared with different 

amounts of internal energy using light wavelengths in the UV or visible.  In Chapters 4 

and 5, excited pyrazine with E = 32700 or 37900 cm
-1

 was produced by light with l = 

308.75  or  266 nm.   Pyrazine is pumped from the ground state S0 to electronic excited  
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Figure 1.3 Highly vibrationally excited donor molecules studied in this thesis. 
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state S1 by 308.75 nm UV light.  Electronically excited pyrazine then transforms a 

transition to vibrationally excited ground state pyrazine S0(E) through two paths.
104,105

  

One process is internal conversion from S1 to S0(E) directly and the other process 

involves two intersystem crossings, S1 ­ T1 ­ S0(E).  The first intersystem crossing S1 

­ T1 is rapid ( < 50 ps) and has almost unity quantum yield.
106

  The lifetime t for the 

second intersystem crossing T1 ­ S0(E) is a single-exponential function of the UV laser 

wavelength with Ű = 180 ns for T1 ­ S0(E)  at 308.75 nm.  At l = 266 nm, pyrazine is 

pumped from the ground state to the S2 state, and then converts rapidly to S1.  From S1, 

pyrazine intersystem crossing undergoes to T1 and then to S0(E) with a life time of t ~ 50 

ns.
95,107

  The state-decay information of pyrazine at different pump wavelengths is listed 

in Table 1.1.  

Highly vibrationally excited azulene(E = 20390 or 38580 cm
-1

) in Chapter 8 is 

prepared light with l= 532 or 266 nm.  At these wavelengths, azulene molecules are 

excited to the S1 and S4 electronic singlet states, respectively.  Internal conversion is the 

dominant relaxation process from both the S1 and S4 states, with near unity quantum 

yields for forming highly vibrationally excited S0(E) azulene molecules.  The lifetime of 

the S1 state is several picoseconds.
108

  The S4 state initially relaxes to S2 by fast internal 

conversion and then S2ŸS0 internal conversion forms high vibrational levels of the 

electronic ground state.
65,109

   The lifetime of the S2 state following 266 nm excitation is 

less than 3.4 ns.
110

  The internal energy E includes the photon energy and the thermal 

vibrational energy.  The decay paths and lifetimes for azulene are listed in Table 1.1. 

Several vibrationally excited alkylated pyridine molecules are prepared in 

alkylation-effect projects (Chapter 6 and 7).  The excitation processes for these alkylated  
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Table 1.1 The decay pathways and life times for donor molecules. 

Donor l, nm Evib, cm
-1
 Major Pathway t 

pyrazine 266 37900 1) S2 ­ S1  

  2) S1 ­ T1  

  3) T1 ­ S0(E) <50 ns 

308.8 32700 1) S1­T1 < 50 ps 

  2) T1­S0(E) 180 ns 

pyridine 266 37920 1) S1 ­ S0(E) 60 ps 

  2) S1­T1 50 ps 

  3) T1­S0(E) <100 ns 

azulene 266 38580 1) S4 ­ S2  

  2) S2­ S0(E) < 3.4 ns 

 532 20390  S1 ­ S0(E) < 10 ps 
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pyridine molecules are similar to those of pyridine and the rates are faster than those for 

pyridine.  Therefore, the preparation of the highly vibrationally excited pyridine is 

described as a representive sample here.  Pyridine molecules are pumped to the single 

electronic excited state S1 by 266 nm light.  Excited pyridine molecules in the S1 state 

undergo relaxation to the vibrationally excited state S0(E) in two ways.  Pyridine(S1) 

internally converts to S0(E) with t º 60 ps.  Pyridine molecules also undergo double 

intersystem crossing of the form S1 ­ T1 ­ S0(E).  The life time for the intersystem 

crossing S1 ­ T1 is t º 50 ps, while that for the intersystem crossing T1 ­ S0(E) is t < 

100 ns.
111-113

  The state-decay information for pyridine molecules are also listed in Table 

1.1. 

1.5.2 Bath Molecules 

Two bath molecules are studied in this thesis: DCl and CO2.  Both species have 

strong IR absorption and spectral features that are sparse enough so that their energy gain 

profiles can be measured using transient high-resolution absorption. 

High-resolution transient IR absorption was used to measure the rotational and 

translational energy gain profiles of DCl (v = 0) through collisions with excited pyrazine 

in Chapter 3.  The IR probe is the DCl (v = 1) « (v = 0) transition at l = 4.3 mm shown 

in Figure 1.4.  In addition to studying the v= 0 state of DCl, this work measured 

appearance of DCl (v = 1) using the (v = 2) « (v = 1) hot band transition.  DCl (v = 1) 

population at 300 K is almost zero and < 1% of the scattered molecules is observed in the 

v =1 state.  The transient signal levels for the DCl (v = 1) state are small compared to 

those for population changes in the (v = 0) state.   Therefore, the population changes for 
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Figure 1.4 IR probing for strong and weak collision for DCl and CO2 bath molecules. 
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low and high J states of DCl can be measured using the (v = 1) « (v = 0) transition 

without interference from collisions populating the upper state of the probe transition. 

After collisions with highly vibrationally excited donor molecules, the population 

changes for CO2 in low and high-J states are measured by IR light with l = 4.3 or 2.7 mm, 

as shown in Figure 1.4.  The number density of scattered CO2 in high-J states is measured 

with the single-quantum (00
0
1) Ŷ (00

0
0) transition using a diode laser at l = 4.3 mm.  

The outcome of weak collisions involving CO2 low-J states is probed using combination 

band CO2 (10
0
1) Ŷ (00

0
0) transitions near l = 2.7 mm from a F-center laser.  Two factors 

limit diode laser probing to CO2 high-J states.  The low-J (00
0
1) Ŷ (00

0
0) CO2 transitions 

are saturated due to the large oscillator strength and populations of CO2 in these 

states.
78,79,114

  The oscillator strength of the (10
0
1) « (00

0
0) transition is small enough 

that thermally populated CO2 states do not absorb the probe light completely.  In addition, 

the (10
0
1) « (00

0
0) combination band is an effective probe of population changes for 

low-J CO2 (00
0
0) states since direct vibration-to-vibration energy transfer into the (10

0
1) 

state is negligible and does not interfere with transient absorption measurements within 

the (00
0
0) state.  It is known that the CO2 (00

0
1) state is a product of collisions with 

highly vibrationally excited molecules.
74

  

1.6 Overview of the Work in this Thesis  

The research in this thesis is designed to address questions about the collisional 

relaxation of the highly vibrationally excited molecules.  The various projects study how 

the properties of excited molecules affect the collisional quenching.  Chapters 3-6 report 

the dynamics of weak collisions for a number of collision systems.  Combining these data 
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with prior data for strong collisions yields information about the full distribution of 

energy transfer.  Chapters 7 and 8 consider how molecular structure affects strong 

collisions. 

The organization of this thesis is as follows: 

Chapter 2 describes the setup of two types of high resolution transient IR 

absorption spectrometers: the diode laser spectrometer and the F-center laser 

spectrometer.  These two spectrometers cover the IR probe regions for CO2 and DCl.   

Chapter 3 explores the weak collisions between pyrazine(E = 37900 cm
-1

) and 

cold DCl bath molecules.  With the results of a previous study of DCl high-J states, the 

whole vibration-to-rotation/translation (V-RT) pathway energy transfer information is 

obtained.  The rotational distribution of scattered DCl is a single Boltzmann distribution.  

J-dependent translational distributions are observed.  This Chapter provides a direct 

measurement of the collision rate that is close to the predicted value from the Lennard-

Jones collision model.  The V-RT pathway is a dominant channel of collision energy 

transfer.  This study has been published in the Journal of Physical Chemistry A.
115

  

Chapter 4 investigates the weak collisions of pyrazine(E = 37900 cm
-1

) and CO2 

molecules.  In combination with previous data for CO2 high-J states, the whole 

distribution for V-RT energy transfer between pyrazine(E = 37900 cm
-1

) and cold CO2 

bath molecules is presented.  The scattered CO2(00
0
0) molecules have a biexponential 

rotational energy distribution.  The distribution shows evidence for distinct weak and 

strong collision pathways.  V-RT energy transfer is the dominant pathway through which 

pyrazine(E) is relaxed by collisions with CO2.  The experimental collision rate is in good 

agreement with the Lennard-Jones model.  The full energy transfer distribution function 
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P(DE) is presented.  This study has been published in the Journal of Physical Chemistry 

A.
116

 

Chapter 5 investigates the internal energy effect on the collision dynamics of 

pyrazine(E)/CO2 pair by comparing the experimental results at E = 32700 cm
-1

 and 37900 

cm
-1

.  The distributions of both rotational and translational energy in scattered CO2 

molecules are sensitive to the internal energy of pyrazine.  Within experimental error, the 

observed collision rates are not very sensitive to the internal energy of pyrazine.  

However, increasing the donor internal energy reduces the probability of weak collision 

and induces more strong collisions. 

Chapter 6 addresses how the structure of vibrationally excited molecules affects 

the collisions. Scattering dynamics for several donor species are compared: pyrazine, 2-

methylpyridine, 2,6-dimethylpyridine, and 3,5-dimethylpyridine.  Methyl-group addition 

has a large impact on the collisional quenching of vibrationally excited molecules.  The 

energy transfer distributions are affected by the number of methyl groups, but not by the 

positions of the groups in the aromatic ring relative to nitrogen atom in the ring.  

Biexponential population distributions for the scattered CO2 are observed in collisions 

with each of these donors.  Donor alkylation also increases the appearance collision rates, 

which are higher than Lennard-Jones collision rates.    

Chapter 7 reports the energy dependence of strong collisions of CO2 with highly 

vibrationally excited azulene for two initial energies, E = 20390 and 38580 cm
-1

.  Both 

the distribution of transferred energy and the energy transfer rates are sensitive to the 

azulene energy.  For strong collisions, the average rotational and translational energies of 

the scattered CO2 molecules double when the azulene energy is increased by a factor of 2.  
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The rate of energy transfer via strong collisions increases by nearly a factor of 4 when the 

azulene energy is doubled.  The energy transfer probability distribution function for DE > 

3000 cm
-1

 at each initial energy is an exponential decay with curvature that correlates 

with the energy dependence of the state density.  This result is in excellent agreement 

with predictions from GRETCHEN, a model that uses Fermiôs Golden Rule to describe 

collisional quenching of highly excited molecules.  This study has been published in the 

Journal of Chemical Physics.
117

 

Chapter 8 focuses on the strong collisions of a series of alkylated pyridine 

molecules on strong collisions.  The collisions of CO2 with three alkylated pyridine 

species (2-ethylpyridine, 2-propylpyridine, and 2-t-butylpyridine) are reported in this 

Chapter.  The alkylated donors impart less rotational and translational energy to CO2 than 

does pyridine.  Alkyl chains reduce the average energy per mode, and the probability of 

strong collisions is reduced.  Comparison of effective impact parameters shows that the 

alkylated donors undergo strong collisions with CO2 via a less repulsive part of the 

intermolecular potential than does pyridine. Some of this work has been published in the 

Journal of Physical Chemistry A.
118
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Chapter 2: Experimental Methods 

 

2.1 Introduction 

The collisional quenching dynamics of high energy molecules was studied using 

high-resolution transient IR absorption spectroscopy.  The spectroscopy was performed 

using two types of laser systems: a pulsed UV laser to generate highly excited molecules 

and an IR laser for probing the outcome.  This spectroscopy is described in Section 2.2.  

The high vibrational excitation in the azabenzene donor molecules shown in Figure 1.3 

was produced by a pulsed Nd:YAG laser or a dye laser as described in Sections 2.3.1 and 

2.3.2.  IR light was used to probe scattered CO2 and DCl bath molecules after collisions 

with vibrationally hot donor molecules.  Two types of IR lasers were utilized to measure 

the transient absorption spectra of these bath molecules.  IR light with l ~ 4.3-4.5 µm 

was produced by lead-salt diode lasers and light at l ~ 2.7 µm was produced by an F-

center laser.  

2.2 High-Resolution Transient IR Laser Absorption Spectrometers 

The collisional energy transfer between bath molecules and highly vibrationally 

excited donor molecules was measured using the transient IR absorption.  This technique 

interrogates the details of collisional energy transfer from vibrationally hot donors to bath 

molecules.  In these experiments, the UV pulse and IR beam were propagated collinearly 

through a 3 meter flowing-gas Pyrex collision cell as shown in Figure 2.1.  A 1:1 mixture 

of bath and donor vapor was flowed through the collision cell a total pressure near Ptotal  = 

20 mTorr.   
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Figure 2.1 High-resolution transient IR absorption spectroscopy uses two laser systems: a 

pulsed UV laser and a cw IR laser.  
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2.2.1 Diode Laser Spectrometer 

The diode laser spectrometer uses a diode laser as the IR probe and a Nd:YAG 

laser as the pump laser, as shown in Figure 2.2.  The wavelength of the IR output from 

the diode laser is l~4.3 µm and was used to probe CO2 high-J states and DCl low-J states.  

After passing through the collision cell, the IR beam goes through a monochromator to 

ensure that the intensity changes for a single mode of the diode laser are monitored by a 

liquid-nitrogen-cooled InSb detector with risetime of Ű = 100 or 300 ns.   

The spectrometer uses a lock-in technique to decrease IR frequency drifts of the 

diode laser.  10% of IR beam was passed through a reference cell and the signal after the 

reference cell was collected by a liquid-nitrogen-cooled InSb detector, the output of 

which was directed into a lock-in amplifier.  The lock-in amplifier sends an error signal 

to the diode laser to correct for drifts in the diode laser current.  The reference feedback 

loop locks the diode laser either to the center of a single rovibrational transition of the 

bath molecules or to a fringe of a scanning Fabry-Perot etalon.   

The translational energy distributions of scattered bath molecules in individual 

rotational states were measured from nascent Doppler-broadened line profiles at t = 1 µs 

after excitation of donors.  This measurement was performed by collecting transient 

absorption at ~ 40 frequencies over a spectral transition.   

A master timer based on the 1 kHz diode laser modulation synchronizes the timing of the 

diode laser, Nd :YAG laser and a shutter.  The frequency of the shutter is set at 1 Hz to 

ensure that the 3-meter cell is refreshed with new gas prior to the pulsed excitation.  
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Figure 2.2 Diode Laser Spectrometer 
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In a diode laser, the surface of a crystal wafer is doped with a very thin layer of 

semiconductor materials.  The top of the doped crystal is an n-type region and the bottom  

is a p-type region, resulting in a p-n junction or diode.  When current goes through the 

diode, electrons move from the n-type region to the p-type region while the electron holes 

move from the p-type region to the n-type region.  The IR output is provided by the 

stimulated emission an electron-hole recombination.  The energy gaps of electron-hole 

pairs determine the frequency of emitted photons.   

The output power of the diode laser is ~ 200 mW and the frequency resolution is 

0.0003 cm
-1

.  For comparison, Doppler-broadened line profiles at 300 K and l = 4.3 mm 

have DnDop = 0.004 cm
-1

.  The IR output from a diode laser at l ~ 4.3 mm was used to 

probe single quantum transitions CO2 (00
0
1) « (00

0
0) and results are presented in 

Chapters 7 and 8.  A different diode laser operating at l ~ 4.5 mm was used for DCl (v = 

1) « (v = 0) and (v = 2) « (v =1) transitions at 2100 cm
-1

, as discussed in Chapter 3.  

2.2.2 F-Center Laser Spectrometer 

Many aspects of the F-center laser spectrometer are similar to the diode laser 

spectrometer.  In this spectrometer, the IR probe laser is a F-center laser and the pump 

laser is a Nd:YAG laser or a dye laser, as shown in Figure 2.3.  The F-center laser 

provides a tunable single-mode IR light with l ~ 2.7 mm.  The output wavelength was 

determined to within 0.1 cm
-1

 by a wavemeter.  The intensity of the F-center laser is 

modulated by low frequency power fluctuations in the Kr pump laser.  Therefore, a 

second InSb detector (Ű = 1 Õs) was used to measure the IR light and background 

subtraction techniques were employed to correct for the fluctuations.   
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A single-mode tunable Burleigh FCL-20 F-center laser was used for studies at l ~ 

2.7 mm.  The F-center laser uses an alkali halide crystal (RbCl:Li) that contains &  lattice 

defects as the gain medium.  These &  lattice defects occur when two adjacent anion 

vacancies share one electron.  Visible light at l = 647 nm from a Kr
+
 laser pumps the F-

center crystal to an excited state of the &  center.  A tunable IR beam with l ~ 2.7-3.3 

µm was produced following the lattice relaxation of the crystal.   

The tuning range of the IR output is relatively broad due to the amount of coupled 

lattice vibrations of the crystal. The cavity of the F-center laser was designed to obtain 

tunable and single mode IR light.  The design of the F-center laser is shown by Figure 2.4.  

The laser cavity consists of an end mirror and a diffraction grating.  Coarse frequency 

selection was achieved by scanning the diffraction grating.  A piezoelectric air spaced 

etalon was used to achieve a single cavity mode.  Fine adjustment and scanning of the 

wavelength was performed by rotating a pair of intracavity CaF2 plates and 

simultaneously scanning the etalon using active feedback in order to maintain single 

mode operation.   

The output of the F-center was used to measure weak collisions of CO2 using the 

(10
0
1) « (00

0
0) transition near 3700 cm

-1
.   
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Figure 2.3 F-center Laser Spectrometer. 
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Figure 2.4 Burleigh F-center Laser 
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2.3 Laser Systems 

2.3.1 Nd:YAG Laser 

A Nd:YAG laser was used to generate pulsed UV light at l = 532 or 266 nm.  The 

Nd:YAG laser is a flash lamp-pumped Q-switched oscillator-amplifier system.  Nd:YAG 

(Yittrium aluminum garnet, Y3A l5O12, doped with Nd ion) is a four-level gain medium.  

A 6 mm diameter Nd:YAG rod with antireflective coatings on both ends is optically 

pumped using two linear flash-lamps and generates an IR output beam at a wavelength l 

= 1064 nm.  The Q-switch in the oscillator cavity generates a pulsed output with a 

duration of 5 ns by controlling the lasing of the cavity via polarization.  By adjusting the 

Q-switch delay time relative to the flash lamp firing, lasing occurs when the maximum 

population inversion is reached.   

Figure 2.5 illustrates how the Q-switch technique works in the Nd:YAG oscillator 

cavity.  The beam produced from the oscillator cavity makes a double pass through a 

pockels cell (PC), which has a longitudinal field KD*P (KH2(1-x)D2xPO4) crystal inside.  

A plate polarizer is highly transparent (> 95%) to horizontal polarization while being 

highly reflective (> 99%) to vertical polarization.  A quarter-wave plate in the cavity adds 

45̄  rotation with each pass.  When 3000 V is applied to the PC, another 45̄ rotation is 

added for each pass.  At last, the returned pass is rotated 180 ̄and its direction remains 

horizontal.  This horizontal beam is transmitted through the plate polarizer.  When the PC 

has 0 V applied, it does not add +45 ̄for each pass.  Therefore, the returned pass with 

total rotation of 90̄ is changed from horizontal to vertical and is rejected by the polarizer.  
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Figure 2.5 The oscillator cavity of Nd:YAG laser.
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2.3.2 Dye Laser 

In Chapter 5, UV light with l = 308.75 nm was provided from a ND6000 dye 

laser using 2
nd

 harmonic generation.  The main parts of the ND6000 laser are a dye 

oscillator and two amplifier cells, which are all pumped by 532 nm light from a Nd:YAG 

laser.  The dye oscillator contains a Moya dye laser cavity, which includes a tuning 

mirror, a grating, a beam expander, a dye cell and a cavity mirror to generate tunable 

beams in terms of different dyes.  Using different dye solutions, the Moya oscillator 

provides tunable visible beams with narrow linewidths and low background fluorescence.    

The dye laser output beam with l = 605-630 nm is shown in Figure 2.6.  

Methanol solutions for the dye Rhodamine 640 were used.  A strong solution (214 mg /1) 

was used for the oscillator cell and a more dilute solution (110 mg/1) was used for the 

amplifier cell.  Harmonic generation of the dye output was obtained by doubling in KD*P.  

A Pellin-Broca prism separates the doubled dye beam from the fundamental dye beam.     
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Figure 2.6 The visible output beam of the dye Rhodamine 640 methanol solution in 

ND6000 dye laser.  The peak intensity is at 615.5 nm.   
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Chapter 3: Dynamics of Weak and Strong Collisions: Highly 

Vibrationally Excited Pyrazine(E = 37900 cm
-1
) with DCl 

 

3.1 Introduction  

Strong collisions that deactivate highly excited molecules compete with reactive 

processes when they remove enough energy to put the molecule below a critical reaction 

threshold energy.
2,6

  However, a number of studies on unimolecular reactions illustrate 

the importance of ñweakò collisions that induce small changes in energy.
13,15,16

  Energy 

transfer distribution functions obtained from experiments show that weak collisions occur 

far more often than strong collisions, but dynamical information on weak collisions is 

difficult to obtain experimentally.  By their very nature, weak collisions induce only 

small changes to the energies and quantum states of the colliding molecules, making it 

difficult to distinguish their initial and final energy profiles. 

Chapter 1 discusses how weak and strong collisions can be measured by the high-

resolution transient IR spectroscopy.  This Chapter reports the rotational and translational 

energy gain profiles of DCl (v=0) molecules in low-J states that are populated by weak 

collisions with vibrationally excited pyrazine (E = 37900 cm
-1

).  Combined with earlier 

high-J data,
120

 the complete range of weak and strong collisions is characterized.   

The dynamics of pyrazine(E)/DCl collisions are reported here.  The experimental 

data show that the low-J states of DCl have recoil velocity distributions near Trel = 700 K 

for J = 2-15 states.  The average recoil velocities increase for higher J-states of DCl.  A 

single rotational distribution with Trot = 880 K describes the scattered DCl (v = 0) 

molecules with J = 2-21.  In addition to V-RT energy transfer measurements, this 
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Chapter also reports vibration-to-vibration (V-V) energy transfer and finds that V-RT 

energy transfer is the primary relaxation pathway for highly excited pyrazine(E) through 

collisions with DCl bath molecules. 

Another important aspect of high-resolution IR energy transfer measurements in 

this Chapter is that absolute rate constants for specific energy transfer pathways are 

determined.  The observed collision rate includes the full distribution of collision 

outcomes.  Since V-RT energy transfer is the primary outcome of pyrazine(E)-DCl 

collisions, the experimental rate constant for V-RT energy transfer is the lower limit to 

the inelastic collision rate.  Data of this type are extremely useful in testing the quality of 

model potential that are commonly used to describe molecular collisions, such as the 

Lennard-Jones potentials, and in establishing guidelines for combining parameters in 

collision systems that can have hydrogen-bonding interactions.
121

  The scattered DCl (v = 

0) molecules have an appearance rate constant that is Ḑ85% of the Lennard-Jones 

collision rate.  A small amount of population in DCl (v = 1) is observed as a collision 

product with an estimated energy transfer rate that is a few percent of the Lennard-Jones 

collision rate.  The energy transfer probability distribution function based on these data is 

reported.  The results are compared with Lennard-Jones collision rates and average 

energy transfer values from the literature. 

3.2 Experimental Methods 

The measurements of scattered DCl molecules were performed on a high-

resolution transient IR diode laser absorption spectrometer which has been discussed in 

Chapter 2.   The specifics are given here.  A 1:1 gas mixture of DCl and pyrazine flowed 

through a 3 meter collision cell at a total pressure of ~20 mTorr.  Highly vibrationally 
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exited pyrazine was prepared by absorption of 266 nm light from the Nd: YAG laser.  

266 nm light excited pyrazine to the S2 state which undergoes radiationless decay 

ultimately leading to high vibrational levels in the S0 state.  This process occurs with near 

unity quantum yield in ~50 ns.
104,105

  The UV power density was kept lower than 1.7 

MW/cm
2
 to avoid multiphoton absorption and to keep the fraction of excited pyrazine 

molecules at less than 15%.   

A liquid-nitrogen-cooled cw IR diode laser at l = 4.3 mm was passed through the 

sample cell overlapped with the UV beam.  State-specific populations of scattered DCl in 

the (v = 0) vibrational state were probed by transient IR absorption of DCl (v = 0, J) Ÿ (v 

= 1, J+1) R-branch transitions.  The IR light was also used to probe the appearance of 

scattered DCl molecules in the (v = 1) state by measuring DCl (v = 1, J) Ÿ (v = 2, J+1) 

R-branch transitions.   

The average time between collisions in the DCl/pyrazine mixture was tcol º 4 ms.  

Nascent DCl populations resulting from single collisions with hot pyrazine were 

determined at t = 1 ms after UV pulse using the DCl spectral information listed in Table 

A.1.
122-124

   

Nascent Doppler-broadened line profiles for a number of DCl rotational states 

with J = 2-12 were obtained by collecting transient absorption signals as a function of IR 

wavelength.  Approximately 10% of the IR light passed through a scanning Fabry-Perot 

etalon.  The IR frequency was locked at the center of an etalon fringe by using a lock-in 

amplifier.  Transient signals were collected at roughly 40 frequency increments across a 

given line profile.   
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Pyrazine(Aldrich, 99%+) was degassed by freeze-pump-thawing before use. DCl 

(Cambridge Isotope Laboratories, chemical purity 98% and deuterium purity 99%) was 

used directly without purification. The DCl sample contained the natural abundance (3:1 

ratio) of Cl isotopes (
35

Cl:
37

Cl). 

3.3 Results and Discussion  

This Chapter shows the energy gain profiles for DCl (v = 0) molecules that are 

scattered into the J = 2-12 states due to collisions with vibrationally excited pyrazine (E 

= 37900 cm
-1

).  Doppler-broadened line profiles based on high-resolution transient IR 

absorption measurements yield nascent J-specific velocity distributions, populations, and 

energy transfer rates.  Results are combined with earlier data on the J = 15-21 states of 

DCl to consider the full distributions of collisional energy transfer.
120

  The following 

Sections will present and discuss the translational and rotational energy profiles of the 

scattered DCl molecules in the v = 0 state, the energy transfer rate constant for the V-RT 

pathway, its connection to the collision rate, and the full energy transfer distribution 

function for V-RT collisions between pyrazine(E) and DCl.  This Chapter also reports on 

the observation of collisions that lead to vibrationally excited DCl (v = 1).   

3.3.1 Transient Line Profiles of Scattered DCl Molecules in (v = 0) and (v= 1) 

To measure the outcome of weak collisions using state-resolved IR probing, it is 

necessary to distinguish the ambient background from molecules that are scattered in the 

low-J states.  Appreciable background absorption is observed for the J = 2-7 states of 

DCl (v = 0) at 300 K.  When highly vibrationally excited pyrazine is generated with 266 

nm pulsed light, the transient absorption of the DCl low-J states contains two components.  
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When the IR laser is tuned to line center ɜ0 of a low-J transition, depletion of the initial 

DCl population is observed as the molecules in this state undergo collisions with 

pyrazine(E).  In Figure 3.1a, the negative-going signal represents net depletion of the DCl 

J = 5 population at ɜ0.  The second component corresponds to appearance of collision 

products and is seen in the Doppler-broadened wings.  In Figure 3.1b, the IR laser 

frequency is tuned 0.003 cm
-1

 away from the transition center, where a positive-going 

absorption signal indicates the appearance of DCl molecules in the J = 5 state that result 

from collisions with pyrazine(E). 

This Chapter also reports the observation of transient IR absorption that 

corresponds to appearance of the DCl (v = 1) state from collisions of pyrazine(E) with 

DCl (v = 0).  Linear absorption is directly proportional to the population difference 

between the lower and the upper states, so measurements of DCl (v = 0) are affected by 

any population in the DCl (v = 1) state.  At 300 K, the DCl (v = 1) population cannot be 

detected in this experiment, but DCl molecules in the (v = 1) state are formed in small 

amounts through collisions with pyrazine(E).   

The transient signal for appearance of DCl in the (v = 1, J = 6) state is shown in 

Figure 3.2a.  The (v = 1, J = 6) state is the upper state of the (v = 0) R5 probe transition 

shown in Figure 3.1a, b.  Figure 3.2b shows the Doppler-broadened line profile for the (v 

= 1, J = 6) state measured at t = 1 ɛs following the UV excitation of pyrazine.  This 

transition is broadened with a full width half-maximum that corresponds to a translational 

temperature of T Ḑ 2000 K, suggesting that vibrational energy gain in DCl occurs 

through impulsive collisions.  The population of scattered DCl molecules in the (v = 1, J 

= 6) state is less than 1% of the  transient  population in  the  (v = 0, J = 5)  state  and  has  
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Figure 3.1 Transient absorption signals for the J = 5 state of DCl collisions due to 

collisions with highly vibrationally excited pyrazine(E = 37900 cm
-1

) at two different IR 

frequencies.  Panel a shows depletion of initial population at line center n0.  In Panel b, 

the IR probe is tuned to the wings of the absorption profile at frequency n0-0.003 cm
-1
.  

Here, the appearance of DCl molecules that are products of collisional energy transfer is 

observed.   
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Figure 3.2 (a) Transient IR absorption of appearance of DCl (v = 1, J = 6) that results 

from collisions of pyrazine(E) and DCl (v = 0), collected at the transition center.  (b) 

Transient absorption line profile for the J = 6 state of DCl (v = 1) measured 1 ɛs after the 

UV excitation of pyrazine.   
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negligible impact on the transient signals for DCl (v = 0).  The signal levels for the DCl 

(v = 1) state in this experiment were too small to characterize the full distribution of 

rotational states associated with energy gain the (v = 1) state. 

Transient absorption signals for the DCl (v = 0) state (such as in Figure 3.1a, b) 

are linear for the first few microseconds, corresponding to population changes caused by 

single collisions between DCl and pyrazine(E).  IR intensities at t = 1 ɛs are used to 

describe the nascent DCl populations.  Doppler-broadened line profiles at t = 1 ɛs were 

measured for individual rotational states of DCl.  Figure 3.3 shows the transient line 

profile for the v = 0, J = 5 state.  Depletion of population dominates the profile at line 

center, while appearance of scattered DCl molecules is seen in the wings of the profile. 

Transient line profiles such as those shown in Figure 3.3 are fit with a six-

parameter double-Gaussian function using nonlinear least-squares analysis to account for 

both appearance and depletion components, as shown in Eq 3.1.   

 

Fn=Iappexp-4ln2
n-n0
ȹnapp

2

-Idepexp-4ln2
n-n0
ȹndep

2

+F0                          (3.1) 

 

Here, F0 is a small baseline offset; n0 is the center absorption frequency; Iapp and Dɜapp are 

the intensity and line width for appearance of product DCl molecules; and Idep and Dɜdep 

are the intensity and line width that correspond to the depletion of initially populated DCl 

states.  Unique fitting results were obtained for all transitions without external constraints.  

The result of the fit for the (v = 0, J = 5) state is shown in Figure 3.3 as a solid line, and 

the residuals are shown in the lower section of Figure 3.3.  The fitting procedure yields 

intensity and line width parameters for the appearance and depletion components.   
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Figure 3.3 (a) Transient absorption line profile for the J = 5 state of DCl (v = 0) measured 

1 ɛs after the UV pulse.  The circles are transient IR absorption, and the solid line is the 

result of fitting with a double-Gaussian function to account for both appearance and 

depletion of population.  (b) Residuals of the fit. 
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In Figure 3.4, the appearance component is shown in red and that for depletion is 

shown in blue.  The integrated area under the red appearance curve corresponds to the 

total population of DCl (v = 0) molecules that have scattered into the J = 5 state at t = 1 

ɛs.  The integrated area under the blue curve corresponds to the total population of DCl 

(v = 0) J = 5 molecules that are scattered away by collisions.  Similar curves were 

obtained for each J state investigated.  The distribution of recoil velocities in these 

measurements is expected to be isotropic (with Gaussian line shapes) since collisions do 

not occur preferentially along a particular laboratory axis.  To check for any such 

preference, we have performed a series of polarization-dependent studies and verified 

that transient line profiles are invariant to the polarization and crossing orientation of the 

UV and IR beams. 

3.3.2 Energy Profiles of Scattered DCl (v = 0) Molecules 

Line widths for appearance ȹɜapp describe the nascent velocity distributions of the 

scattered DCl molecules in the J = 2-12 states and correspond to laboratory frame 

translational temperatures of Tapp = 480-640 K.  Values of line widths and translational 

temperatures are listed in Table 3.1. 

The line widths for depletion ȹɜdep describe the velocity distribution of the DCl 

molecules prior to collisions with pyrazine(E).  The observed depletion line widths are 

narrower than 300 K line widths, suggesting that collisions of pyrazine(E) with DCl may 

preferentially involve a subset of slower molecules.  This result is somewhat surprising 

given that molecules with higher relative velocities have higher collision rates.  In other 

studies, our group has found that collisions of pyrazine(E) with other bath molecules, 

such as HOD
78,79

 and CO2 (Chapter 4) have depletion line widths that correspond to 300K  
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Figure 3.4 Separate appearance and depletion components of the transient line profile for 

DCl (v = 0) J = 5.  The grey circles are transient IR data, and the dashed line is the 

double-Gaussian fitting curve.  The appearance component (red line) is broadened due to 

collisions, with a line width that corresponds to a translational temperature of Tapp = 480 

° 130 K.  The depletion component (blue line) is caused by population loss of the J = 5 

state and has a translational temperature of Tdep = 170 ° 80 K. 
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Table 3.1 Nascent Doppler-broadened line widths and translational temperatures for low-

J states of DCl that are populated/depopulated through collisions with vibrationally 

excited pyrazine(E = 37900 cm
-1

).  

J state 

Appearance of scattered  

DCl(v = 0,J) 

Depletion of initial 

DCl(v = 0, J) 

Dnapp, cm
-1a

 Tapp, K
b
 Trel, K

c
 Dndep, cm

-1a
 Tdep, K

d
 

2 0.0058 570 ° 140 710 ° 170 0.0034 200 ° 100
f
 

3 0.0054 490 ° 130 590 ° 150 0.0028 140 ° 80 

4 0.0064 640 ° 140 800 ° 180 0.0031 150 ° 80 

5 0.0054 480 ° 130 570 ° 150 0.0033 170 ° 100 

7 0.0064 620 ° 140 770 ° 170 0.0033 170 ° 100 

12 0.0060 520 ° 120 630 ° 150 ½ ½ 

a
Full width at half-maximum (FWHM) line widths Dnapp and Dndep for appearance and 

depletion components, respectively, of individual states of DCl (v = 0) measured 1 ms 

after UV excitation of pyrazine.  Line widths are reported to ° 0.001 cm
-1

.   

b
The lab-frame translational temperatures for appearance (Tapp) and depletion (Tdep) are 

determined from line widths using Ttrans,lab=
mc2

8Rln2
ȹnobs
n0

2

, where m is the mass of 

DCl, c is the speed of light, R is the gas constant, the full width at half-maximum widths 

Dnobs is Dnapp for appearance and Dndep for depletion, and n0 is the center frequency of the 

absorption line.   

c
Trel in K, the center-of-mass frame translational temperature for appearance of scattered 

DCl, is determined for an isotropic distribution:  
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Trel=Ttrans,lab+Í Íϳ Ttrans.lab-T0 , where, mDCl and mpyz are the masses of DCl 

and pyrazine, respectively and T0 =300 K.   

d
The translational temperatures based on depletion line widths for initial DCl states. 
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velocity distributions.  There is some precedent however for collision cross-section that 

increase as a function of decreasing velocity.  A negative velocity dependence for 

collision cross-sections has been observed in collisions of Li 2 (v = 1) with Xe, Ar, and Ne 

that lead to quasi-resonant vibration to rotation energy transfer.
125

  It is also known that in 

cases where collisions are dominated by attractive interactions (such as in thermal atomic 

beams), the collision cross-section is inversely proportional to the relative velocity.  For a 

purely attractive potential where Vr = -Cr6ϳ , the velocity-dependent collision cross-

section ů(v) is proportional to v  and a negative temperature dependence is observed.
126

  

It is not entirely clear why pyrazine(E)-DCl collisions have low initial velocities, while 

HOD and CO2 show no such preference. 

The distributions of recoil velocities are described by the center-of-mass frame 

translational temperatures Trel.  The distributions of relative recoil velocities for the J = 

2-12 states of DCl have values of Trel = 570-800 K.  These values are listed in Table 3.2 

and are shown in Figure 3.5 along with earlier high-J results.  The recoil velocity 

distributions for the low-J data have values of Trel ~ 700 cm
-1

 until J = 15.  For J > 15, the 

translational energy distributions broaden substantially. 

Impulsive collisions can impart large changes in both angular momentum and 

recoil velocity.  Figure 3.5 shows that in collisions of pyrazine(E) with DCl, a threshold 

for the onset of increasing recoil velocities occurs near J = 15.  The correlation of angular 

momentum changes and recoil velocity is consistent with the Angular Momentum Model 

by McCaffery and co-workers.
127-130

  Based on an initial J = 5 state at 300 K, the average 

change in recoil velocity of the scattered DCl molecules is compared with average 

changes in angular momentum in Table 3.2. 
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 Table 3.2 Angular momentum and recoil velocities for individual states of DCl J = 2-20 

due to collisions with highly vibrationally excited pyrazine(E = 37900 cm
-1

) 

final J state ộȹJbathỚ
a
 Dnapp

b
 ộvlabỚ

c
 ộvrelỚ

d
 ộȹvrelỚ

e
 

2 4.6 0.0058 603 817 285 

3 4.0 0.0054 559 744 212 

4 3.0 0.0064 659 890 348 

5 0 0.0054 554 736 203 

7 4.9 0.0064 650 877 335 

12 10.9 0.0060 600 800 254 

15
f
 14.1 0.0063 619 828 286 

16 15.2 0.0064 627 840 298 

17 16.2 0.0065 635 853 311 

18 17.3 0.0068 663 897 355 

19 18.3 0.0069 671 910 368 

20 19.4 0.0075 728 998 456 

a
The average angular momentum changes ộȹJbathỚ in units of >of DCl after collisions 

with vibrationally excited pyrazine are estimated using ộȹJbathỚ
2= ộJbath

, Ớ2-ộJbathỚ
2 .  

ộJbath
, Ớ is the average final angular momentum vector of DCl determined.  The average 

initial angular momentum vector of DCl at 300 K is ộJbathỚ ~ 5.   

b
FWHM appearance line widths Dnapp in cm

-1
 for DCl (v = 0) as described in Table 3.1. 

c
The average lab-frame velocity in m (s

-1
) of individual DCl states following collisions 

with vibrationally excited pyrazine, determined from  
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ộvlabỚ= 3kBTappmDClϳ
12ϳ

, where, kB is the Boltzmann constant, Tapp is listed in Table 

3.1, and mDCl is the mass of DCl.  

d
The average center-of-mass frame velocity ộvrelỚ in m (s

-1
) for scattered pyrazine and 

DCl molecules, determined by ộvrelỚ = M mpyzϳ ĀộvlabỚ
2-3kBTMϳ

12ϳ, where M is the 

total mass of pyrazine and DCl, mpyz is the mass of pyrazine, and T = 300 K. 

e
The average change in relative velocity ộævrelỚ = ộvrelỚ-3kBTɛϳ

12ϳ , where m is the 

reduced mass for DCl + pyrazine collisions.  

f
Data for the J = 15-20 states are for the D

35
Cl isotope and are taken from Ref. 87. 
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Figure 3.5 Rotational state dependence of the nascent center-of-mass translational 

temperatures for pyrazine(E)/DCl collisions.  Squares show the translational temperatures 

for appearance of DCl states with J = 2-20 due to collisions with highly vibrationally 

excited pyrazine(E = 37900 cm
-1

).  Data for the J = 15-20 states are shown as diamonds 

and are from Ref. 87.  Circles are lab-frame temperatures for depletion of DCl via 

collisions with hot pyrazine.  
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Our group discussed how the angular momentum changes were determined before 

this thesis.
120

  Measurements of the product translational energies for a large range of 

CO2 rotational states gave us the opportunity to consider how the angular momentum of 

the scattered bath molecules correlates with recoil velocity.  Classically, the change in 

total angular momentum vector ȹJᴆtotal due to collisions is related to the reduced mass ɛ, 

the change in recoil velocity ævᴆrel and the impact parameter bᴆ as shown in Eq 3.2. 

 

æJᴆtotal=æLᴆ+Jᴆrot=æLᴆ+Jᴆbath+Jᴆdonor=ɛævᴆrelbᴆ                                                    (3.2) 

 

For molecules, the change in total angular momentum is the vector sum of 

changes in orbital angular momentum Lᴆ and rotational angular momentum Jᴆrot (which 

includes rotation of both collision partners).   Ideally, one would like to have state-

resolved data on the rotational changes in both bath and donor molecules.  The state-

resolved measurements here exactly specify Jbath for the scattered CO2 bath molecules but 

do not give information about the state-to-state changes in DCl or about the angular 

momentum changes of the high-energy donor molecules.  Lawrence and Waclawik report 

that angular momentum changes for donor and bath molecules of the type considered 

here generally have the same sign, so that the final JᴆbatÈ is a lower limit to the final Jᴆrot, in 

cases of small æLᴆ .131
  Changes in orbital angular momentum are zero for scattering in a 

central force potential, such as used in a Lennard-Jones model.  The agreement between 

the Lennard-Jones collision rate and our measured collision rate therefore suggests that 

the changes in orbital angular momentum in these collisions are small.  On the basis of 

these considerations, the change in bath rotational angular momentum JᴆbatÈ represents a 
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lower limit to the overall change in angular momentum.  Pyrazine(E)-DCl collisions with 

ộȹJbathỚ = 0-16 correspond to changes in recoil velocity of ộȹvrelỚ = 300 mÖs
-1

.  For the 

highest angular momentum changes ộȹJbathỚ = 17-19, the changes in recoil  velocity 

increase to as much as ộȹvrelỚ  = 450 mÖs
-1

. 

In Chapter 4, a correlation between angular momentum and recoil velocity is also 

observed in collisions of pyrazine(E = 37900 cm
-1

) with CO2, but in this case, values of 

ộȹJỚ and ộȹvrelỚ are substantially greater than when DCl is the bath molecule.  Scattered 

CO2 molecules are observed in high angular momentum states with J = 60-80 with 

average velocity changes of ộȹvrelỚ ~ 1200-2200 mÖs
-1

, respectively.
76,91

  Rotational 

states of CO2 with J = 60-80 have comparable amounts of energy (Erot = 1442 and 2553 

cm
-1

, respectively) as DCl states with J = 16-20 (Erot = 1452 and 2242 cm
-1

, respectively), 

but CO2 molecules in these high-J states are scattered from pyrazine(E) with much more 

translational energy.  This effect may be due in part to the larger angular momentum 

changes that are observed for CO2 and in part to differences in the mass distributions of 

DCl and CO2.  The amount of rotational and translational energy in the scattered 

molecules (as well as the partitioning of this energy) depends in a nontrivial way on the 

collision dynamics, the anisotropy of the intermolecular potential, and the kinematics of 

the collisions, so a direct comparison of energy partitioning for CO2 and DCl is not 

possible.  However, when similar amounts of rotational energy are imparted to bath 

molecules in collisions, the experimental data in these Chapters show that bath molecules 

with more closely spaced rotational states (and higher angular momentum) are scattered 

with larger recoil velocities.  The rotational constant for CO2 (B = 0.39 cm
-1

) is relatively 

small as compared to that for DCl (B = 5.4 cm
-1

). 
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In other work, no such J-dependent increases in Trel were observed for collisions 

of pyrazine(E) with H2O or HOD.
79

  Water has small moments of inertia (A = 27.9 cm
-1

, 

B = 14.5 cm
-1

, and C = 9.3 cm
-1

), and scattered H2O molecules are observed with 

rotational energies up to Erot = 1800 cm
-1

 in states with J = 12.  It is not known whether a 

threshold to the recoil energy distributions exists for higher J states of water, such as seen 

for DCl and CO2.  Detection of higher J states of water following collisions with 

pyrazine(E) requires better experimental sensitivity than is currently realized.  If the 

recoil velocities do increase with the higher J states of water, then the onset occurs at J 

values higher than J = 12.  It is possible that the mass distribution of water reduces the 

likelihood of translational energy gain relative to rotational energy in the scattered 

molecules.  It may also be the case that attractive interactions between pyrazine(E) and 

water influence the energy gain partitioning between the rotational and the translational 

degrees of freedom.  There is evidence from other measurements in the Mullin labs that 

preferential interactions of water with the -́ and ů-hydrogen bonding sites on pyridine 

(C5H5N) may favor rotational energy gain in water over translational energy gain.
80

  

Whether these types of interactions play a role in determining energy partitioning from 

collisions remains to be seen.  Computer simulations should be useful in clarifying the 

importance of this phenomenon. 

The rotational distribution of scattered DCl (v = 0) molecules that results from 

collisions with pyrazine(E) is determined directly from the nascent populations of DCl J 

= 2-21 states.  A semilog plot of the rotationally resolved populations of scattered DCl (v 

= 0) molecules measured 1 ɛs following collisions with pyrazine(E) is shown in Figure 

3.6.  The scattered molecules are well-described by a single Boltzmann distribution with  
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Figure 3.6 Nascent rotational distribution for the J = 2-21 states of DCl that are 

populated through collisions with vibrationally excited pyrazine.  Data for the J = 15-20 

states are from Ref. 87.  The appearance of DCl molecules due to weak and strong 

collisions is described by a single Boltzmann distribution with Trot = 880 ° 100 K.     
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a rotational temperature of Trot = 880 ± 100 K.  This result is in good agreement with the 

previous analysis that considered only the high-J states.
87

 

3.3.3 Energy Transfer Rates: Pyrazine(E = 37900 cm
-1
) + DCl   

State-specific rate constants for energy transfer that populates individual 

rotational states of DCl (v=0) products were determined from J-specific appearance 

signals (as shown in Figure 3.4).  The rate constant kapp
J

 describes the rate of appearance 

of DCl (v = 0, J) population that comes from quenching collisions of pyrazine(E), as 

shown in Eq 3.2.  

 

Pyrazine E+ DCl 300 K
kapp
J

 Pyrazine E' + DClv = 0, J                       (3.2) 

 

The appearance rate of DCl (v = 0, J) is given by Eq 3.3. 

 

 
dDClJ
dt

= kapp
J
 DCl0Pyrzine E 0                                                              (3.3) 

 

Based on the method of initial rates, the appearance rate constant kapp
J

 is determined using 

Eq 3.4, where [DCl]0 and [Pyrazine(E)]0 are the concentrations at t = 0. 

 

kapp
J
= 
æDClJ
æt

Ā
1

DCl
0
ĀPyrazineE

0

                                                              (3.4) 
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The absolute rate constant for energy gain into the J = 3 state was measured using Eq 3.4, 

and rate contants for the other rotational states of DCl (J = 2-12) were determined using 

the nascent rotational temperature (Figure 3.6).  Values of kapp
J

 are listed in Table 3.3 for 

the J = 2-21 states of DCl (v = 0).  These experimental results are in very good 

agreement with the rates published previously for the J = 15-21 states.
120

 

The kinetics of the V-RT energy transfer pathway is described by the rate 

constants listed in Table 3.3.  The total rate constant for V-RT energy transfer based on 

appearance measurements is obtained by summing over the J states of the scattered DCl 

molecules as shown in Eq 3.5. 

 

kapp= Вkapp
J  = 4.6 Ñ 1.4 Ĭ10-10

 cm3molecule-1J s-1                                        (3.5) 

 

V-RT energy transfer is just one pathway for inelastic collisions of pyrazine(E) with DCl.  

The value of kapp represents a lower limit to the collision rate constant and is Ḑ85% of the 

Lennard-Jones collision rate constant (kLJ = 5.4 × 10
-10

 cm
3
 molecule

-1
 s

-1
 at 300 K).  As 

discussed previously, energy gain into the (v = 1) state of DCl occurs rarely with a rate 

that is roughly 1% of the Lennard-Jones collision rate, and it is unlikely that higher 

vibrational states of DCl are populated by collisions.  Therefore, kapp is essentially the 

collision rate constant for pyrazine(E)-DCl collisions and is in reasonably good 

agreement with the Lennard-Jones collision rate. 

State-resolved population depletion measurements can also be used to get a lower 

limit to the collision rate.  The depletion component of  the  Doppler-broadened  transient  
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Table 3.3 State-specific rate constants for appearance of DCl products due to collisions of 

Pyrazine(E = 37900 cm
-1

) + DCl Ÿ Pyrazine(E-DE) + DCl (v = 0, J). 

DCl J-State Erot, cm
-1

 kapp
J
, 10

-12 cm
3
Ömolecule

-1
Ös

-1
 

2 32.2539 26 ° 8 

3 64.4979 23 ° 7 

4 107.7895 23 ° 7 

5 161.1696 40 ° 12 

7 301.5287 26 ° 8 

12 837.7971 30 ° 9 

15
a
 1286.115 19 ± 5 

16 1456.389 16 ± 4 

17 1636.995 12 ± 3 

18 1827.878 8.9 ± 2 

19 2028.978 6.0 ± 1 

20 2240.233 4.8 ± 1 

21 2461.58 3.9 ± 1 

kapp= Вkapp
J

J  (4.6 ± 1.4)³10
-10

 cm
3
Ömolecule

-1
Ös

-1b
 

kLJ 5.4 ³ 10
-10

 cm
3
Ömolecule

-1
Ös

-1c
 

a
Rate constants for the J = 15-21 states are taken from Ref. 87.  

b
Total appearance rate constant kapp for V-RT energy transfer of pyrazine(E)/DCl system, 

obtained by summing over the J-specific appearance rates kapp
J

. 



- 57 - 

 

c
The Lennard-Jones collision rate at 300 K for pyrazine/DCl determined in Appendix B. 

The Lennard-Jones parameters were used:  

ůDCl=3.36 Ĭ 10
-10
 m,

132
 ŮkBϳ DCl=328 K,

133
  

ůpyz=5.35 Ĭ 10
-10
 m, ŮkBϳ DCl=435.5 K 

134
.  
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line profiles consists of DCl molecules that undergo collisions with pyrazine(E).  

Collisions between highly excited donor molecules and DCl move population out of low-

lying J states of DCl that are populated at 300 K as shown in Eq 3.6 and into a 

distribution of final Jǋ states that have recoil velocities with component vrel along the IR 

probe axis. 

 

Donor E+ DCl J ŸDonor E'+ DCl J', vrel                                            (3.6) 

 

It is not necessary for J and Jǋ to have different values to be measured as a 

scattering event since we measure Doppler-resolved profiles.  Depletion of population is 

observed as long as either the velocity component along the IR probe axis or the 

rotational quantum number changes during collisions.  The depletion rate of population in 

the J state is given in Eq 3.7. 

 

RatedepJ = -
dDClJ
dt

=kdepfJDCl0DonorE 0                                      (3.7) 

 

In Eq 3.7, f(J) is the fractional population in the J state of DCl at 300 K and kdep is the 

depletion rate constant.  It is a reasonable to assume that at 300 K the collision rate does 

not depend on J.  The total depletion rate is a sum of J-specific depletion rates as given by 

Eq 3.8. 

 

 Ratedep = ВRatedepJ =J ВkdepfJDCl0J DonorE 0 

= kdepDCl0DonorE 0                                                                     (3.8) 
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The total depletion rate constants are reported in Table 3.4 based on 

measurements of double Gaussian transient line profiles for low J states of DCl.  The 

population weighted average of the depletion rate constants is kdep=(4.3 ± 1.5) × 10
-10

 cm
3
 

molecule
-1

 s
-1

.  This result is in very good agreement with the total appearance rate 

constant of kapp = (4.6 ± 1.4) × 10
-10

 cm
3
 molecule

-1
 s

-1
.  The agreement of rates based on 

depletion and appearance gives us confidence in the consistency of this approach for 

measuring collision rates experimentally.   

The agreement between the observed collision rate and the Lennard-Jones rate for 

DCl-pyrazine(E) collisions is somewhat surprising. HCl is known to form 1:1 hydrogen-

bonded complexes with aromatic molecules.
135-138

  Lennard-Jones parameters typically 

do not account for the effects of hydrogen bonding and often underestimate actual 

collision rates for molecules that are hydrogen-bonded or have other strong 

intermolecular interactions.  In the case of HOD-pyrazine(E) collisions, the measured 

collision rate constant is Ḑ70% larger than the Lennard-Jones rate constant.
78,79

  The 

energy minima for interactions of benzene-water and benzene-HCl have similar energies 

(Ḑ1100 cm
-1

) and intermolecular distances (Ḑ3 Å).
136,139

  If these interactions played an 

important role in collisions at 300 K, we might expect the collision rate constants for 

these two systems to show similar enhancements over the Lennard-Jones estimates.  The 

fact that the Lennard-Jones collision rate for DCl-pyrazine(E) is fairly accurate indicates 

that hydrogen-bonding forces may not be so important in collisions of these molecules at 

300 K. 
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Table 3.4 Depletion rate constant measurements for collisions of  

Pyrazine(E = 37900 cm
-1

) + DCl (J) Ÿ Pyrazine(E-DE) + DCl (vô, Jô) at 300K. 

DCl J State Erot, cm
-1

 kdep, 10
-10

cm
3
Ömolecule

-1
Ös

-1
 

2 32.2539 5.6 

3 64.4979 3.6 

4 107.7895 4.4 

5 161.1696 5.1 

7 301.5287 2.1 

ộkdepỚ (4.3 ± 1.5) ³ 10
-10

 cm
3
Ömolecule

-1
Ös-1 

kLJ 5.4 ³ 10
-10

 cm
3
Ömolecule

-1
Ös

-1 
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3.3.4 Full Energy Transfer Distribution F unction P(DE)  

This study has characterized the complete distribution of DCl molecules that are 

scattered from vibrationally hot pyrazine and determined the absolute rate constant for 

collisions, as described in the preceding Section.  This Section uses these results to 

convert J-indexed energy transfer data into an energy transfer probability distribution that 

is indexed by ȹE, the amount of energy lost from pyrazine(E).  The state-resolved 

probability distributions PJ(ȹE) are determined for each rotational state of DCl based on 

the Doppler-broadened line widths, the energy transfer rate constants kapp
J

and the 

collision rate. 

The full energy transfer probability function P(ȹE) is the sum of the state-specific 

PJ(ȹE) over all DCl rotational states, as shown by Eq 3.9. 

 

PæE=В PJæEall                                                                                             (3.9) 

 

The initial rotational and translational energy values for DCl and pyrazine were taken to 

be the average values at 300 K.  Currently, it is not known whether there is any 

correlation between the initial and final J states of DCl.  If such a correlation exists, it is 

likely that our analysis overestimates the rotational energy changes in DCl.  This effect 

will be most pronounced for weak collisions that lead to small changes in rotational 

angular momentum.  Future experiments that identify the initial J-state of DCl would be 

useful in addressing this issue.   

In the upper plot of Figure 3.7 shows the P(ȹE) distribution function for energy 

transfer  in  collisions  of  pyrazine(E)  and DCl where the probability is referenced to the  
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Figure 3.7 The energy transfer distribution function P(DE) for collisions of vibrationally 

excited pyrazine(E = 37900 cm
-1

) and DCl as determined from state-resolved appearance 

measurements.  P(DE) is obtained by the adding state-specific energy transfer 

distributions PJ(DE) for individual J-states of DCl, such that PæE=В PJæEall .  

Probabilities are relative to Lennard-Jones collision rate kLJ (upper plot) and relative to 

appearance collision rate kapp (lower plot). 
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Lennard-Jones collision rate constant.  In the lower plot of Figure 3.7, the experimental 

value of the collision rate kapp has been used to reference the overall probability of the 

distribution function.  The P(ȹE) curve accounts for all V-RT energy transfer processes 

that are observed for pyrazine(E)-DCl collisions.  The Lower P(ȹE) curve in Figure 3.7 

has an integrated probability of unity.   

The redistribution of pyrazineôs vibrational energy is the driving force for the 

energy transfer investigated here.  The ȹE index in P(ȹE) accounts for pyrazine internal 

energy that is lost due to collisions with DCl.  ȹE includes the rotational energy gain in 

DCl and the change in translational energy for DCl and pyrazine(E) based on recoil 

velocity distribution measurements.  It does not account for rotational energy gain in 

pyrazine(E) that results from collisions with DCl.  The measurements in this Chapter 

clearly identify how energy is partitioned in the scattered DCl molecules, but the 

rotational and the vibrational energy content in the scattered pyrazine molecules still 

cannot be distinguished.  In Figure 3.7, the P(ȹE) curve has a maximum intensity near 

ȹE = 250 cm
-1

, which may be related to the distribution of rotational energy that is 

imparted to pyrazine through collisions with DCl.  The P(ȹE) curve for pyrazine(E)-DCl 

collisions is dominated by a major feature at positive ȹE values corresponding to energy 

loss from pyrazine and a smaller feature for negative ȹE values that correspond to 

collisional energy gain in pyrazine. 

Based on the data in the lower plot of Figure 3.7, the average energy transfer in 

collisions of pyrazine(E = 37900 cm
-1

) with DCl is ộæEỚ = 888 cm
-1

.  Barker and Miller 

have reported average energy transfer values for pyrazine(E = 30000-33000 cm
-1

) with a 

number of atomic, diatomic, and polyatomic collision partners.
56

  However, HCl or DCl 
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is not among the bath molecules studied, so a direct comparison cannot be made with 

their work.  Extrapolating their quenching data to E = 38000 cm
-1

 gives the following 

average energy transfer values: ộæEỚ Ḑ 50 cm
-1

 for Ar, Ḑ 90 cm
-1

 for CO, Ḑ 290 cm
-1

 for 

CO2 and CH4, and Ḑ 750 cm
-1

 for NH3 and SF6.  Our value of ộæEỚ = 888 cm
-1

 for 

pyrazine/DCl collisions is larger than expected based on their results but is within the 

same order of magnitude for small polyatomic species. 

3.3.5 Comparison with Pyrazine(E)-HOD Collisions 

Full energy transfer distribution functions based on state-resolved IR studies have 

been determined for three collision systems so far: DCl, HOD and CO2.  The HOD 

studies have been reported previously
79

 and the CO2 data are reported in the next Chapter.  

The P(ȹE) curves for collisions of pyrazine(E = 38000 cm
-1

) with DCl and with HOD
79

 

are compared in Figure 3.8.  Figure 3.8 plots the distribution functions using two 

different collision rates for defining the probability.  The intensity of P(ȹE) curves comes 

directly from the ratio of observed energy transfer rates to the collision rate.  In the upper 

plot, the Lennard-Jones collision rate is used to define the molecular collision rate for 

each collision pair.  In the lower plot, the experimentally determined collision rate is used 

to normalize each distribution function.   

It is apparent from Figure 3.8 that a comparison of different collision systems 

depends on the choice of collision rate.  From the upper plot, it is clear that water is a 

more efficient quencher of pyrazine(E) because of the larger area under the HOD curve.  

The data in the upper plot show that the collision cross-section for pyrazine(E)/HOD at 

300 K is ů = 160 Å
2
, while that for DCl with pyrazine is ů = 92 Å

2
.  DCl is a larger 

collision  partner  than  HOD,  but  HOD  has  stronger  long-range  attractive  forces  that  
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Figure 3.8 Comparison of the full energy transfer distribution function P(DE) curves for 

vibrationally excited pyrazine with HOD (taken from Ref. 79) and DCl.  In the upper plot, 

the energy transfer data are scaled to the Lennard-Jones collision rate, and in the lower 

plot, the energy transfer data are scaled to the measured collision rate.  
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enhance the collision cross-section and are underestimated in the Lennard-Jones collision 

model.  The fact that the collision rate for DCl-pyrazine is close to the Lennard-Jones rate 

suggests that long-range interactions are not very important in the collisional energy 

transfer between these molecules.  It is important to recognize that efficient quenching by 

water is due in large part to its high collision rate and not from the presence of a 

prominent large ȹE component in the tail of the distribution function.  In fact, the ȹE 

distribution for HOD is notably narrower than for DCl, as illustrated in the lower plot of 

Figure 3.8, where the observed collision rates are used to determine probabilities and the 

area under each curve is unity.  Long-range attractive forces between pyrazine and HOD 

enhance the cross-section for inelastic collisions by effectively extending the range at 

which collisions are sufficiently strong to cause some energy transfer to take place but, at 

the same time, decrease the average energy transfer.  In the lower plot, there are more 

strong collisions for quenching with DCl, which lead to DCl molecules scattered into 

high rotational states with broad velocity distributions. For HOD, it may be that the 

additional collisions caused by enhanced long-range attraction lead only to relatively 

weak energy transfer.   

It may also be the case that HOD collisions are weaker due to details of the 

energy transfer involving preferential hydrogen-bonding configurations.  There is 

evidence from other work in our laboratory that the likelihood of large ȹE collisions 

involving water is affected by preferred geometries of water in collisions with pyridine 

molecules.  While it is unlikely that long-lived complexes form at 300 K, details of the 

collision dynamics will be sensitive to anisotropy in the intermolecular potential energy 

surface.  One definite conclusion that can be reached from the relatively modest amounts 
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of energy transferred overall and the low probability of forming DCl in the (v = 1) state is 

that long-lived complex formation leading to anything even approaching a full statistical 

redistribution of energy is extremely rare. 

3.4 Conclusion 

The ability to measure state-resolved energy gain profiles for weak collisions 

opens up exciting opportunities for understanding the full spectrum of collision dynamics 

of highly excited molecules.  Detailed information about weak collisions and their energy 

transfer properties complements earlier studies on strong collisions and allows us to 

profile the entire distribution of energy transfer events from a quantum-resolved 

perspective.  These studies also provide a direct measurement of the collision rate.  

Comparison of experimental collision rates and Lennard-Jones rates clarifies the role of 

hydrogen bonding and other specific interactions in energy transfer collisions.  The work 

reported here shows that DCl/pyrazine(E) collisions primarily lead to V-RT energy 

transfer with an integrated rate that is Ḑ85% of the Lennard-Jones collision rate.  Very 

small amounts of vibrational excitation of DCl in the v = 1 state are observed.  A 

threshold for strong collisions is observed for DCl products near the J = 15 state where 

the velocity distributions show J-dependent broadening.  The energy transfer distribution 

function contains evidence of a strong collision component and yields an average energy 

transfer value of ộæEỚ = 888 cm
-1

.  Studies of this kind provide important guidelines in 

developing theoretical models of molecular collisions under high temperature conditions. 
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Chapter 4: Full State-Resolved Energy Gain Profiles of CO2 (J = 

2-80) from Collisions of Highly Vibrationally Excited Pyrazine(E 

= 37900 cm
-1
) 

 

4.1 Introduction 

Collisional energy transfer from highly excited molecules to cold bath molecules 

involves two types of collisions: weak and strong collisions.  Neither of the two can be 

neglected when studying collisional quenching dynamics.  Chapter 3 investigated the 

complete dynamics of pyrazine(E)/DCl collisions by measuring both types of collisions.  

This Chapter reports the state-resolved energy gain profiles for ñstrongò and ñweakò 

collisions of pyrazine(E = 37900 cm
-1

) and CO2 molecules.  

Several approaches have been used to characterize energy transfer distributions 

for excited pyrazine(E)-CO2 collisions, including IRF
56,57

 and KCSI.
29,64-68

  The 

experimental data from these studies has been fit using various model distribution 

functions such as single-, double-, and extended parameter exponentials.  The studies 

quantify energy loss and involve multiple sequential collisions.  Here, the nascent state-

resolved dynamics of pyrazine(E)/CO2 collisions are investigated.  

This Chapter investigates the collisional energy transfer dynamics for CO2 in low 

rotational states through collisions with pyrazine(E = 37900 cm
-1

) using high-resolution 

transient IR absorption spectroscopy.  Our group already measured the strong collision 

dynamics for collisions of CO2 with hot pyrazine(E) that scatter CO2 molecules in high-J 

states (J = 58-80).  Here IR transient absorption experiments measured the state-resolved 

energy gain profiles for low rotational states (J = 2-64) of CO2 (00
0
0) that come from 

collisions with highly vibrationally excited pyrazine(E = 37900 cm
-1

).  This experiment 
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uses rotationally resolved CO2 (10
0
1) « CO2 (00

0
0) transitions near l = 2.7 mm to 

measure the outcome of weak collisions.  The low-J state results are combined with the 

previous data for high-J states to yield the complete state-resolved V-RT energy gain 

distributions for CO2 (00
0
0) that result from collisions with highly vibrationally excited 

pyrazine(E).  

Rate measurements for both appearance and depletion of population in individual 

CO2 states are obtained by this experiment.  The data show that the collision rate is well 

described by the Lennard-Jones model and that the V-RT pathway accounts for Ḑ 85% 

of all collisions.  Product distributions indicate the presence of two distinct relaxation 

pathways that scatter CO2 (00
0
0).  A two-component model based on the data shows that 

78% of collisions are elastic or weakly inelastic and induce only minor changes in CO2 

rotation.  The remaining 22% of collisions are highly inelastic and lead to large gains in 

rotational energy for CO2.  The probability distribution function P(ȹE) based on product 

energy gain is reported for ȹE values of -500 < ȹE < 8000 cm
-1

 and compared to results 

from other collision studies. 

4.2 Experimental Methods 

In this Chapter, state-resolved rotational and translational energy gain of CO2 

molecules at low-J states was measured using the high-resolution F-center laser transient 

absorption spectrometer.  This spectrometer was described in Chapter 2.  Additional 

relevant information is presented here.  Highly vibrationally excited pyrazine(E) was 

prepared by 266 nm UV light from the pulsed Nd:YAG laser.  The UV power density 

was kept below 4.9 MW/cm
2
 to minimize multiphoton absorption by pyrazine while <15% 

of the total pyrazine concentration was excited.  A 1:1 mixture of pyrazine and CO2 
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vapors with a total pressure of ~ 20 mTorr flowed through a 300 cm collision sample cell.  

The absolute cell pressure was determined spectroscopically using a low-J CO2 rotational 

transition with known absorption strength.  The UV and IR beams were propagated 

collinearly through the cell.  Individual rotational states of scattered CO2 molecules were 

probed using (10
0
1, Jô) « (00

0
0, J) with the l = 2.7 mm output of a single-mode F-center 

laser.    

Pyrazine(Aldrich, 99%+) was degassed by the freeze-pump-thaw method before 

use and CO2 (Matheson Tri-gas, 99.995% purity) was used directly.   

4.3 Results 

4.3.1 Appearance and Depletion Processes of CO2 (00
0
0, J) Collisions 

The outcome of collisions between pyrazine(E) and CO2 was investigated by 

measuring nascent population changes for CO2 (00
0
0) in the J = 2-64 rotational states 

using high resolution transient absorption.  CO2 states with J < 50 have measurable 

population at 300 K and transient IR absorption of these states is a measure of the net 

population changes that include both depletion of initial population and appearance of 

scattered population caused by collisions. The population changes for appearance and 

depletion were distinguished by measuring the nascent Doppler-broadened IR line 

profiles for CO2. 

Figure 4.1 shows transient absorption signals for CO2 (00
0
0) J = 26 at two 

different IR wavelengths within the R26 transition centered at n0 = 3733.4684 cm
-1

.   In  
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Figure 4.1 Nascent transient IR absorption signals of scattered CO2 (00
0
0) at rotational 

state J = 26 through collisions with vibrationally excited pyrazine(E = 37900 cm
-1

) at two 

IR frequencies within the R26 probe transition.  The UV pulse happens at probe time t = 

0 ms and the signals to t = 0 ms illustrate the initial populations of CO2 at J = 26 before 

collisions with excited pyrazine. (a) shows a depletion of initial CO2 populations at line 

center n0. (b) shows the appearance of scattered CO2 molecules for J = 26 at by tuning the 

IR probe of the Doppler-broadened line profile to the frequency n = n0 -0.003 cm
-1

.   
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Figure 4.1a, negative-going population depletion is observed at the center frequency n0.  

Figure 4.1b shows positive-going appearance in the Doppler-broadened wings at n = 

n0-0.003 cm
-1

.  Figure 4.2 shows Doppler-broadened transient line profiles for a number 

of CO2 states with J = 2 to 54 measured at t = 1 ms following the UV pulse.  The positive-

going appearance signals increase relative to the negative-going depletion signals as the 

initial thermal population of the CO2 state decreases. 

CO2 population initially in state J is depleted by collisions with highly excited 

pyrazine, Pyz (E), as described by Eq 4.1. 

  

PyzE+CO200
0
0, J, V

kdep
 Pyz E'+CO2any state                                  (4.1) 

 

Simultaneously, CO2 molecules are scattered into state J as described by Eq 4.2. 

 

PyzE+CO2
kapp
J

 Pyz Eͻ+CO200
0
0, J,V                                                     (4.2) 

 

In Eq 4.1 and 4.2, V is the velocity component of CO2 along the IR propagation axis and 

E and Eô are the initial and final pyrazine energies.  Population changes associated with 

depletion or appearance are induced by any collisions that change the initial rotational 

state and/or velocity component along the IR probe axis.  Therefore transient line profiles 

such as shown in Figure 4.2 include contributions from both elastic and inelastic 

collisions. 
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Figure 4.2 The transient absorption line profiles for scattered CO2 (00
0
0) at from low to 

high rotational states (J = 2, 26, 36, and 54).  Circles in plots are transient IR absorption 

data of CO2 at t = 1 ms through collisions with excited pyrazine(E = 37900 cm
-1

); the 

solid curves are the double-Gaussian fitting function for the probe data from two 

processes, appearance and depletion at CO2 low states (J < 40) and a single-Gaussian 

fitting curve fits the data at high rotational states (J > 40) since the contribution from the 

depletion process approaches zero.   

 



- 74 - 

 

Nascent CO2 populations are determined from transient IR line profiles measured 

at short times relative to the time between collisions.  Transient absorption measurements 

at t = 1 ms are made well before the average time between collisions (tcol ~ 4 ms) and 

correspond to populations of scattered CO2 molecules for which secondary quenching 

collisions are unlikely. 

Each transient line profile is fit with a double Gaussian function (Eq 4.3) to 

separate the nascent appearance and depletion populations. 

 

Fn= Iappexp-4ln2
ɜ-ɜ0
ȹɜapp

2

-Idepexp-4ln2
ɜ-ɜ0
ȹɜdep

2

+ F0                         (4.3) 

 

Here, Iapp and Idep are appearance and depletion intensities at n0, Dnapp and Dndep are the 

full  widths at half maximum (FWHM) for the appearance and depletion components, 

respectively, and F0 accounts for small baseline fluctuations from instrumental noise. 

Dynamic information about collisions that lead to population appearance and 

depletion is obtained from the fitting parameters in Eq 4.3.  Figure 4.3 shows the separate 

appearance and depletion components from fitting J = 26 data with Eq 4.3.   

The area under each curve in Figure 4.3 corresponds to the nascent sub-

population (at t = 1 ms) of molecules (in J = 26) that has either appeared as collision 

products or been depleted by collisions.  J-specific line widths and translational energy 

distributions (in the lab frame and the center of mass frame) for appearance are listed in 

Table 4.1.  Table 4.2 lists line widths and translational temperatures for depletion.  

Appearance line widths are all broader than 300 K.  Depletion line widths measured for J 

= 2-38 have values near those for a 300 K distribution. 
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Figure 4.3 The appearance and depletion curves are separated by a double-Gaussian 

function.  Transient absorption line profile for CO2 (00
0
0) at J = 26 (open circles) were 

measured at t = 1 ms after UV pulse.  The solid curve is a double-Gaussian function that 

includes both appearance and depletion processes.  Due to the fitting parameters, two 

processes were measured: the appearance component (red line) is broadened with a 

translational temperature Tapp = 629 K and the blue line shows the depletion component 

with Tdep = 309 K through collisions. 
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Table 4.1 Nascent Doppler-broadened linewidths, translational temperatures and rate 

constants for appearance of CO2 (00
0
0, J) from collisions with vibrationally excited 

pyrazine(E = 37900 cm
-1

) 

CO2 J Erot, cm
-1

 n0, cm
-1
 Dnapp, cm

-1a
 Tapp, K

b
 Trel, K

c
 

2 2.3413 3717.0853 0.0103 664±91 865±119 

8 28.0951 3721.5215 0.0104 658±89 855±116 

22 197.4166 3730.9893 0.0097 579±85 734±107 

26 273.868 3733.4684 0.0101 629±88 811±114 

36 519.535 3739.2323 0.0115 820±101 1106±136 

38 578.0115 3740.3115 0.0111 755±96 1006±128 

44 772.1107 3743.4040 0.0126 970±109 1339±151 

52 1074.4305 3747.1946 0.0120 875±03 1193±141 

54 1157.774 3748.0840 0.0131 1052±113 1466±158 

58 1333.7678 3659.4029 0.0118 916±110 
1255±150 

64 1621.0035 3652.5720 0.0135 1173±123 
1654±174 

a
Full width at half-maximum (FWHM) linewidth Dnapp for appearance of CO2 rotational 

states at 1 ms following UV excitation of pyrazine.  Values of Dnapp have an uncertainty 

of ± 0.001 cm
-1

. 

b
The lab-frame translational temperature Tapp for appearance of CO2 rotational states due 

to collisions obtained using Tapp= mc
2(8Rln2)ϳ 2ȹɜappɜ0ϳ

2
, where m is the mass of 

CO2, c is the speed of light, R is the gas constant and n0 is the center frequency of the 

absorption line. 
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c
Center-of-mass translational temperature Trel for appearance of scattered CO2 is 

determined by assuming an isotropic distribution of collisions and using 

Trel= Tapp+ mCO2 mpyzϳ Tapp-T0 , where, mCO2 and mpyz are the masses of CO2 and 

pyrazine respectively and T0 = 298K. 
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Table 4.2 State-resolved depletion linewidths, translational temperatures and rate 

constants for collisions with vibrationally excited pyrazine(E = 37900 cm
-1

)  

Pyrazine E+ CO200
0
0, J

kdep
 Pyrazine E'+ CO2any state 

CO2, J n0, cm
-1a

 Dndep, cm
-1b

  Tdep,lab, K
c
 kdep, ³10

-10
 cm

3
Ö molecule

-1
Ö s

-1
 

2 3717.0853 0.0077 364 ° 94 7.4 ° 2.2 

8 3721.5215 0.0083 422 ° 102 6.2 ° 1.9 

22 3730.9893 0.0082 409 ° 100 8.9 ° 2.7 

26 3733.4684 0.0071 309 ° 87 5.1 ° 1.5 

36 3739.2323 0.0073 323 ° 88 3.5 ° 1.0 

38 3740.3115 0.0064 248 ° 78 2.6 ° 0.8 

ộkdepỚ, cm
3
Ö molecule

-1
Ö s

-1d
 5.6( ° 2.2) ³ 10

-10
 

kLJ, cm
3
 molecule

-1
 s

-1e
 5.6 ³ 10

-10
 

a
n0 is the IR transition frequency of probe transition at line center.  

b
Full width at half-maximum (FWHM) line widths and Dndep for depletion of individual 

CO2 J states.  Line widths have uncertainties of ° 0.001 cm
-1

.   

c
The lab-frame translational temperature Tdep for depletion of CO2 due to collisions with 

pyrazine(E) are obtained using Tdep= mc
28Rln2ϳ æɜdepɜ0ϳ

2
, where m is the mass of 

CO2, c is the speed of light, R is average the gas constant, and n0 is the center frequency 

of the absorption line. 

d
The average depletion rate constant ộkdepỚ is the population-weighted average of kdep 

e
The Lennard-Jones collision rate constant kLJ is determined using the model which is 

shown in the appendix B with the following Lennard-Jones parameters: 

 ůCO2=4.5Ĭ10
-10
mȟ ⱦkBϳ CO2

 =190 K, andůpyz = 5.35 Ĭ 10
-10
m, ⱦkBϳ pyz = 435.5 K. 
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4.3.2 Rotational and Translational Energy Gained for Scattered CO2 at J = 2-80 

through Collisions with Excited Pyrazine(E). 

The nascent CO2 rotational distribution and the J-specific product translational 

energy distributions are determined directly from the appearance parameters Iapp and 

Dnapp.  Figure 4.4 shows the rotational distribution of scattered CO2 molecules (J = 2-80) 

based on appearance intensities and line widths measured at t = 1 ms.  The data for CO2 J 

= 2-64 states are shown as red circles.  Previous measurements for the J = 58-80 states 

are shown as white circles.
77

  Data for the J = 58 and 64 states of CO2 are in very good 

agreement with the earlier high-J measurements.  Based on the consistency of the 

overlapping data, no rescaling of either data set was needed.  The distribution is a bi-

exponential function of energy with a transition point near Erot = 1100 ± 110 cm
-1
.   

Exponential fitting of the data in each region indicates that the lower energy states with J 

< 50 have a rotational temperature of Trot = 453 ± 50 K and that states with J > 50 have a 

temperature of Trot = 1164 ± 110 K.  The residuals are shown in the lower plot of Figure 

4.4.  These data show that there are two distinct populations of scattered CO2 molecules.  

Given the high state density of pyrazine(E) and the structure of CO2, it is unlikely that a 

threshold for enhanced energy transfer occurs at Erot = 1100 cm
-1

.  It is more likely that 

the two populations of scattered CO2 molecules each span the full range of J states.  This 

Chapter will use this information to develop a two component model to describe the 

energy transfer.  

The J-specific nascent translational energy distributions (based on Trel in Table 

4.1) for scattered CO2 molecules in J = 2-80 are shown in Figure 4.5.  The Trel values for 

J = 2-64 are shown as red circles and previously reported values for the J = 58-80 states  
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Figure 4.4 Nascent rotational distribution for the J = 2-80 states of CO2 (00
0
0) due to 

collisions with vibrationally excited pyrazine.  Measurements of the J = 2-64 states are 

shown in red circles.  Previous data for the J = 58-80 states (from Ref. 77) are shown as 

open circles. The nascent distribution is a biexponential function of rotational energy 

with a crossing point at Erot Ḑ 1100 cm
-1

.  Fitting the data for J < 50 yields a low-J 

distribution with TlowJ = 453 ± 50 K.  Fitting the data for J > 50 yields ThighJ = 1164 ± 110 

K. 
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are shown as white circles.
75-77

  There is good agreement between the two data sets in the 

overlapping region of J = 58-64.  Overall, the data are well described by an exponential 

increase in Trel as a function of J with an offset of Trel = 780 K at J = 0.  The low-J states 

of CO2 are scattered with translational energies near Trel ~ 800 K.  The J-dependence of 

Trel becomes stronger for J > 40 where much larger recoil energies are observed.   

The data in Figure 4.5 illustrate the impulsive nature of the V-RT collisions 

between pyrazine(E) and CO2.  It has long been recognized that the scattering of CO2 in 

very high J states results from strongly impulsive collisions.
90,91

  The measured 

translational energy profiles for the low-J scattering states presented here are consistent 

with an impulsive mechanism.  The classical physics of impulsive collisions indicates 

that the smallest recoil velocities result from collisions that have the smallest changes in 

angular momentum.  It is interesting that the smallest value of Trel in Figure 4.5 is for the 

J = 22 state which is near the peak of the initial CO2 distribution.  Appearance of 

population in this state is most likely to result from small DJ collisions.  Given the scatter 

in the data and the small number of states measured in this region, however, we cannot 

conclusively identify the presence of a minimum.  To address this question, it would be 

useful to perform scattering experiments where initial J states can be correlated with final 

states. 
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Figure 4.5 The nascent relative translational temperatures Trel for the pyrazine(E)/CO2 

collision system is a function of CO2 (00
0
0) rotational state.  The red circles are the 

experimental appearance translational temperatures for CO2 J = 2-64 while the data for 

CO2 high-J states (J = 58-80) from the previous paper
77

 are shown as the open circles.   
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4.3.3 State-Resolved V-RT Energy Transfer Rate Constants and the Total Collision 

Rate 

This Chapter reports appearance and depletion rates of individual CO2 states 

using transient IR absorption.  Rate constants for depletion and appearance are based on 

Eqs. 4.1 and 4.2, respectively.  The early time population changes associated with 

depletion are determined using Eq 4.4. 

 

æ[CO2J]dep
æt

=kdep[Pyz(E)]0[CO2J]0                                                               (4.4) 

 

In Eq 4.4 the transient population depletion ȹ[CO2(J)]dep is determined from the 

integrated depletion line profile at ȹt = 1 ɛs (as in Figure 4.3).  The initial number density 

of excited pyrazine, [Pyz(E)]0 is determined by measuring UV absorption.  The initial 

CO2 number density [CO2]0 is determined by measuring equilibrium IR absorption of a 

well-populated state.  

The initial thermal population of CO2 is depleted by collisions, and kdep is a 

measure of the collision rate constant, assuming that the collision rate is independent of J.  

Depletion rate constants are listed in Table 4.2 for CO2 J = 2-38 states.  The rate 

constants for these states range from kdep = 2.6 × 10
-10

 to 8.5 × 10
-10

 cm
3
·molecule

-1
·s

-1
.  

The population-weighted average is ộkdepỚ = (5.6 ± 2.2) × 10
-10

 cm
3
·molecule

-1
·s

-1
 which 

is in excellent agreement with the Lennard-Jones collision rate of kLJ = 5.6 × 10
-10

 

cm
3
·molecule

-1
·s

-1
.  The collision cross section based on these data is ůcol = kdepộvrelỚϳ  Ḑ 

120 ± 50 Å
2
.  

State-specific rate constants for appearance of CO2 (00
0
0) are defined by Eq 4.5. 
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æ[CO2J]app
æt

 = kapp
J
[Pyz(E)]

0
[CO2J]0                                                              (4.5) 

 

The appearance populations ȹ[CO2(J)]app are determined from the integrated appearance 

profiles at ȹt =  1 ɛs (as in Figure 4.3).  Values of kapp
J

 for J = 2-64 are listed in Table 4.3 

and values for J = 58-80 are taken from Ref. 95.  Appearance rate constants for 

unmeasured CO2 states (up to J = 100) are determined based on rates for measured states 

and the Trot values of Figure 4.4.  Summing the rate constants for product state 

appearance yields an overall rate constant for V-RT energy transfer between pyrazine(E) 

and CO2 of kapp= Вkapp
J
  (4.8 ± 1.4) ³ 10

-10
 cm

3
Ömolecule

-1 
Ös

-1
.  This overall rate 

constant corresponds to a cross section for V-RT energy transfer of ůV-RT= kappộvrelỚϳ  Ḑ 

100 ± 30 Å
2
. 

The V-V energy transfer pathways from pyrazine(E) to CO2 have been measured 

for a number of CO2 vibrational states at a pyrazine energy of E = 40680 cm
-1

.
74,95

  The 

total rate constant for energy transfer into the (10
0
0r1), (10

0
0r2), (02

2
0) and (00

0
1) states 

(2349 cm
-1

) is kv = (3 ± 1) × 10
-11

 cm
3
·molecule

-1
·s

-1
.  The total energy transfer rate 

constant based on appearance measurements is a sum of the rates for the V-RT and V-V 

pathways, given by ktot = kapp + kv = (5.1 ± 1.8) × 10
-11

 cm
3
·molecule

-1
·s

-1
.  The value of 

ktot is consistent with our measured depletion rate and is in very good agreement with the 

Lennard-Jones collision rate.   
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Table 4.3 State-resolved rate constants for appearance of CO2 (00
0
0, J) through collisions 

with highly vibrationally excited pyrazine(E = 37900 cm
-1

).  

pyrazine E+ CO2300 K 
kapp
J

pyrazine Eͻ+ CO200
0
0, J 

CO2 J CO2 Erot, cm
-1
 Ë ³10

-12
 cm

3Ξmolecule
-1Ξs-1a

 

2 2.3413 6.7°2.0 

8 28.095 20.5°6.2 

22 197.4 33.0°9.9 

26 273.9 23.8°7.1 

36 519.5 13.9°4.2 

38 578.0 10.6°3.2 

44 772.1 7.1°2.1 

52 1074.4 5.0°1.5 

54 1157.8 3.7°1.1 

58 1333.8 2.6°0.8 

64 1521.0 2.2°0.7 

      kapp, cm
3Ξmolecule

-1Ξs-1b
 (4.8 ° 1.8) ³ 10

-10
 

      kv, cm
3Ξmolecule

-1Ξs-1c
 > (3 ° 1) ³ 10

-11
 

      ktot, cm
3Ξmolecule

-1Ξs-1d
 > (5.1 ° 1.8)³10

-10
 

      kLJ, cm
3Ξmolecule

-1Ξs-1e
 5.6 ³ 10

-10
 

a
The state-specific rate constant Ë for appearance of CO2 (00

0
0, J = 2-64) are 

determined from appearance data at t = 1 ms using  
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kapp
J  = CO2Japp PyzE 0CO20Dtϳ , PyzE 0 and CO20 are the number 

densities of excited pyrazine and 300 K CO2, respectively, immediately following optical 

excitation of pyrazine. 

b
The overall rate constant for V-RT energy transfer, kapp, is determined by summing 

appearance rate constants for all CO2 product states by using the equation kapp=Вkapp
J

J .  

Rate constants were measured for the states listed in Table 4.2 and values of Ë  for the 

remaining products states were determined using the nascent rotational temperature Trot 

of the scattered CO2 molecules.  The appearance rate constant kapp for the V-RT pathway 

is a lower limit to the total collision rate constant. 

c
The rate constant kv for appearance of vibrationally excited CO2 in the (10

0
0r1), (10

0
0r2), 

(02
2
0) and (00

0
1) vibrational states following collisions with pyrazine(E), taken from 

Refs.
74,95

.    

d
The total energy transfer rate constant ktot = kapp + kv includes V-RT and V-V channels 

of energy transfer from pyrazine(E) to CO2. 

e
The Lennard-Jones collision rate constant kLJ is determined as described in Table 4.2. 
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The discrepancy between ktot and the actual collision rate constant is likely to be 

due to the energy transfer into the (01
1
0) bending state of CO2 at 667 cm

-1
.  This state is 

the only low-lying vibrational state that is not included in the V-V rate 

measurements.
74,95

  Because of its relatively small energy gap, the (01
1
0) state should be 

readily accessed through collisions with pyrazine(E).  It is likely that the rate for energy 

gain in the bend is greater than that in the stretching modes, based on the rates for the 

nearly degenerate 10
0
0 and 02

2
0 states.  Relative to the Lennard-Jones collision rate, the 

results in this Chapter show that the V-RT pathway accounts for Ḑ 85% of collisions.  

The measured V-V pathways account for Ḑ 6% of collisions, suggesting that the 

remaining Ḑ 9% of collisions may involve excitation of the bending mode.  This 

branching ratio is consistent with our current understanding of vibrational excitation in 

small molecules and provides evidence that the Lennard-Jones collision rate constant is a 

fairly accurate representation of pyrazine(E)/CO2 collisions.  

4.4 Discussion 

The data presented here provide an in-depth description of the dynamics for the 

full range of collisions by which CO2 quenches highly excited pyrazine molecules 

through V-RT energy transfer.  The ability to measure the outcome of both weak and 

strong collisions that scatter CO2 (00
0
0) gives us the most complete description to date of 

this type of collisional relaxation process.  These data provide insight into the first set of 

collisions that lead off the collisional cascade that eventually brings molecules into 

thermal equilibrium. 

 



- 88 - 

 

4.4.1 Branching Ratio for Inelastic Collisions 

The measurements of weak collisions presented in this Chapter confirm that the 

V-RT pathway is the predominant channel by which highly excited pyrazine molecules 

are quenched with CO2.  The V-RT pathway includes strong and weak collisions and 

accounts for Ḑ 85% of all pyrazine(E)/CO2 collisions, based on rates measured for 

appearance of products and depletion of initial states.  The V-V pathways for 

pyrazine(E)/CO2 account for the remainder of collisions.  Similar behavior was seen in 

classical trajectory calculations of pyrazine(E)/CO2 collisions, where Luther and 

coworkers found the V-V energy transfer in pyrazine(E)/CO2 collisions make an almost 

negligible contribution to the overall relaxation.
64

  State-resolved scattering 

measurements illustrate that the V-V pathways for the stretching modes of CO2 occur 

primarily via long-range near-resonant energy transfer, so it is not surprising that they are 

not seen in classical trajectories.
74,95

 

The agreement between our measured collision rate and that calculated with a 

Lennard-Jones model indicates that the relaxation is not particularly sensitive to 

anisotropy in the intermolecular potential between pyrazine(E) and CO2.  Lennard-Jones 

collision rates are commonly used to model molecular collisions and they should be valid 

for collisions of weakly interacting species such as CO2 at 300 K.  Caution must be used 

however for the case of strongly interacting species such as water.  In other studies we 

have measured total appearance rates for scattered HOD molecules that are as much as 

3.5 times larger than the Lennard-Jones collision rate.
79,81,118

  For these systems, state-

resolved scattering data indicate that anisotropy in the intermolecular potential plays an 

important role in quenching pathways involving water.
118
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4.4.2 The Scattered Population Distributions from Weak and Strong Collisions 

The rotational distribution for scattered CO2 molecules (Figure 4.4) shows clear 

evidence for the presence of two distinct scattering populations. In Eq 4.6, a two-

component model is used to describe the population in each J state as the sum of two 

Boltzmann distributions, 

 

Pop
J
=g
J
(Iaexp(

-EJ
kBTa
) + Ibexp(

-EJ
kBTb

))                                                               (4.6) 

 

where gJ is the rotational degeneracy, EJ is the rotational energy, Ia and Ib are intensity 

parameters, kB is the Boltzmann constant, and Ta and Tb are rotational temperatures.  

Figure 4.6 shows the results of a four-parameter nonlinear least-squares fit of Eq 4.6 to 

the data with no initial constraints.  Modeling the data with the biexponential function in 

Eq 4.6 yields smaller residuals than the fit shown in Figure 4.6.  

The two subpopulations based on the best fit values of Ia, Ib, Ta, and Tb are shown 

in Figure 4.7.  The low-energy rotational states are best described by a cooler distribution 

with Ta = 329 K while population in the high-energy states comes almost entirely from a 

hotter rotational distribution with Tb = 1241 K.  The value of Ta is very close to the initial 

300 K distribution, showing that this subset of collisions is elastic or nearly inelastic and 

falls into the category of weak collisions.  The relatively large value of Tb shows that the 

second subset of collisions induces large changes in CO2 rotation, thereby putting this 

group in the category of strong collisions.  The integrated intensity of the weak collision 

component is 78% of the total population of scattered CO2 (00
0
0) molecules, while the 

high-energy component accounts for 22%. Thus, nearly four out of five collisions involve 
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Figure 4.6 A two-component biexponential model fitting the population data of scattered 

CO2 molecules with pyrazine(E) in the upper plot.  The circles are the measured data and 

the fitting result is shown as a solid curve. The accuracy for the fitting model is shown as 

the fractional residuals in the lower plot. 
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Figure 4.7 Two energy distributions are separated by a two-component model.  The low 

energy distribution is associated with weak collisions and accounts for 78% of V-RT 

collisions. The high energy distribution is from the strong collision with accounts for 22% 

of V-RT collisions. 
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only minor changes to CO2 rotation, while the remaining one-fifth of collisions induce 

large changes in rotational energy. 

It is interesting that there are two distinct scattering populations for CO2.  Prior to 

the current measurements of the full distribution for this system, neither the CO2 

rotational distribution nor the collision rate was known.  Extrapolating the full 

distribution based only on high-J data yielded an energy transfer rate that was much 

smaller than the Lennard-Jones collision rate and was inconsistent with measurements of 

the V-V energy transfer rates.  The data presented here clearly illustrate the 

predominance of the weak collision pathway and establish the validity of the Lennard-

Jones collision rate for quenching collisions of CO2 and pyrazine(E).  In a somewhat 

related study, Nesbitt and co-workers have measured CO2 scattering from liquid surfaces 

and found that the products have a two-component distribution.
140-142

  They estimate that 

about 50% of the scattered molecules undergo desorption trapping, which leads to a 

cooler distribution of products, while the hotter distribution comes from impulsive 

scattering.  

For gas-phase collisions with high-energy molecules, the presence of a two-

component scattering distribution for CO2 seems to be the norm. Chapters 5 and 6 report 

other studies on CO2 collisions with similar scattering behavior.  This behavior is not 

found for collisional quenching in other small bath species such as HOD
79

 and DCl 

(Chapter 3).  These bath molecules scatter from highly excited molecules via V-RT 

collisions with single rotational distributions. 

The presence of a strong collisional channel involving large amounts of CO2 

rotation is most likely due to CO2ôs length and relatively uniform mass distribution.  
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Impulsive collisions involving the oxygen atoms on CO2 are likely to be effective at 

inducing torque on the molecule.  This idea is supported by classical trajectory studies 

both from our group and from Chapman, Flynn, and co-workers.  For the 

pyrazine(E)/CO2 collisions in this Chapter, the average recoil energy has little 

dependence on CO2 rotational energy until Erot Ḑ 750 cm
-1

 above which the recoil 

energies increase substantially.
45

  Chapman and co-workers found a biexponential 

rotational distribution for CO following single collisions with pyrazine(E).
43,44

  When 

they doubled the length of the CO molecule to mimic CO2, while preserving other 

potential parameters, they found reasonable agreement with the high-energy tail from 

pyrazine(E)/CO2 collisions. 

4.4.3 The Effect of Angular Momentum Changes for V-RT Energy Transfer 

Chapter 3 discussed how the angular momentum changes were determined using 

the experimental data for pyrazine(E)-DCl collision pair.  Table 4.4 lists the average 

changes in CO2 angular momentum ộæJbathỚ and recoil velocity ộævrelỚ based on the J-

specific values of Tapp (Table 4.1) for J = 2-64.  Our calculations are based on an initial J 

state of J = 22 and an initial average velocity at 300 K, as described in Table 4.4.  Figure 

4.8a shows ộævrelỚ as a function of ộæJbathỚ for the J = 2-80 states of CO2.  Figure 4.8a 

shows that ộævrelỚ increases monotonically as a function of ộæJbathỚ.  This figure also 

illustrates that there is a slight minimum in ộævrelỚ at ộæJbathỚ = 0.  Small changes in recoil 

velocity (Ḑ300 m/s) correlate to small ộæJbathỚ and more substantial increases in recoil 

velocity changes for ộæJbathỚ > 40.  This behavior is entirely consistent with the angular 

momentum model for collisional energy transfer by McCaffery and co-workers.
128-130,143-

146
  




