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This dissertation investigates the energy transfer dynamics of high-energy molecules
excited electronically, vibrationally, and rotationally. The molecules studied in this thesis were
excited electronically and vibrationally with UV photon absorption and rotationally with an optical
centrifuge. The excited molecules are relaxed either by collisions or a chemical process. The
products of the relaxation process are measured using high-resolution transient IR absorption
spectroscopy to determine the state-resolved products and the energy partitioning.

In the first study the collisional relaxation of highly vibrationally excited collidine with
bath CO; is investigated. The collidine was excited to an E,;,=38,552 cm™ after absorption of a
A=266 nm photon and the full state-resolved distribution of the scattered CO: is reported. The
results are compared to previous studies done on methylated pyridines. The translational energy
and rotational energy gain of the scattered CO; is similar for the methylated pyridines, however,

the integrated appearance rate constant for collidine-CO2 collisions is higher then the other



methylated pyridine molecules. The effect that the donor complexity has on collisional relaxation
is explored.

For the second study, SO is electronically excited to the predissociative metastable C
electronic state. The SO product quantum vyields, rotational distributions, and product energy
partitioning show that translational energy is preferred by a 4:1 ratio over rotational energy for the
photoproducts. The preference for translational energy is evidence that a linear transition state
could be involved in the dissociation process. Theoretical calculations of the SO» potential energy
surfaces for the ground state and the excited state show that for SO, photodissociation to occur
near the dissociation threshold the SO, in the C state becomes linear and that coupling to the
repulsive triplet state lowers the height of the energy barrier so dissociation can proceed.

The third study used a tunable optical centrifuge to rotationally excite N-O into extreme
rotational states. The optical centrifuge was tuned to selectively populate rotational states between
J=100-200. N0 IR transitions for the (00°1-00°0) band are known up to J=100 for the R-branch.
Line center profiles were collected over each IR transition between J=100-200 to identify the IR
transition frequencies. The newly identified N2O transitions and the tunable optical centrifuge were
used to maximize the population in N2O J=140 and J=165, using two different optical traps, to
determine the relaxation dynamics in this region. Doppler-broadened line profiles show that
rotational states below the maximized population have higher translational temperatures than
rotational states near the peak of the distribution. From the near nascent distributions, the
relaxation rate of the N2O was measured to be 65 % of the gas kinetic collision rate for both optical

traps. This result is compared with a previous study on CO relaxation dynamics.
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Chapter 1: Introduction

How energy is dissipated from energetic molecules is fundamental to understanding
the dynamics and mechanisms of chemical processes. The development of pulsed lasers
enabled new tools for investigations of high-energy molecules. Once molecules are
photo-excited, the competition between chemical processes, collisional deactivation,
and photodissociation can be investigated. The three studies presented in this thesis
investigate the quantum state-resolved dynamics of photodissociation and collisional
energy transfer. In each study, reaction or collision products are detected with high-
resolution transient IR absorption spectroscopy.

In quantum mechanics, the Hamiltonian operator describes the total energy of the
system. The Hamiltonian for molecules is often separated into electronic, vibrational,
and rotational operators, and the solution of the Schrodinger equation yields the
electronic, vibrational, and rotational energies of the molecule. However, a separable
Hamiltonian does not account for coupling between the molecular degrees of freedom
and therefore does not account for the dynamical processes that result from such
couplings. The research presented in this thesis investigates the dynamics of photo-
activated molecules with energy in the electronic, vibrational, or rotational degrees of
freedom.

The first study investigates how bimolecular collisions transform vibrational
energy in methylated pyridine molecules to rotational and translational energy in COx.
The second study investigates how electronic energy in SO transforms into rotational

and translational energy of photodissociation products. The third study investigates



how highly rotationally excited N2O molecules are relaxed by collisions with ambient
N20 molecules at 300 K, where large energy mismatches exist between the rotationally

excited molecules and bath molecules.

1.1 Electronic and Vibrational Excitation on Molecules

The first working laser was demonstrated in 1960 and opened a new set of tools for
studying excited states of molecules.! Many experiments focused on reactions and
energy transfer dynamics of molecules that were electronically excited. Under
collision-free conditions, the electronically excited molecules can undergo
dissociation, fluorescence, and/or non-radiative decay to the ground electronic state,
depending on the excitation wavelength.

A major discovery was the importance of intramolecular vibrational redistribution
(IVR) in the excited electronic state of molecules.? Laser-induced fluorescence (LIF)
on cold naphthalene showed that when the energy in the electronic state was greater
than 3,000 cm™ the vibrational bands were broadened.>® The broadening of vibronic
bands is direct evidence of IVR following electronic excitation. The presence of IVR
led to the discovery of “channel 3” in benzene, where the electronic excitation leads to
the formation of highly vibrationally excited molecules in the ground electronic state
by way of internal conversion (1C).5-8 The fluorescence quantum yields when benzene
was excited at A <248 nm ranged was near 0. The quantum yield for IC to the ground
electronic state is as high as 0.6, leading to a mechanism to generate highly
vibrationally excited molecules by absorption of UV light.®® In the “channel 3 region

there is also fast intersystem crossing to the triplet state.(ref) Additional experimental



techniques exist for the vibrational excitation of molecules with varying state-
selectivity and complexity.®

In chapter 3 of this thesis, the energy transfer dynamics of highly vibrationally
excited collidine (2,4,6-trimethylpyridine) with ambient 300 K CO: is studied by
measuring the state-resolved energy gain of the CO.. Collidine has a near unity
guantum yield for internal conversion to the ground electronic state when excited with
A=266 nm light. Previous work on a series of methylated pyridines initially excited
with A=266 nm light showed that as the number of vibrational modes increased, the
probability of the large energy transfer events decreased, and the energy transfer
distribution function was compressed to smaller AE values.'®*? Additionally, the slope
of the energy transfer distribution function and the slope of the vibrational state density
decay were found to be correlated. Collidine has 54 vibrational modes and the highest
state density relative to the series of previously studied methylated pyridines. This
project was designed to answer a number of questions. How does the average energy
per mode affect the efficiency of collisional relaxation by impulsive collisions? Does
the correlation between the energy transfer distribution function and the vibrational
state density persist as the donor molecules increase in complexity?

Dissociation competes with fluorescence, internal conversion, and intersystem
crossing in electronically excited molecules. Photodissociation of polyatomic
molecules depends on the nature of the excited electronic state, coupling with other
electronic states, and the coupling of the vibrational modes.*® Polyatomic molecules
have at least three vibrational modes that can couple, so a two-dimensional description

of the potential energy surface is incomplete. If the lifetime of the excited electronic



state is longer than the lifetime of IVR, then the photodissociation process occurs via a
predissociative, or metastable, state. Predissociation can occur in two different ways.
The first is a slow unimolecular reaction in the upper state, where the dissociation
occurs by vibrational or rotational predissociation. The second way is spin-orbit
coupling between electronic states leading to nonadiabatic relaxation resulting in
dissociation. The latter has been observed for molecules such as N,O, N.O*, and
HZS+.14—16

In Chapter 4 of this thesis, the photodissociation dynamics of SO are investigated
to determine the mechanism by which SO dissociates from a predissociative excited
electronic state. Prior to this study, the photodissociation threshold was observed to be
at 1=220 nm, but direct dissociation from a repulsive state is predicated by ab initio
calculations to require light with 1=182 nm.}"~2% In the work reported here, SO product
state energy distributions were measured as a function of photolysis wavelength using
A=220-212 nm, near the dissociation threshold. The experimental results are compared
with new ab initio calculations by Dr. Jacek Klos and Dr. Millard Alexander that allow
for spin-orbit coupling and bond angle opening. The calculations were done with
multireference configuration interaction and the new potential energy curves are shown
in Chapter 4 as well. This comparison explains the mechanism by which the

dissociation occurs.

1.2 Rotational Excitation of Molecules

In addition to electronic and vibrational excitation, techniques have been developed
to study energy transfer with highly rotationally excited molecules. Early techniques

for generating molecules in high rotational states were by flame, collisions, and
4



chemical reactions. In emission from a flame at 1800 K, CO. rotational states up to
J=146 were observed.?* However, when the CO> gas is heated the states populated at
room temperature are broadened leading to loss of spectral resolution. Highly
rotationally excited HF was formed by first vibrationally exciting HF to v=1, which
relaxed via collisions and moved energy to rotation and translation, populating
HF(v=0) in the J=13 rotational state with a rotational energy of E,.,, =3673 cm™.2223

In the few decades, a new technique using a strong field approach called an optical
centrifuge was developed. The optical centrifuge was first proposed and developed by
Karczmareck et al. in 1999 and uses two ultrafast laser pulses that are spatially and
temporally overlapped, each with opposite chirp and circular polarization.?* The
overlap of these pulses generates a linearly polarized optical field that undergoes
angular acceleration over the duration of the pulse. Molecules interact with the field
through an induced dipole interaction. The trapped molecules are thereby driven into
extreme rotational states with orientated angular momentum. The excitation process
has been described both classically and quantum mechanically. In the classical
description, molecules self-adjust their rotation continuously with the rotation of the
accelerating optical field, thus increasing their rotational energy levels. In the quantum
description, the molecules are excited into the high-energy rotational states by a
stimulated Raman ladder of successive states.?®

The Mullin group has made advances in studying the relaxation dynamics of highly
rotationally excited molecules. Yuan et al. reported new IR R-branch transition
frequencies for N2O(00°1-00°0) up to R99.% Prior studies had reported IR transitions

only up to J=92 for N.O v3 absorption. Ogden et al. expanded on N2O and reported



new IR lines for N2O R140-R205.2” Michael et al. reported the nascent distribution of
optically centrifuged CO molecules and the rate constant for collisions was about 20%
that of the gas-kinetic collision rate.?® Ogden and Michael. also developed a tunable
optical centrifuge and demonstrated that by limiting the spectrum of one of the pulses,
the rotational excitation of molecules can be reduced.

The third study presented in this thesis uses the optical centrifuge to excite N.O
molecules into extreme rotational states with J=100-200 in the ground electronic and
vibrational state. The rotational states were probed using R-branch transitions of the
(00°1-00°0) absorption band. Chapter 5 identifies the IR transitions for J=100-200 for
the R-branch using a tunable optical centrifuge. In Chapter 6, the relaxation dynamics
of optically centrifuged N2O is reported and compared to the previously reported work

on collisions of rotationally excited CO.

1.3 Outline

e Chapter 2: A description of the high-resolution transient IR absorption
experimental instruments used in this thesis is presented, including the theory
of transient IR absorption, the generation of UV pulses, and the optical
centrifuge.

e Chapter 3: The collisional deactivation of highly vibrationally excited collidine
(Evib=385000 cm™) with a bath CO is studied. The results are compared to
dynamic studies on other methyl derivatives of pyridine. The full state-resolved
distribution of scattered CO, was measured to determine the relative role of

strong and weak collisions in the relaxation process. Absolute rate constants



show that vibrationally excited collidine undergoes faster collisional quenching
than the other methyl derivatives of pyridine.

Chapter 4: The photodissociation of SO near the dissociation threshold of
A=220 nm is investigated by an energy-dependent study with tunable UV
excitation. The nascent SO product distributions, energy partitioning, and
theoretical calculations are used to determine the photodissociation mechanism.
Chapter 5: The observation of new IR spectral lines of the N.O (00°1-00°0)
absorption band are reported for the R-branch. A bandhead in the R-branch is
observed around J=116 allowing for spectral fingerprinting of the higher
rotational states using known IR transitions from lower rotational states. The IR
transitions are compared to model calculations and used as probe transitions for
the study in Chapter 6.

Chapter 6: The relaxation dynamics of rotationally excited N.O with J=100-
180 are reported. For these experiments, the optical trap was controlled such
that the population in the J=140 and J=165 state was maximized. Doppler-
broadened line profiles show that rotational states below the maximized state
are populated by collisions. The relaxation rate of the optically centrifuged N.O

are about 65% that of the gas kinetic collision rate.



Chapter 2: Experimental Instrumentation and Methods

This Chapter describes the experimental techniques and instrumentation used

to prepare and study highly excited molecules and their dynamics. All experiments in

this thesis used high-resolution transient IR spectroscopy to probe the outcome of

photoactivated molecular processes. In high-resolution transient IR absorption

spectroscopy, a pump laser excites the molecules in a specific way, then a continuous-

wave (CW) IR laser probes the molecules that result from collisions, photodissociation,

or optical excitation. The IR probe sources have extremely high resolution so that

individual rovibrational states are detected. A general experimental approach is shown

in Figure 2.1a for collinear pump and probe beams and Figure 2.1b for orthogonal

pump and probe beams.
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Figure 2.1 Pump-probe experimental apparatus with a) collinear beams and b)

orthogonal beams. Here HR denotes a high-reflector mirror.

2.1 High-Resolution Transient IR Spectroscopy

2.1.1 Theory

Rovibrational transitions occur when the IR light frequency is resonant with the

energy gap between two rovibrational states. The selection rules for rovibrational

transitions are A] = +1 and Av = +1, where J is the rotational quantum number and v



is the vibrational quantum number. Figure 2.2 shows two representative transitions to
probe for the CO2 (00°0, ] = 76,v = 0). The notation for CO- vibration is (mn'p) where
m, n, and p are the quantum number for the symmetric stretch, bend, and asymmetric
stretch respectively; and | is the vibrational angular momentum quantum number. P-

branch transitions have a AJ] = —1 and R-branch transitions have A] = +1.

CO, IR Transitions

177
v=(00°1)
)75
R76 P76
v=(000) 176

Figure 2.2: Schematic of the P76 and R76 IR transitions in the (00°1-00°0) band of
CO:a.

The fractional IR absorption intensity of rovibronic states is proportional to the

population of molecules in that rovibronic state. Beer’s Law for IR absorption is

I, = 1,e~ %P (2.1)
where I, is the transmitted IR intensity, I, is the initial intensity, a is the absorption
coefficient, p is the pressure of the gas, and [ is the path length for absorption. The
absorption coefficient, «, is the product of the absorption strength S, the lineshape
factor £(0), and the number density of molecules N, as shown in Equation 2.2.

a =Sf(0)N (2.2)
The number density of molecules N is determined by the ideal gas law at 296 K, the

temperature for which S is determined, using Equation 2.3.

= £ (2.3)
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Here n is the number of molecules, V is the volume, P is the pressure, R is the universal
gas constant, and T is the temperature. The lineshape factor f(0) is given by Equation

2.4.

2 In 2
— 2.4
AVpop+| T 24

f(0) =

Here, Avp,,, is the full width at half maximum (FWHM) of the Doppler-broadened

absorption line profile. The absorption strength S is defined by Equation 2.5.
5= f o) dv (2.5)
0

Here, v is the optical frequency, and o (v) is the frequency-dependent cross-section for

absorption.

2.1.2 Doppler-Broadened Line Profiles

Doppler-broadened line profiles are used to determine the translational energy
distribution of product molecules in individual vibrational states. A Doppler profile
measures the velocity distribution of molecules in a given product state. Molecules in
motion relative to the IR light source absorb at slightly different frequencies depending

on their relative velocity based on the Doppler effect, given in Equation 2.6.
\%
v=v,(14) (2.6)

Here, v is the IR frequency, v, is the line center IR frequency, v is the velocity, and ¢
is the speed of light. Molecules with higher velocities absorb light further from v,. The
integrated line intensities and, therefore, the population of rovibrational states must
take the velocity distribution into account. The line shape factor f(0) in Equation 2.4

accounts for the velocity distribution in Gaussian-shaped Doppler profiles.
10



Two different methods are used to determine Doppler widths, depending on
how the product states were generated. The first method is used for product states
populated via collisions. These Doppler-broadened line profiles yield the translational
temperature of the rovibrational product state. The FWHM of these profiles Av,,

depends on the translational temperature of products, as shown in Equation 2.7.

8kyT In 2

7 Vo (2.7)

Avops =

Here, kg is Boltzmann’s constant, T is the translational temperature, and m is the
molecular mass.

The second method for measuring Doppler profiles was used for products from SO
photodissociation. Photodissociation introduces anisotropy in the angular distribution
of products and the velocities in the center-of-mass (COM) frame affecting the line
shapes of the observed Doppler profiles. The analysis of these Doppler profiles was
based on the work by Zare and Herschbach.®® The angular distribution of the

photodissociation products for linearly polarized light is given by Equation 2.8.
1
w) = = [1 + BP,(cos 8")P,(cos 6)] (2.8)

Here 0 is the angle between the photolysis polarization and the product recoil, 8’ is the
angle between the UV photolysis polarization and the IR probe propagation, g is the
anisotropy parameter, and P, is the second Legendre polynomial. For these
experiments, the UV pump and IR probe beams were passed collinearly through the

cell which simplifies Equation 2.8 because the cos(8’) = 1.
1
w(o) = e [1 + BP,(cos 6)] (2.9)

11



The anisotropy parameter, 3, has two limiting cases. In one limiting case, f = —1 for

products that recoil orthogonal to the IR beam propagation. In the other limiting case,

and B = 2 for products that recoil along E,R. If the angular distribution is isotropic the
anisotropy parameter is § = 0. The angular distribution of Doppler profiles for

photodissociation products is described by Equation 2.10.

P = [1+5(55) (362 =2 43 fert@ +.m) = entg = )

%Ei — —(—)z_i —(¢—1)>?
1y & e ¢ = Hme §=n (2.10)

Both ¢ and n are dimensionless quantities and represent the recoil and laboratory
velocities, respectively. and erf is the error function. The error function in this case is
the normalized integral of e~ when the bounds are 0 to x. The n value is determined
by conversation of energy. When the distribution is isotropic and f = 0, Equation 2.10
reduces to simply Equation 2.11.

F(g,m) = A'lerf({ + 1) —erf({ —n)] (2.11)
Here A’ is a scaling parameter at the line center. The fitting process will be discussed

further in chapter 3.

2.1.3 State-Specific Number Densities

When there is no pump beam present, the cell is under equilibrium conditions and
the gas pressure in the cell is determined by an absorption measurement of an IR
transition. Beer’s law is rearranged to solve for the static pressure as shown in Equation

2.12.

12
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p:

To determine the partial pressure of a single state J, it is necessary to remove the

fractional rotational (f;) and vibrational (f,) populations from the absorption strength

S by dividing by f; and f, of that state at 296 K.

I
L= — Eff (2 13)
Pi= "sroynt /v '
State-specific number densities from transient IR absorption signals are determined
from the ideal gas law and Eq. 2.13
Iy
N;  p;j In (E)

] = — - .
v =R Tsro P @19

With N;/V is the number density in the specific rovibrational state probed. Equation
2.14 isvalid if the temperature is T = 296 K, the reference temperature for the HITRAN
database used for the S values. The products of collisions and reactions have
translational temperatures that are generally not the same as the equilibrium
temperature. To account for the observed Doppler broadening Eq. 2.14 must be
multiplied by the ratio of Av,,s/Avp,, Where Avy,, is the FWHM of a 296 K Doppler-

broadened line profile.

Nj _ In (;_t) AVobs

v Sf(OO)l fity AVpop

(2.15)
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2.1.4 Obtaining Transient IR absorption Signals

Absorption measurements of Doppler-broadened line profiles and state-specific

populations depend on measuring the fractional transmitted IR intensity that is
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Figure 2.3 Traces for the AC and DC voltages of a transient IR absorption signal for
a) Positively biased detector and b) a negatively biased detector.

absorbed, % as a function of time. Transient IR absorption signals are measured by

monitoring IR intensity on two channels of a digital oscilloscope with one channel DC-
coupled and the other channel AC-coupled. Figure 2.3 shows an example of both the

DC and AC-coupled channels collected for the CO2 (00°0, P76) rotational state.

From the transient IR absorption signals the % can be determined by Equation 2.16.

—=_D¢ (2.16)
I, =L AC
TS
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IR detectors were used with either a positive or negative bias. The numerator of
Equation 2.15 does not depend on the bias of the detector, the negative sign is derived
from the AC voltage being a measure of how much of the IR probe has been absorbed

by the sample. The loss of IR light represents an appearance of population in the

rovibronic state, and the negative ensures that the ? is positive for these appearance

signals. In Equation 2.15 the denominator is dependent on the bias of the detector, for
a positively biased detector the denominator would be 1 + AC/DC. For a negatively

biased detector, the denominator would be 1 — AC/DC. The bias of the detector does

not affect the ? that is measured.
(0]

2.2 Experimental Instrumentation for Studying Molecules in Electronically or

Vibrationally Excited States

The first set of experiments that are described in Chapters 3 and 4 were
performed with collinear pump and probe beams as in Figure 2.1a. In Chapter 3 pulsed
UV light was used to photodissociate SO via electronic excitation to a metastable state.
In Chapter 4 pulsed UV light was used to vibrationally excite methylated pyridine. The
experiments were performed in the single collision regime because the sample cell path

length is 3 meters, enabling lower pressure conditions.

2.2.1 Generating UV Pulses for Electronic and Vibronic Excitation

The UV wavelengths studied here were generated in two ways. Both methods used
a 10 Hz Nd:YAG and then underwent sum frequency generation to generate A =
355 nm or A = 266 nm. Table 2.1 shows the nonlinear BBO crystals used to generate

each of the wavelengths in the Nd:YAG laser.

15



Table 2.1: Summary of wavelengths generated in the Nd:YAG laser.

Wavelength (nm) Type Process
532 BBO Type 1 Doubling 1064
355 BBO Type I Mixing 532 and 1064
266 BBO Type Il Doubling 532

When using the THG crystal the 4=355 nm beam was used to pump an optical
parametric oscillator (OPO, Continuum Lasers). The OPO has tunable output from
A=193-2700 nm. For the visible and IR portion of the wavelength range (400-2700 nm),
the A=355 pump beam undergoes spontaneous parametric down-conversion (SPDC)
via a pair of BBO crystals. With SPDC the single pump photon is split into 2 photons
of lower energy with subsequent energies that sum to the pump photon energy. The 2
photons are called the signal and the idler. In the case of the OPO, the signal beam will
be the visible wavelengths, and the idler beam will be the IR wavelengths.

When the OPO is pumped with 250 mJ per pulse of A=355 nm the output power of
the visible light is 80 mJ per pulse at A=425 nm. The output power is dependent on the
wavelength of visible light and has a range of 10-80 mJ per pulse between A1=400-709.4
nm. For this dissertation, the OPO was used to generate 1=212-224 nm and A=266 nm

UV light. For UV generation, the visible output is doubled again and for some UV

16



wavelengths mixed with residual A=1064 nm from the Nd:YAG. When using 1=266
nm excitation for Chapter 4 the FHG was placed in the Nd:YAG instead of the THG

and the resulting A=266 nm beam was used directly.

2.2.2 High-Resolution Transient IR Probe Scheme and Sources

Modulated IR light sources were used to probe the rovibrational transitions of the
gas molecules after photodissociation or collisions. The IR modulation is synced with
the Nd:YAG laser timing so the excitation pulse occurs in the middle of the IR
modulation cycle, as shown in Figure 2.4. The synchronization is realized by externally
triggering the Nd:YAG laser with a delay generator so the Q-switch of the Nd:YAG is
triggered with a 10 Hz pulse train from the IR source. A time delay is used to center

the UV pulse in the modulation cycle.

IR Modulation

Pump Pulse

Intensity (a.u)

-1000 -500 0 500 1000 1500

Time (ps)

Figure 2.4 The IR modulation of the Pb-salt diode, and the pump pulse as measured
on the photodiode just prior to the sample cell. The pump pulse is centered in the IR
modulation cycle.



One of the IR probe sources was a CW Pb-salt diode laser with outputat A = 4.4 —
4.5 um. The Pb-salt diode is a semiconductor laser and has a spectral resolution of
AVgioae=3 X 10~* cm™ and is modulated internally at 1 kHz. The other IR probe source
was a CW mid-IR OPO. The mid-IR OPO generates IR light by a periodically poled
lithium niobate (PPLN) crystal that is pumped by a fiber laser. The output of the mid-
IR OPO ranges from A1=2.5-3.2 um and has a spectral resolution of Av;z_ppo=3 X 107>
cm™. The mid-IR is modulated externally at 100 Hz. For both IR sources, prior to
passing through the 3 m sample cell, roughly 5% of the beam is directed down a
reference cell of either CO or N2O and another 5% of the beam is directed to a confocal

Fabry-Perot etalon.

High

Reflector 3m Sample Cell =] Monochromator

A Fabry-Perot Etalon IR Detector |~ =

Beam I
Splitter I IR Detector

/IL Reference Cell IR Detector :
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IR Probe =t Lock-In Amplifier = = = == == = == I

Laser

Figure 2.5 IR beam path for both the Pb-salt diode and the CW mid-IR OPO. Each IR
detector is an indium antimonide (InSb). The wavelength is controlled by the Fabry-
Perot etalon.

The confocal Fabry-Perot etalon is used to wavelength stabilize the IR light. A
beam splitter directs part of the IR beam towards 2 curved mirrors and the beam is
passed through in a bow-tie configuration, shown in Figure 2.6a. The length of the
etalon path is controlled by a rotating CaF> optic. The distance that the IR beam travels
determines which wavelengths will have an integral number of quarter wavelengths

causing constructive interference. The constructive interference leads to IR peaks
18



called fringes that are evenly spaced. The spacing between the fringes is the free

spectral range (FSR) and is calculated by Equation 2.17.

Cc
FSR = — 2.17
2l (2.17)
"| Detector
Beam
Splitter

Rotating CaF, Optic

Figure 2.6 Schematic of the Fabry-Perot Etalon with a CaF; optic that can is tuned to
control the IR wavelength.

2.2.3 Experimental Pressure

A flowing-gas vacuum system is used to maintain a constant pressure in the sample
cell. The flowing-gas system is built to be able to have one or two gases flowing
simultaneously. For experiments with SO, photodissociation, a needle valve was used
to control the flow rate, and the pressure in the sample cell was kept near 20 mTorr as
measured on a baratron. For the experiments investigating collisional energy transfer,
two gases were flowed simultaneously through the cell. The donor gas (collidine) had
a pressure of 2-2.5 mTorr as measured on a baratron, and the total pressure in the cell
was kept between 5-10 mTorr after the addition of CO,. Each gas flow was maintained
by an electronic flow controller. The partial pressure of CO2 was determined by

measuring the spectroscopic pressure of the CO2 in the sample cell using Equation 2.11.
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2.3 Optical Centrifuge for Exciting Molecules in Extreme Rotational States

The second experimental apparatus that was used in the research reported here
was an optical centrifuge spectrometer. This section describes the optical centrifuge

spectrometer and provides the background theory of the optical centrifuge.

2.3.1 Theory of the Optical Centrifuge

Fundamental to the optical centrifuge is the interaction between the molecule and
the optical field of the pulse. The optical field induces a dipole moment in the molecule.
A molecule with an electron cloud interacts with the linearly polarized field that has a

potential energy curve that is defined by Equation 2.18
U = - AaE? cos(6) (2.18)

Here, A« is the anisotropic polarizability of the molecule, E is the amplitude of the
optical field, and 6 is the angle between the molecular axis and the electric field. The
Aa is defined by Aa =a — a , with o, being the polarizability parallel to the molecular
axis, and « is the polarizability perpendicular to the molecular axis. Linear molecules
like CO2z or N2O have a a; > a, and the molecules will align with the optical field.
Molecules are more efficiently trapped as 6 approaches 0, as shown in equation 2.18.
The optical centrifuge pulse is designed to have linear polarization that undergoes
angular acceleration over time of the pulse. The molecules will rotate at the same
angular frequency as the field. By angularly accelerating the polarization rotation, the
molecules will angularly accelerate as well and increase their angular momentum in a

controlled manner.
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The angularly accelerating field is formed by the combination of two counter-
rotating circular polarized pulses in both space and time. The two pulses are linearly
chirped, meaning that the optical frequency changes linearly as a function of time. One
of the pulses is positively chirped and the other is negatively chirped. The polarization
rotates with a constant acceleration equal to S, creating a steadily accelerating optical
trap to rotationally excite the molecules. The positive (w;) and negatively (w,) chirped
pulses are as shown in Equations 2.19 and 2.20 respectively, where w, is the initial
frequency of the optical centrifuge pulse.

w, = w, + Pt (2.19)
w, = w, — Pt (2.20)

The optical centrifuge has an angular frequency Q.. that is defined by the
instantaneous frequency difference between the pair of pulses as in Egs. 2.19 and 2.20.
The maximum value of Q.. is dependent on the pulse bandwidth Aw with Q4 =
Aw/2. The instantaneous frequency difference between the pair of pulses is shown in

Equation 2.21.

Qoc = %Aw = %(wl(t) — w,(1)) (2.21)
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Figure 2.7a shows the spectral profiles for the pair of oppositely chirped pulses and

Figure 2.7b shows the spectral profile of the optical centrifuge.
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Figure 2.7 a) Spectral profile of the positively and negatively chirped pulses used
to create the optical centrifuge. b) Spectral profile of the angular frequency of the
optical centrifuge (2o¢).

The optical centrifuge traps and angularly accelerates molecules at the same
frequency as Q... By relating the classical energy to the quantum energy for a rigid
rotor the angular frequency of specific rotational states can be calculated. The classical

rotational energy is given in Equation 2.22 where | is the moment of inertia and €; is
the angular frequency.

Epop = %mf (2.22)
The quantum description of rotational energy comes from an expansion of the rigid
rotor model, where B:% being the rotational constant, D is the centrifugal distortion

constant, and J is the rotational quantum number.

Eroe =BJJ+ 1) —-DUU+1)*+HJ(J +1D)* (2.23)
Equating Equation 2.22 and the first term of Equation 2.23 and solving for €, the

angular frequency of rotational states is given in Equation 2.24.
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Q = ?«/](/ 1) (2.24)

2.3.2 Generating the Optical Centrifuge Pulses

As described in the previous section, the optical centrifuge is formed using a pair
of pulses that are overlapped in space and time, with opposite linear chirps and circular
polarization. A schematic of the optical centrifuge is shown in Figure 2.8. The key
components are an ultrafast Ti:Sapphire oscillator, a pulse stretcher/amplifier, a

custom-built pulse shaper, a multi-pass amplifier, and a polarizing beam cube (PBC).

Delai

Ti:Sapphire
Oscillator

Multi-Pass

Amplifier
:| PBC
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Regenerative H.R on BBO I
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Shaper Gas Cell [
- / l
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Figure 2.8 The optical centrifuge experimental setup. A Ti:Sapphire oscillator
generates a mode-locked pulse centered at A=806 nm. The pulse is stretched in time,
given a positive chirp, amplified in a regenerative amplifier, and then spectral split in
a pulse shaper. Each pulse is amplified to 20 mJ per pulse, then recombined in space

and time by a delay stage and a PBC. The i waveplate induces opposite circular
polarization in the pair of pulses.

The ultrafast Ti:Sapphire oscillator generates a 40 fs, mode-locked pulse centered
around A=806 nm with a repetition rate of 80 MHz. The power output of the Ti:
Sapphire oscillator ranges from 330-430 mW. The mode-locked pulses are stretched in
time to 100 ps in the pulse stretcher. A positive chirp is introduced in the stretching
process. The pulse is amplified in a regenerative amplifier with a repetition rate of 10

Hz. The power of the pulse after the regenerative amplifier is 8-10 mW. In the custom-
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built pulse shaper, the pulse is dispersed off a grating, then spectral cut in half with a
knife-edge mirror at the central wavelength. The positively chirped pulse, w, is
refocused by a series of gratings then exits the pulse shaper, while the pulse containing
wavelengths 4 >806 nm, w,, the chirp becomes negative through a series of gratings
prior to exiting the pulse shaper.

Each pulse is then amplified further to approximately 200 mW in the multi-pass
amplifier (MPA). The MPA has two Ti:Sapphire crystals that are pumped with =532
nm from an Nd:YAG. The positively chirped pulse w; goes through a delay stage after
the MPA to overlap the pulses in time. The PBC is used to overlap the pulses in space.
The circular polarization of the pulses is achieved by the quarter waveplate after the
PBC. The pulses are focused to a beam waist of 53 um at the center of the cell using a
50 cm focal length lens.

Cross-correlation is used to ensure that the pulses are spatially and temporally
overlapped. The optical centrifuge beam is directed towards a nonlinear BBO Type 1
crystal to measure the sum frequency generation(SFG) of the pulses. SFG is a second-
order nonlinear process where the frequencies of w, and w, are combined to give
output light of w;+w,. In this way, the 800 nm pulses are combined to give 400 nm
light. The intensity of the 400 nm light is monitored on an Ocean Optics USB 2000
Spectrometer. When the pulses are spatial and temporal overlapped the intensity of the

combined pulses is 10 times that of the individual pulses, shown in Figure 2.9.

24



T T T T T T T L] T T T T T T T T T
15000 - ©1 @, Combined Input
- = 15000 + - 4_py = = 15000 - -
%,(t=0) = 806 nm 2,{t=0) = 806 nm
El E) El
£ 10000 - - & 10000 |- 4
ol 2 z
L ko o
£ £ =
5000 = 5000 - -
e TN b N .
380 3390 400 410 420 380 390 400 410 420 380 390 400 410 420
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 2.9 Spectra of each pulse of the optical centrifuge, w, in blue, w, in red, and
the combined pulses where then the pulses are spatially and temporally overlapped.

2.3.3 Controlling the Rotational Excitation with a Tunable Optical Centrifuge

A tunable optical centrifuge was used in the experiments described in Chapters 5
and 6. “Tuning” the optical centrifuge controls the amount of rotational energy to which
molecules are excited. Tunability is achieved by reducing the spectral bandwidth of the
w, pulse. As shown in Figure 2.10, an adjustable beam block in the pulse shaper

removes selected short wavelengths of w4, thereby reducing the spectral bandwidth and

-Qmax '

Adjustable Beam
Block

Input Beam

7 Grating

Figure 2.10 Schematic diagram showing how the optical centrifuge can be tuned by
blocking the part of the positively chirped pulse, w;.

By removing the high frequency components of the positively chirped pulse, the
angular acceleration of the optical trap is reduced since the angular acceleration

depends on the instantaneous difference between the pair of pulses. Reducing the
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spectral bandwidth can lead to damage to the MPA. To avoid such damage, the pump
power is reduced by an amount proportional to the reduction in bandwidth. Figure 2.11
shows the spectral profile of the optical centrifuge at full bandwidth and a reduced

bandwidth. The adjustable beam block is controlled with a micrometer.
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Figure 2.11 Spectral profile of the optical trap. At full bandwidth (solid blue line) the
optical centrifuge can excite molecules up to 2, = 6x10% rad s®. When the
bandwidth is reduced the optical centrifuge will only excite to roughly 2,149 = 3x10%3
rad s™. The reduced bandwidth lowers the distribution of rotationally excited molecules

2.3.4 Transient IR Spectroscopy of Optically Centrifuged Molecules

The optical centrifuge creates an ensemble of molecules with an inverted rotational
distribution and oriented angular momentum vectors. The optically centrifuged
molecules were detected with high-resolution transient IR absorption using a quantum
cascade laser (QCL) operating at 4.3 um. The QCL has tunable output between 2240-
2380 cm™ with a resolution of Av,;,=0.0003 cm™. The high-resolution QCL allows
for individual rotational states to be detected and for Doppler-broadened line profiles
to be measured. The IR wavelength is monitored on a wavemeter that is calibrated daily

with a known CO: IR transition(P76). The IR wavelength is controlled by an active
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feedback loop with a scanning Fabry-Perot etalon. The IR detectors are indium
antimonide (InSb) cooled with liquid nitrogen. The sample detector has a rise time of

200 ns and the etalon detector has a rise time of 300 ns. The IR setup is shown in Figure

2.12.
<’/’
_—
— | / Wavemeter
é Active Feedback

InSb IR Detector

y |
m 38 Lock-In
. Amplifier
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Figure 2.12 Setup for transient IR absorption spectroscopy of optically centrifuged
molecules. Two gold mirrors inside the sample cell are arranged for 11-fold multi-pass
IR detection. The IR wavelength is monitored on a wavemeter and is controlled by a
Fabry-Perot etalon.
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These experiments used a flat-flat tunable Fabry-Perot etalon with a cavity length
l. The IR wavelength is tuned by applying a voltage to a piezoelectric transducer that

is attached to one of the mirrors, as shown in figure 2.13.
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Figure 2.13 Flat-flat Fabry-Perot Etalon with two parallel gold mirrors. The wavelength
is tuned by a piezoelectric transducer that is controlled by a voltage. When the voltage
is applied the transducer will expand or contract.

The voltage has the transducer expand or contract to change the distance [ of the cavity.
The change in distance will change what wavelength will have an integral number of
half cycles causing constructive interference and fringes. The FSR for a flat-flat is

given by Equation 2.25.

c
FSR = — 2.2
S 2] (2.25)

The modulated QCL output is locked to a fringe of the etalon and the IR wavelength is

controlled by tuning the etalon spacing.
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2.3.5 Polarization Sensitive Measurements

The polarization of the QCL light is controlled with a half-waveplate. Both vertical
(s-polarized) and horizontal (p-polarized) polarization were used to detect optically
centrifuged molecules in order to measure the orientational anisotropy. The optically
centrifuged molecules rotate in the x-y plane and with angular momentum orientated
along the z-axis. Figure 2.14 shows the geometry of the optical centrifuge interaction
region. The optical centrifuge pulse propagates along the z-direction. S-polarized IR
detection measures molecules with an angular momentum component along the x or z
axis. P-polarized IR detection measures molecules with an angular momentum

component along the x or y-axis.

s-pol > Eg

p-pol

Figure 2.14 Polarization of the IR probe beam. When the IR configuration is s-
polarized the IR beam has vertical polarization and horizontal polarization when the
IR probe is p=polarized. The gray circle represents a molecule rotating in the xy-
plane with angular momentum in the z axis.

Transient absorption signals collected with s and p-polarization are used to
determine the orientational anisotropy of the centrifuged molecules. The optical
centrifuge has cylindrical symmetry about the z-axis. The in-plane transient absorption
signals are molecules with angular momentum in the z-axis. Optically centrifuged
molecules with a component of their angular momentum along the z-axis are

considered in-plane (IP) rotors. The IP component is determined by Equation 2.26.
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Molecules with a component of the angular momentum along the x- or y-axis are
considered out-of-plane (OOP) rotors. The OOP component is determined by Equation

2.27.

IP=2s—p (2.26)
00P = 2p (2.27)

The orientational anisotropy, r, is given by Equation 2.28.

r=—==r _ 270 (2.28)

" IP+OOP  2s+p

The orientational anisotropy of these high-energy extreme rotational states as they relax

through collisions becomes isotropic with r = 0.33.
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Chapter 3: Collisional Energy Transfer of Highly Vibrational
Excited Collidine(Ey;, = 38552 cm™1) via Collisions with CO;:

Correlation with State Density

3.1 Introduction

Unimolecular reactions require internal energy to overcome the reaction barrier.
Collisions that deactivate highly vibrationally excited molecules compete with
unimolecular reactions. A century ago, Lindemann identified the importance of
activating and deactivating collisions on the observed pressure dependence of
unimolecular reaction rate constants. Furthermore, Hinshelwood recognized the role of
the vibrational degrees of freedom in the rates for unimolecular reactions.?
Understanding the dynamics of deactivating collisions and the effect of donor
vibrational modes is important for characterizing high temperature environments found
in the atmosphere, plasmas, and combustion. This paper reports experiments that
investigate how the structure of highly vibrationally excited donor molecules affects
the relaxation dynamics.

A number of experimental techniques have been used to study the deactivation
of large aromatic molecules including ultra-violet absorption (UVA)*°35, kinetically
controlled selective ionization (KCSI)%¢-3 infrared fluorescence (IRF)32123%42 and
high-resolution transient IR aborption.10:11:48-51.3441-47 These techniques prepare highly
vibrationally excited molecules using pulsed UV absorption followed by non-radiative
decay. IRF studies on a variety of bath gases with toluene as the excited donor

molecule, showed that the average energy transfer step size, ((AE)), increases as the
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size of the bath molecule increases. The ((AE)) is a bulk property measure and includes
vibrational energy in the determination. As the number of vibrational modes in the
energy donor molecule increases, the ((AE)) should increase as well. KCSI
experiments also using toluene as the excited donor observed the same trend for the
average amount of energy transferred per collision, (AE).33"52The (AE) for c-propane
was 784 cm™, while for c-hexane the (AE) was 1147 cm™. This increase was also
observed for methane, ethane, and n-propane. As the number of vibrational modes
increases in the energy donor molecule more energy is transferred per collision. IRF
has also looked at the methylation of the donor molecule using pyridine. The trend of
(AE) increasing with increasing number of vibrational modes is seen with (AE)=180
cm? for pyridine, (AE)=303 cm™ for methylpyridine, and (AE)=340 cm™ for
dimethylpyridine and trimethylpyridine.>

Besides studying different bath molecules, experiments have also been conducted
on systems that increase the size of the donor molecule to investigate what effect it has
on the energy characteristics of the collisions. A transient IR absorption study showed
that for pyrazine and methylpyrazine if fitting the data to a single exponential the
average energy of downward collisions, (AE),, increases from 536 cm™ for
pyrazine/COz collisions to 682 cm™ for methylpyrazine/CO; collisions.** However, the
data does not fit well to a single exponential, using a biexponential function provides
improves the fit and provides information about both weak and strong collisions. Using
these parameters, the (AE) 4 for the pyrazine system is 990 cm™ and the methylpyrazine
has a (AE ), of 608 cm™.*® Interestingly the parameter for strong collisions, y, decreases

from pyrazine to methylpyrazine while the weak collision parameter, «, increases. As
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methyl groups are added to the donor molecules, the collisions that have lower changes
in energy are dominant. The decrease in the strong collisions was observed for pyridine,
methylpyridine and dimethylpyridine as well. 105354

Beyond determining the energy characteristics of the system, it is possible to
measure the energy transfer distribution function (P(AE)) using KCSI and IR
absorption. KCSI with toluene as a donor molecule showed that the P(AE) function
could be well approximated by an exponential function and that the (E), is linearly
dependent on (E).*® High-resolution transient IR absorption measures state-specific
product distribution and characterizes the rotational, translational, and vibrational
energy of the scattered molecules. From these data, the P(AE) curves are determined
for the vibrationally energy loss from the highly vibrationally excited donor.

Here we investigate the collision dynamics of highly vibrationally excited 2,4,6-
trimethylpyridine (collidine) with a bath of 300 K CO> molecules. We use high-
resolution transient IR absorption to probe the energy transfer. Collidine was chosen
for this study because it expands on the previous experiments on highly vibrationally
excited pyridine, 2-methylpyridine (picoline) and its isomers, and 2,6-dimethylpyridine
(lutidine). Table 3.1 lists the properties of these vibrationally excited donors considered
here, following A=266 nm light. The addition of a third methyl group increases the

number of vibrational modes, the initial energy, and the vibrational state density.
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Table 3.1: Properties of highly vibrationally excited species compared in this study

Species Pyridine Picoline Lutidine Collidine

H3C N CHs
AN N._CHs H,C CHs |

N

| S U ~
= =

CHs

Structure
kL]a 7.0 7.4 79 8.8
Number of
27 36 45 54
Modes
E,ip (cm™?)P 37930 38268 38354 38552
Effective
2875 2325 2080 1870
Tyip (K)°
State
6 x 1013 3 x 107 9 x 101° 3 x 1020
Density

a) Lennard-Jones rates calculated the constants for collidine of ¢ = 0.754 nm and
-— =553 K and COz of ¢ = 0.450 nmand -— = 190 K.
b

b
b) Vibrational energy is the sum of the thermal energy and the photon energy

c) Effective temperature at which the average energy equals the initial energy of
the photoexcited molecules.

Highly vibrationally excited donor molecules with more vibrational modes have
larger state densities. These experiments operate at internal energies where the
vibrational state density is in a quasi-continuum, > 107 states per cm™, leading to

nearly continuous AE values, figure 1la. Previous experiments from the Mullin group

have identified a correlation between the energy dependence of the vibrational state
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density and the P(AE). When the highly vibrationally excited donor molecule
undergoes a collision, the molecule changes its vibrational state. Fermi’s golden rule
describes the transition rate from an initial state to a final state because of a
perturbation. In the case of highly vibrationally excited molecules with a quasi-
continuum there is a continuous distribution of vibrational states that are available for
the donor molecule to enter and the collision itself can be considered a perturbation to
the system. This is the basis for the Golden Rule Excitation Transfer in Collisions of
High ENergy molecules (GRETCHEN) model.*® In the GRETCHEN model for
collisions where the AE >3000 cm™ the P(AE) and the vibrational state density decays
are exponential. These can be fit to an exponential decay and then the slope of each
decay,B, are correlated to each other. For CO- as a collider gas a linear relationship
between the molecules of varying initial state density and P(AE) has been observed,

shown in figure 3.1b.%*
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Figure 3.1: a) Schematic for collision induced relaxation of highly vibrationally excited
molecules at an initial vibrational energy. b) Correlation of B-parameters for P(AE) and
the state densities for a series of highly vibrationally excited molecules with a CO»
bath.
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To characterize the P(AE) and to further test the GRETCHEN model, translational
and rotational energy gains of CO- after collisions with collidine are collected. The
integrated appearance rate of scattered CO> and the depletion rate of thermally

populated CO; are reported.

3.2 Experimental

3.2.1 Excitation of the Collidine Donor

The experiments were performed using a high-resolution transient IR absorption
spectrometer described in chapter 2. The key aspects are described here. A 10 Hz
Nd:YAG laser system (Continuum) was used to optically excite gas-phase collidine
with 1=266 nm light. High-resolution, continuous wave (cw) IR light was used to
measure the transient absorption of individual CO- rotational states. A (1:1) mixture of
collidine and CO> was introduced to a 3-m flowing-gas collision cell and the total
pressure was kept at 5-10 mTorr. The UV excitation and IR probe beams were
propagated collinearly through the cell.

Photoexcitation of collidine with 1=266 nm light is followed by radiationless decay
to the ground electronic state with a quantum yield near unity. The internal conversion
lifetime is than 10 ps, based on the photophysics of pyridine and its methyl
derivatives.>>%:65-67.57-64 The viprationally excited collidine has an energy of E,;, =
38552 cm™1 based on the photon energy and the thermal vibrational energy, shown in

Equation 3.1.

Collidine(300 K) + hv(266 nm) — Collidine(E,;, = 38552 cm™1) (3.1)
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The repetition rate of the excitation pulses was reduced to 1 Hz using an external
mechanical shutter, the beam diameter was 7 mm, and the UV power was kept below
1.5 mW/cm? to avoid multiphoton excitation and limit the fractional concentration of

excited collidine to less than 10% of the total concentration.

3.2.2 Detection of CO, Collision Products
The excited collidine undergoes deactivating collisions with CO», as shown in

Equation 3.2.
Collidine + C0,(296 K) — Collidine(E,;,) + C0,(00°0,J,v) (3.2)

Here, E,;, is the vibrational energy of collidine following the collision, J is the
rotational state of CO3, and v is the velocity vector component parallel to the IR probe
laser propagation axis.

Two different IR probe lasers were used to measure transient IR absorption for
individual rotational states of CO». The first method used A Pb-salt diode laser with
output at A = 4.4 um to probe one-quantum absorption using the v; mode, as shown in
Equation 3.3.

€0,(00°0,],V) + hv(A~4.4 um) - C0,(00°1,] —1,V) for ] =58  (3.3)

The diode was used to probe CO; states with /] > 58. The spectral resolution of the
diode laser is Av;r = 4 x 10~* cm™. There were transitions probed with a mid-IR OPO
(Aculight) and a spectral resolution of Av;z = 3 x 10™° cm™. The combination band
at A = 2.8 um was used to probe thermally populated CO; rotational states with | <
50, as shown in Equation 3.4.

€0,(00°0,/,V) + hv(1~2.8 um) - C0,(10°1,] + 1,V) for ] < 50 (3.4)
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After passing through the collision cell, the IR probe beam was sent through a
monochromator (Laser Photonics) and to a liquid-nitrogen cooled InSb detector
(Teledyne Judson Technologies) with a 300 ns rise time amplifier (Perry Amplifier).
Transient absorption signals were typically averaged for 60-100 laser pulses on a 400

MHz oscilloscope (LeCroy) and transferred to a computer using LabVIEW code.

The IR probe laser wavelength was controlled through active feedback. A small
portion of the IR beam was directed through either a CO, reference cell or a Fabry-
Perot etalon and then detected with a second InSb detector and amplifier. The reference
signal was sent to a lock-in amplifier and the error signal corrected deviations in the IR
output wavelength. Line-center measurements were performed with the IR probe laser
locked to line center of a CO> transition. Doppler-broadened line profiles were
collected by measuring transient absorption signals at ~30 discrete IR frequencies. For
these measurements, the IR wavelength was locked to an etalon fringe and the etalon
was sequentially tuned across a line profile with an external voltage.

The time between collisions was 6-8 us for the pressures used in these experiments.
Nascent CO> populations were measured by collecting transient signals at 2 us (or less)
after the UV excitation pulse which is in the single collision regime. Prior to use,
collidine was purified through multiple freeze, pump, thaw cycles. Research grade CO;

(Airgas >99%) was used directly.
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3.3 Results and Discussion

3.3.1 Translational and Rotational Energy Gains of Scattered CO, Products

Figure 3.2a shows the transient absorption signals for CO2(00°0), J = 2) at line
center. The negative going signal shows net population loss from the CO, J=2 state
after collisions with the highly vibrationally excited collidine. Figure 3.2b shows the
transient absorption signals for CO(00°0), ] = 74) at line center. The positive going
signal shows net population gain for CO, J=74 state after collisions with the highly
vibrationally collidine. The Doppler-broadened line profile is shown at t = 2us for
CO. J = 2 infigure 3.2c. The Doppler-broadened line profile is shown at t = 1 us for
CO2J = 74 in figure 3.2d. The time for the Doppler profiles was determined by when
the transient absorption signals begin to curve. For the appearance of CO2 J = 74 state
the curvature starts much earlier than the depletion of the CO, J = 2 state. The time
reported is half the time where curvature is seen to ensure that scattered CO, were from

a single collision with highly vibrationally excited collidine.
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Figure 3.2 Transient absorption signal and Doppler-broadened line profiles for both
appearance and depletion. a) Depletion from the CO2 J=2 at t = 2 us. b) Appearance
of the CO, J=74 state at t = 1 us. ¢) Doppler-broadened line profile of J=2 with a
depletion temperature of 231 K. d) Doppler-broadened line profile of J=74 with an
appearance temperature 721 K.

The translational temperatures of scattered CO, molecules was determined by

fitting to a 4-parameter single Gaussian. From the Gaussian fits, the appearance and

2
mco, c? (Avobs)

depletion translational temperatures were determined using Tsyqns =
8kgln (2) \ v,

Where m, is the mass of CO, ¢ is the speed of light, kg is the Boltzmann constant,

Av,ps is the full-width at half-maximum of the Gaussian fit, and v, is the line center

IR transition frequency. The CO> rotational states with J<8 show net depletion across
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their Doppler-broadened line profiles. The depletion temperatures were Tgep= 231425
K for J=2, 211425 K for /=6, and 198+24 K for /=8. The CO; rotational states with
J=50-78 show net appearance of across their Doppler-broadened line profiles.

For CO: rotational states J = 22 — 40 both appearance and depletion were
observed. Figure 3.3a shows the transient absorption signal at line center for CO, J=22.
Net depletion is observed at line center. Figure 3.3b shows the Doppler-broadened line
profile of J=22 at t = 4 us, where appearance is seen in the wings of the profile. The
low signal to noise levels results from comparable number densities of molecules
leaving the J = 22 state and those entering as collision products. A similar fitting
procedure was followed for these Doppler-broadened line profiles. The only difference
was that to fit both the appearance and depletion portions of the profile a sum of two
Gaussians was used. The fitting was done with a constrained fit where the depletion
temperature was set to Tqep=250 K and the appearance temperature was varied between

Tapp=350-575, leading to an appearance temperature of Tapp=440+100 K.
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Figure 3.3 a) Depletion transient at linecenter for CO2 J=22. b) Doppler-broadened
line profile where both appearance and depletion are present. The appearance and
depletion temperatures are similar leading to lower transient IR signals.
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Figure 3.4 shows the measured nascent translational temperatures for CO.
rotational states J=2-78. The appearance temperatures start CO, ] = 22 — 40 are near
350 K where both appearance and depletion present in the profiles. The appearance
translational temperatures increase monotonically up to an appearance translational
temperature near Tapp=900 for J = 78. The increase in appearance translational
temperature is correlated to the recoil velocity that the scattered CO2 molecules have.
When the thermal CO, molecule collides with the highly vibrationally excited collidine
the energy transferred involves a large AE and the collision is impulsive. The
appearance translational temperatures are shown in table 3.2 for both lab frame and

center-of-mass frame.

1200 y T I T I |

X o Tdep J=78

2 — _
3 4 Tapp }

E _

g 800 ﬁ 1

£ I

o - J=22 -
T

& 400 %% -
E 77777777
5 o |
@

= 0 | 1 | 1 |

0 1000 2000 3000
Rotational Energy (cm'1)

Figure 3.4 Depletion and appearance lab frame translational temperatures for the
scattered CO- states. The gray dashed line is at 300 K.
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Table 3.2: Translational temperatures in lab frame and center-of-mass

(com) frame for CO2-collidine collisions.

CO, J State Erot (cm™)2 Trrans(1ab) (K)®  Tirans(com) (K)°
224 197.4166 440+100 492+106
32¢ 411.9925 350+100 369+106
401 639.6004 400+100 437+106
50 994.1913 522+162 604+172
58 1333.7679 467453 529456
60 1426.4153 566110 664128
68 1827.9724 750458 914162
70 1936.0953 683454 823457
74 2161.6091 756+90 923496
76 2278.9963 929+110 1158+117
78 2399.4680 889+168 1104+179

2 Rotational Energy from the HITRAN database for CO2(00°0) in wavenumbers
b Translational temperatures in the laboratory frame
¢ Translational temperatures in the center of mass frame are calculated using the

Equation: Teyans(com) = Tgrans(lab) + (Terans(lab) — Tp) mmfﬁf where T =
296 K, mc,, is the mass of COz and moyiqine 1S the mass of collidine.

d Translational temperatures for J=22-40 are estimated from a constrained double
Gaussian fit with depletion temperatures set at 250K

Our goal was to measure the full distribution of scattered CO> molecules.
Appearance profiles were quantified for CO. rotational states J>40. For rotational
states with J<40, the appearance signals had insufficient signal to noise to acquire

accurate population measurements. The nascent rotational distribution is presented in
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Figure 3.5 as a semi-log Boltzmann plot. Three rotational distributions were measured,

yielding a nascent rotational temperature of T,.,; =511+106 Katt = 1 us.
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Figure 3.5 Nascent rotational distribution of CO2 (00°0) from collisions with highly
vibrationally excited collidine.

3.3.2 Energy Transfer Kinetics of Highly Vibrationally Excited Collidine and CO>

Energy transfer rate constants were determined for both the depletion and
appearance of COa. J-specific energy transfer rate constants for the vibration-to-
rotation and translation pathway were determined based on absolute rate measurements
and the nascent rotational distribution.

Bimolecular rate constant, k{ , for appearance of CO. in a particular J state is

defined by Equation 3.5.

Ale0: 00%0')] _ 1) [cottidine (Eyin)],[C0,(300 K], (3.5

Where k% is dependent on the number density of excited collidine, [Collidine(E,;,)],,
and the initial CO in the collision cell, [C0,(300 K)],. Populations of individual CO>

states were determined by using known absorption strengths and integrated Doppler-
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profiles. The number density of excited collidine was kept around 1 X

1013 molecule cm™ and the CO; number density was kept around 2 X

10'* molecule cm~3 .

An absolute rate constant was determined using the J=74 state. The kJ of J = 74

was measured to be kg, = (8.1 + 1.6) X 10" B3cm3molecule ts™! as shown in

app

Figure 3.6a. An integrated rate constant can be determined using the measured

rotational distribution and Equation 3.6

N @+ T
+ e KBlrot
k] = k" x X 3.6
Z 22 Q2xref+1)" _ Erer (3.6)
J=0 e kBTrot

Here, k;ef is the measured appearance rate of J=74, the reference state used. Using the
rotational temperature for the scattered CO2 products of Tr=511 K and extrapolating
over CO; rotational states up to J=78 leads to an integrated rate constant k;,,; = (1.0 +
0.3) X 10~ %cm3molecule™ts~1. The integrated rate is in good agreement with the
calculated Lennard-Jones collision rate of 8.8 x 1071° cm3molecule s,

The depletion rate constant was measured for the CO, J=2 state and determined by
Equation 3.7. The key difference between the appearance and depletion rate Equations
is the number density of CO> for depletion is only dependent on the state that was

measured.

HRBRKIZDN = —kyeplCollidine(Eyip)],[C0,(300 K, ] = 2)] (3.7)

The depletion rate constant from the CO, J = 2 state was determined to be kg, =
(9.4 4+ 3.0) x 107 % m3molecule™'s™* as shown in Figure 3.6b. With

kpj~kgep~kins the dominant relaxation pathway for highly vibrationally excited
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collidine undergoing collisions with CO, (00°0) is the vibration-to-rotation and
translation (V-RT) pathway and there is little energy transfer into the vibration-to-

vibration (V-V) pathway.

§ _ 12 a T |‘ T . T T ‘| T ‘| ‘9 _ 20 [ b T ] T ‘| ] T :_
5PN R VO I A : :
8 - 9r ora® 4 o v ° .\ i c 15 | 1
BTG [t S Tl [ S g
8 = .} . @ l ..c |‘ © £ o o . }. . L
2. 6r | | 4 e 107 e fe 1
& § | | | |1 2§ L | see o, " H
- - | | T o L | o . T
Te e S Sy | g
=) | | 18 e - | -
&= L 18 % | -
© oF + + + +—+—+—+—F 1
T 15e13F , | . ! 1§ 1e9r... | H
k= 0.0 "-' ot *" . ey . ."- .'.' =] 0 L) "'“'e'...-'gi-‘ - L .
S 15613 L A I . PatterT e Nt
14 ) * L ‘ 1 1 1 ’ 1 E o -le-9 1 ] 1 ‘ 1 1 I_
0 10 20 30 40 0 10 20 30 40
Measurement Number Measurement Number

Figure 3.6 Measurements in sets of 10 for the appearance and depletion of CO.. a)
Appearance of scattered CO; into the J=74 state. b) Depletion of thermally populated
COz in the J=2 state.

3.3.3 Role of Donor Vibrational State Density to Collisional Deactivation

A comparison of the energy transfer data for pyridine and its methylated derivatives
shows that increasing the number of vibrational modes (while keeping the total internal
energy nearly constant) leads to reduced rotational and translational energies in the
scattered CO2 shown in figure 3.7a,b. Increasing the number of methyl groups present
on the donor molecule also increases the number of low frequency torsion modes. The
increase in low frequency modes lowers the average energy per mode seen in figure
3.7c. The lower frequency mode enhances the efficiency of the energy transfer in
collisions, increasing the appearance rate.®® For the methylated pyridines the increase

in appearance rate is observed as well and shown in figure 3.7d.
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Figure 3.7 Comparison of pyridine and its methyl derivatives. a) Translational energy
gains of the scattered CO. b) Rotational energy gains of the scattered CO.. ¢)
Average energy per vibrational mode of pyridine and its methyl derivatives following
A=266 nm excitation. d) Integrated appearance rate for CO, J=0-78 following
collisions with the donor molecules. Pyridine, picoline, and lutidine were extrapolated
from high-J data in reference 54. The error bars represent 25 percent error.

The translational and rotational energy gains of the scattered CO> product states is
highest for pyridine. With the addition of the first methyl group on the pyridine ring
there is a sharp decrease in both energies imparted via collisions with the donor
molecule. The addition of subsequent methyl groups shows little effect on the energy

gains of the scattered CO> products. For the methyl derivatives, picoline had a
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rotational temperature of 616460 K and lutidine had a rotational temperature of
528450 K. The measured rotational distribution of collidine has a rotational
temperature of 511+100 K.

Where each of the methylated donors differ is in the integrated appearance rate
constants of the scattered CO, products. The enhancement from the methyl group on
the appearance rate is clearly seen with the CO> scattered via collisions with collidine,
which have an integrated appearance rate constant ~15 times that of pyridine. The
addition of vibrational modes is effectively vibrationally cooling the molecule with a

vibrational temperature of T,rr = 1870 K for collidine which is 1000 K less than

pyridine. The low frequency torsion modes are responsible for the increase in the
integrated appearance rate. These modes have the highest energy per mode in the highly
vibrationally excited donors. The increase in integrated appearance rate constants is

also seen between benzene and toluene with several different collision partners.5®

3.3.4 Probability of Energy Transfer and the GRETCHEN model

The highly vibrationally excited pyridine donors considered here have a quasi-
continuum of vibrational states. The state densities were calculated by the Beyer-
Swinehart algorithm, which is a direct counting of all possible state combinations at a
given internal energy.”® From Table 3.1, the vibrational state density increases with

each successive methylation.

From the state-specific appearance rate constants and the center of mass
translational energy, the P(AE) was determined. The essential steps include

determining the J-specific appearance rate, the center-of-mass translational
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temperature, and the final velocity of the CO2 product state molecule. The P;(4E)
function is shown in Equation 3.8, with v, the final velocity of the CO, u is the reduced

mass of collidine and CO», T,,, is the center-of-mass translational energy after

collisions.

J

k L ) 1

u 2 T\ 2k,T,
P,(AE) = 4 2—2<—) bleom ) _— 3.8
]( ) nvf (kL]> 2kacom ¢ .uvf ( )

The P](AE) function was determined for every CO; rotational state J = 0-78, and then
summed to obtain the full P(AE) distribution. Three of the individual P(AE) curves
are shown in Figure 3.8a. In the largest AE region of the graph where AE>3000 cm
the P(AE) curves of the full distribution, Figure 3.8b, and just the CO> rotational
states used in the rotational distribution are nearly identical. In the AE>3000 cm™

region the P(AE) function displays exponential behavior.
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Figure 3.8 Energy transfer distribution function P(4E) a) Individual rotational states,
P;(AE) for J=60,70, and 78. b) Sum of rotational states P(AE) curves. The inset shows

the P(AE) slope depending on the CO; states used between 4E=2500-12000 cm™. For
the P(AE) the J=0-78 data was used.
A numerical integration of the P(AE) give the average energy lost per collision

(E)q = 250 + 50 cm™. An IRF study on collidine and CO; collisions observed the

(E)g = 340 + 20 cm™ at an average bulk energy of (E) = 25000 cm™. The initial
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energy of the collidine when excited at A=266 nm is E,;;, = 38552 cm™. By the time
the (E) = 25000 cm™ multiple collisions have occurred and broadening the P(AE)
distribution.

As the donor molecule is relaxed via collisions, the AE distribution of the state
densities is an exponential decay. The slope of the decay, j8,, is correlated with decay
of the P(AE) which is called the GRETCHEN model. In order to test collidine on the
GRETCHEN model the decay of vibrational states densities (p(E — AE)), as shown in
Figure 3.9a was taken for AE =0-12000 cm™, and then linearly fit. The slope, 5 values,
of the high energy portion of the In(P(AE)) curve is S,ps = 1.39 x 1073 cm™ and the
slope of the ln(p(E - AE)) is B, =84x107* cmt. Comparing the relationship of
these slopes to other previously reported donor molecules and CO3 collisions show an
excellent agreement with the linear relationship between the P(AE) function for the
donor and the state density of the donor molecule after the collision as predicted by the

GRETCHEN model, shown in Figure 3.9b.
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Figure 3.9 a) The decay of vibrational state density for collidine when the AE < 12000
cm. The slope is the B, used in the GRETCHEN model. b) GRETCHEN model of

other highly vibrationally excited donors and CO: collisions. The current paper is
shown in the red circle.

The GRETCHEN model is an empirical model that has been used to demonstrate
the correlation between the vibrational state density and the P(AE) function, for
aromatic donors and a thermal bath of CO2. The GRETCHEN model can be used to
improve future kinetic modelling. Thus far, a large range of vibrational state densities
have been studied and the correlation is linear, with the lowest state density being on
the order of 10'? with pyrazine. It would be interesting to investigate if the linear
correlation is observed where donor molecules have vibrational state density that is not
a quasi-continuum.

The role of state density and the number of vibrational labs is clear. The collisional
energy transfer has a statistical behavior dependent on the size of the donor molecule.
The larger molecules have more internal energy and higher vibrational state density but
less average energy per vibrational mode. However, these molecules also relax faster
due to the increase in low frequency modes and the quasi-continuum of vibrational

states that can be the final state after a collision.
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3.4 Conclusion

We have investigated the full energy transfer distribution of highly vibrationally
excited collidine and thermal CO collisions using high-resolution transient IR
absorption. Collidine was the fourth molecule studied in the series of methylated
pyridines. As the number of vibrational modes increases with each molecule so does
the vibrational state density. The addition of a methyl group to pyridine decreases both
the translational and rotational energy gains of the scattered CO2, molecules.
Subsequent methylation of the donor has only a small effect on both translational and
rotational energy gains. The overall integrated appearance rate of the highly
vibrationally excited donors increases for each additional methyl group added with
collidine having the highest observed rate. The integrated appearance rate and the
depletion rate indicate that the V-RT pathway is the main relaxation channel. The
methyl group adds low frequency modes which increases the efficiency of collisional
relaxation. Collidine has the highest state density of pyridine molecules studied thus
far. The GRETCHEN model was tested and the linear correlation between the decay in
vibrational state density and the P(AE) was observed. This provides both qualitative

and guantitative analysis for collisional energy transfer.
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Chapter 4: Energy-dependent Photodissociation of SO, C-state with 220-
212 nm light: Transient Product State Spectroscopy and Multireference
Electronic State Calculations

Author List: Paul B. Diss, Christopher R. Lukowski, Andrew J. Pommersheim and
Amy S. Mullin performed the experiments, Jacek Klos and Millard H. Alexander
performed the theoretical calculations

4.1 Introduction

Sulfur dioxide, SO, is an important species in the atmosphere of Earth and has
been detected in the interstellar medium. SOz is found in the troposphere, absorbs solar
UV rays from the sun, and when combined with water vapor increases the acidity of
rain. After UV absorption, SO, can undergo photodissociation, producing both SO and
oxygen radicals. SO in the C('B,) state (denoted as C-state here) undergoes
predissociation with A = 165 to 220 nm light. It has been proposed that isotopic
differences in the predissociation dynamics could explain the observed isotope
differences in the early Earth rock record.”*" Here, energy-dependent
photodissociation experiments at five wavelengths between 1=212 and 220 nm and ab
initio calculations on the photodissociation dynamics for the main isotope 32S'%0, are
presented.

Dissociation from the SO, C-state has been the focus of numerous experimental and
theoretical investigations, but a full understanding of the dynamics remains elusive,
highlighting the complexity of the C state. Figure 4.1a is taken from Jiang et al. and
shows the complexity of the C state,”* and Figure 4.1b shows a single slice of the C

state, calculated by Klos and Alexander for this paper. The C-state correlates
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diabatically to the SO(3'A) + O( 1D) products as shown in Figure 4.1b, but coupling
with the SO (D "A") state leads to the lower energy channel of SO(X *z~) + O( °R)
products. The potential energy curves in Figure 4.1b using multireference configuration
interaction and include single and double excitations with the Davidson correction
(MRCI-F12+Q) at a fixed Jacobian bond angle of 104.3°, the X state equilibrium
angle.” The gray band in Figure 4.1b corresponds to the range of C state excitation
energies used here, and the inset shows that these energies are not sufficient to
overcome the dissociation barrier that results from coupling with the D state. The
repulsive 2(3A") triplet state, also shown in Figure 4.1b, crosses the C-state at a lower
energy, and is a candidate for dissociative coupling at lower photon energies. The effect
of spin-orbit coupling in the excited electronic states will lead to a lowering of the

energy barrier, allowing for dissociation to proceed.
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Figure 4.1 a) Full potential surface for the SO2(X) state and the SO,(C) state from Jiang
et al.”* b) Potential energy curves for SO, at a fixed Jacobi angle of 104.3°, the
equilibrium value for the SO2(X) state. Coupling of the C state with the D state near
R=4.4 Bohr results in an energy barrier that is higher than the range of photolysis
energies used in the experiments (shown as a gray band). The inset zooms in on the
barrier region. A repulsive 2(*A) state crosses the C state below the energy barrier,
suggesting that spin-orbit coupling may be involved in the dissociation.

54



The spectroscopy of the SO, C 1B, « X 'A; band and the subsequent dissociation
dynamics have been studied with numerous experimental approaches.**?2 Product state
distributions measured at several wavelengths indicate that the dissociation mechanism
is wavelength dependent. The vibrational distribution for the SO(3x~) products
becomes inverted as the photolysis wavelength is tuned from 207 nm to 202 nm.’®
Other studies using 193 nm excitation report inverted and bimodal vibrational
distributions with varying amounts of rotational excitation.”®"°

Each SO product rotational state N is split into three ] states by spin-rotation
coupling. The spin-rotation coupling can be parallel or perpendicular. If the coupling
is parallel and vectors can be additive with J =N + 1 which corresponds to the F; spin-
manifold, or subtractive with J = N — 1 which corresponds to the F5 spin-manifold. If
the coupling is perpendicular J=N which corresponds to the F2 spin-manifold. Becker
and coworkers showed that spin-polarized SO products favoring F» states (with J=N)
were observed for photolysis of a jet-cooled sample at the dissociation threshold.®
Kanamori et al. observed at 193 nm photolysis with an initial 300 K SO, sample the Fy
and F states of the SO products were favored.

A simple comparison of the results above is not possible because of experimental
differences. Becker et al. used a jet-cooled sample and the SO, only had 20 cm™ of
product energy. Kanamori et al. used a 300 K sample and 1=193 nm photolysis which
corresponds to over 6000 cm™ of product energy. Ebata et al. measured the emission
and absorption of jet-cooled SO, and 300 K SO,. Broad spectral features were present
at 300 K, but the jet-cooled sample had narrow spectral features.*® Spin-polarization is

also observed in the O atom of the photoproducts. The O atom electronic states are split

55



by spin-orbit coupling, and spin-polarization is reported to be 91% in ] = 2 for E,, =
345 cm™ and 83% in ] = 2 when E,, = 740 cm™ for excitation at 217 nm but are
statistical at 193 nm, 18- 8283

Various coupling mechanisms have been invoked including internal conversion to
the XA, state, intersystem crossing to the repulsive 23A’ state, and non-adiabatic
coupling with higher energy repulsive states. A single mechanism has not been
determined and the mechanism appears to depend on the excitation wavelength.’®"

The SO, C-state is metastable with a lifetime near the dissociation threshold of 45
ns and drops to 10 ps at A=193 nm. Photofragment studies find anisotropy values of (3
= 0 for photolysis at =193 nm and between A=202 nm and 207 nm, consistent with a
long-lived dissociative state.’®%8 The C-state has several interesting features.
Spectroscopic measurements and recent theoretical work show that the v3
antisymmetric stretch has an unusually low frequency near 220 cm™, with large
anharmonicity and a double well potential along the vs mode.88 The C-state
absorption spectrum does not have regular vibronic band progressions and dispersed
emission intensities vary with the vibrational symmetry and photolysis wavelength.®

The extent to which the C-state is excited before dissociation will depend on the
Franck-Condon-active modes and the extent to which those modes are coupled in the
C-state. When triatomic molecules predissociate from long-lived complexes, the
product rotational distributions are influenced by the molecular geometry at the
transition state, vibrational structure, state-coupling matrix elements, and dynamical

effects in the exit channel arising from anisotropy of the potential energy surface.%
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Potential energy curves were calculated by our collaborators Dr. Jacek Klos and
Dr. Millard Alexander as a function of molecular geometry and electronic state
coupling to give insight into the dissociation process. By measuring the SO product
state distributions as a function of C-state internal energy and comparing with the
calculations, we learn about SO, dissociation near the threshold, including the
transition state geometry and the dissociative coupling mechanisms.

The photodissociation experiments used a tunable, pulsed UV light source with
output from 220 to 212 nm to initiate SO, photodissociation and a high-resolution
transient IR absorption spectrometer to measure the nascent SO(v=0) and SO(v=1)
product distributions. Doppler profiles for individual SO(v=0) product states were
measured at five discrete photolysis wavelengths to determine the initial vibrational
energy of the photo-excited SO, based on the product velocity distributions and
conservation of energy. Nascent rotational distributions were measured for SO(v=0) at
five UV wavelengths, yielding the product energy partitioning and its energy

dependence.

4.2 Experimental

4.2.1 High-Resolution Transient IR Absorption Spectrometer

A full description was presented in Chapter 2. Here, the key experimental
components are summarized. The experiments were performed using a high-resolution
transient IR overtone absorption spectrometer coupled to the tunable, pulsed UV-
pumped OPO. The main components are a 10 Hz Nd:Y AG-pumped OPO, a modulated

single-mode IR lead-salt diode laser with high-resolution output at A ~ 4.4 um, and a
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300-cm long Pyrex flowing-gas photolysis cell. The SO products were detected with
state-resolved transient IR overtone absorption. Light from the OPO and the IR laser
was propagated collinearly through the photolysis cell. Both light sources are linearly
polarized. The SO> pressure was 20 mTorr at 296 K under constant flow conditions and
the average time between SO/SO:> collisions was approximately 3 ps. A mechanical
shutter reduced the UV repetition rate to 1 Hz to allow the sample cell to refresh
between UV pulses. Transient SO signals were averaged on a digital oscilloscope for
100 measurements and nascent product distributions were determined att = 0.6 ps. SO>
(X < C) fluorescence was collected with a photodiode adjacent to the photolysis cell
and the UV absorption was monitored simultaneously.

The OPO (Continuum Horizon) has a tunable output from 1=193 nm to 2700 nm
with a pulse width of 5 to 7 ns. For the wavelength range used here (212 nm to 220
nm), the spectral resolution was AAyy = 0.05 nm (Avyy ~10 cm™) and the pulse energy
was between 3 and 5 mJ. The IR diode laser has tunable output near A ~ 4.4 um and a
spectral resolution of Av;g = 0.0003 cm™. Transient IR absorption signals were
collected on an InSb detector with a 300-ns rise-time amplifier. The IR light was
modulated at 1 kHz and the laser output wavelength was locked to a fringe of a tunable
Fabry-Perot etalon with a lock-in amplifier. Known CO; and N;O transitions were used
for locating SO probe transitions.

Transient IR absorption signals were obtained by collecting IR absorption (AI) and
transmitted (1) intensities on a 4-channel 200 MHz digital oscilloscope, averaging over
100 laser shots. Transient signals were transferred to a data acquisition computer using

LabVIEW code.
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4.2.2 Onset of Photodissociation and Probing SO products

At 300 K SO, has highly structured UV absorption.”* Below the dissociation
threshold, SO, fluorescence is observed. Figure 3.2a shows the structured SO
absorption spectrum between 224 and 212 nm, in steps of AA=0.1 nm. Figure 3.2b
shows the fluorescence excitation spectra, where the onset of predissociation near 220
nm leads to a sharp reduction in emission intensity.?” Nascent SO product distributions
were measured at discrete UV wavelengths corresponding to five SO2 absorption
peaks, shown by the dashed lines in Figure 4.2a, at A = 212.0, 213.7, 215.3, 217.2, and
218.9 nm. Action spectra were measured in UV steps of AA=0.1 nm. At 296 K, the
vibronic transitions either start with the SO vibrationless ground state (000) or from
one quantum in the bend (010), corresponding to hot band absorption. The fluorescence
of the excited SO> was measured, and the predissociation is observed at A=220.7 nm,

this agrees with previous measurements.’
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Figure 4.2 a) Absorption spectrum of SO, measured in wavelength steps of 0.1 nm.

Wavelengths used for SO(v=0) product distributions are A;=218.9 nm, A,=217.2 nm,
A3=215.3 nm, A,=213.7 nm, and A5=212.0 nm b) SO, fluorescence excitation spectrum
showing the onset of predissociation near 220 nm.
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The photolysis experiments involve three steps. The first step is photoexcitation

to the C state, as shown by Equation 4.1.
SO, (X 'A;,296 K) 4+ hv (A = 212 — 220 nm) — S0,(C 'B;) (4.1)
The second step is predissociation from the C state, leading to SO( *2~) and O( *R)
products, as shown in Equation 4.2.
S0,(C 'B;) — SO( *z7,v,N,],vel) + O( °P)) (4.2)
Here, v is the SO vibrational quantum number, N and ] are the rotational and angular
momentum quantum numbers, respectively, and vel is the fragment velocity. The third
step is the detection of the SO products using IR overtone absorption probing, as shown
in Equation 4.3.

SO(*27,v,N,J,vel) + hv (A ~ 4.4 pm) — SO(*2~,v+2,N+ 1,J+ 1,vel) (4.3)
IR frequencies and spectral constants for SO( 3%, v) overtone transitions were
reported previously by Burkholder et al.%

Transient IR fractional absorption signals for individual SO(v=0) spin-rotation
states up to N = 36 were collected following SO2 photolysis. Figure 3.3a shows the
transient IR fractional absorption (at line center) for the SO(v=0) ] = N = 18 products
resulting from photolysis at 215.3 nm. The transient signals are prompt relative to the
instrument response time and remain constant for several ps before the photoproducts
undergo collisional relaxation, subsequent reactions, and/or diffusion, as shown in the
inset of Figure 4.3a. Transient IR absorption features for spin-rotation states are
resolved at t = 0.6 us signals for the SO(v=0) N=18 spin states following photolysis, as

shown in Figure 4.3b. The number densities of SO(v) product states were determined
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from transient absorption signals using calculated Einstein A coefficients from Dr.

Jacek Klos. The Einstein A coefficients are described in Appendix Al.
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Figure 4.3. a)Transient IR absorption signal for SO(v=0) ] = N = 18 following SO
photolysis at 215.3 nm. The inset shows the long-time decay. b) Transient IR
absorption spectrum for the N = 18 spin-rotation states of SO(v=0) products at t = 0.6
us following SO dissociation at A=215.3 nm.
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4.3 Results and Discussion

4.3.1 Doppler Profiles of SO(v=0) and Total Product Energy

Energy-dependent photolysis studies rely on knowing the SO, C-state energy
before dissociation. Energy conservation determines the total product energy, E, is
given by equation 4.4.

Epr = Erot(SO2) + Eyip(SO2) + E(hv) — Dy = Ejp(SO) + Eo(0) + Er  (4.4)
The average SO rotational energy is E,.(S0,) = 308 cm™ at T=296 K. The SO
vibrational energy E,;,(SO,) is either 0 or 518 cm™, depending on whether the
photoexcitation transition starts in the (000) or (010) state of SO,. The UV photon

energy is E(hv) and the dissociation energy is Dy=45725.3 cm™.8 The combined

rotational and vibrational energy of SO is E;,;(SO), the O-atom spin-orbit energy is
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E;h:(0), and the fragment center-of-mass (COM) kinetic energy is E... Photolysis
wavelengths of 1=220 to 212 nm correspond to E,. values up to 5400 cm™. The
possible O( *Py) energies are E;,(0)=0 cm'* for ] = 2, 158 cm™ for ] = 1, and 227 cm
! for ] = 0. Previously, O atom product yields were reported as 91% in ] = 2 for E,,,
=345 cm™ and 83% in ] = 2 when E,, = 740 cm ™%

Transient Doppler profiles were measured for individual SO(v=0) product states at
five photolysis wavelengths to establish values of E,.. The Doppler profiles depend on
the experimental geometry, the angular distribution of the photoproducts, parent
velocity distribution, and product relative velocities.*** The photolysis involves a
parallel electronic transition, the IR propagation vector is perpendicular to the UV
polarization, and the photoproduct angular distribution is isotropic based on the long-
lived SO C state. The fitting expressions use an error function formulation to convolute
the parent velocity distribution and the product velocities, as described in detail in Refs.
96 and 97.%9” The SO Doppler profiles were fit with six possible product velocities,
corresponding to two possible initial SO; states, either (000) or (010). The O atom was
assumed to be in its ground state 3P, with an Ein=0. Transient IR Doppler profiles at
t=0.6 us are shown in Figure 4.4-c for either SO(v=0) F, N=8 or N=18 for three

photolysis wavelengths, along with the best fit results and the residuals.
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Figure 4.4 a-c) Upper plots show transient IR Doppler profiles of individual rotational
states of SO(v=0) at t=0.6 ps for three photolysis wavelengths collected at 20 mTorr
pressure, along with Doppler fitting results (solid lines) and residuals. Lower plots
show time-dependent line widths (FWHM) for the line profiles. The blue and red
dashed lines indicate line widths associated with photoexcitation of SO; in the ground
vibrationless state (000) and the excited bend state (010), respectively. The data for d)
and e) were collected at higher pressures, and the red and blue curves extrapolate to
line widths for the hot band or ground state absorption.

The data in Figure 4.4 show that SO- is photoexcited at A;=218.9 nm from the (000)
state and that at A,=217.2 nm and A;=215.3 nm, photoexcitation is initiated from the
SO, (010) state. Doppler profiles of SO(v=0) states for A, and Az, are shown in Figures
4.4d and 4.4e, along with the fitting results and residuals. The SO2 pressure was
increased to 60 mTorr for these data to increase signal levels. In the lower plots, the
time-dependent FWHM linewidths for A,=213.7 nm shows the effect of collisional
relaxation and are fit as an exponential decay from t=0 starting with the calculated line
width from either SO2(000) or (010) photoexcitation. The A;=212.0 nm time-dependent
FWHM linewidths do not show collisional relaxation and indicate that the SO»(000)

state is involved in the A5 absorption.
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The Doppler profile analysis establishes the values of E¢ and E. at the five

photolysis wavelengths and the resulting energies are listed in Table 4.1. The values of
Ec and E; for A5 are lower limits, based on the assignment of absorption from SO

(000).

Table 4.1 Energies (in cm™) for SO, Photodissociation

Excitation (nm)  E(hv) Eyip (S0,)? Ec Epr”
A =218.9 45683 0 3418 266
Ay =217.2 46040 518 4294 1141
A3 =215.3 46447 518 4700 1547
Ay =213.7 46816 518 5047 1895
As =212.0 47170 0° 4904 ° 1752°

@ Based on analysis of time-dependent Doppler line widths.
® Using E;,¢(O) = 0.
¢ Lower limits to E¢ and Ej, based on assignment of SO, (000) absorption.
4.3.2 SO(v=0) Rotational Energy Distributions and Spin-Rotation Branching Ratios
Nascent SO(v=0) rotational distributions from SO photolysis were measured as a
function of wavelength and are shown in Figure 4.5 as semi-log plots. Each distribution
was measured at least three times. Nascent populations were determined from transient
signals at t = 0.6 us and included contributions to Doppler line broadening. Figure 3.5
also shows the SO absorption spectrum along with photolysis wavelengths, internal

energies in the C-state (Ec), and total product energies (Epr)- At low photolysis

energies, the SO(v=0) products are limited to low rotational states by the small values
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of E,, but as the C-state energy increases, the SO(v=0) products are formed in higher

rotational states and the distributions broaden for each SO spin-rotation manifold.

Photolysis Wavelength (nm)
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Figure 4.5. Nascent rotational distributions of SO(v=0) F,, F,, and F5 states from SO
C state photolysis at five UV wavelengths. The SO, absorption spectrum is shown on
the left, with the excitation wavelengths, internal energy in the C-state (E) and the total
product energy (Ep;).

Nascent rotational temperatures, Ty, for the SO(v=0) products were determined
from the slopes of the semi-log plots. Figure 4.6a compares the nascent rotational
temperatures as a function of the available product energy for the three spin-rotation
manifolds. Within uncertainty, no substantial differences are seen among the spin-
rotational manifolds at a given photolysis energy. The rotational temperatures generally

increase as a function of the total product energy.

65



a) SO(v=0) Rotational Temperatures

b) SO(v=0) Branching Ratios
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Figure 4.6. (a) Nascent rotational temperatures of SO(v=0) products, based on
rotational distributions shown in Figure 3.5. (b) Branching ratios for the SO(v=0) spin-
rotation manifolds.

The branching ratios for the SO(v=0) spin-rotation manifolds were determined
using the rotational temperatures and number density measurements for each spin-
manifold. Figure 4.6b shows that the product branching ratios are approximately one-
third for the three spin manifolds and independent of the available product energy, for
the photolysis range studied.

Our results differ from those reported by Becker et al. and Kanamori et al.”"®
Becker et al. reported spin-polarization of the SO product states for photolysis near the
dissociation threshold, but this experiment was performed from a jet-cooled sample
with only 20 cm™ of total product energy. Threshold photolysis at 296 K increases the
available product energy and leads to a lack of spin-rotation polarization. In other
experiments by Kanamori et al. using 4=193 nm and a 296 K sample, the product
energy is 6,000 cm™ and the SO products are observed, although with different

manifolds found relative to the threshold studies. This comparison shows that the

product state distributions depend on the C-state energy, which directly results from the
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thermal energy in the X-state and the photolysis wavelength. As the photolysis energy

increases, more electronic states are available that can lead to dissociative coupling.

4.3.3 Product Energy Partitioning

The product energy partitioning between rotation and translation was determined
using the rotational energy distributions and the total product energy. The average total
SO(v=0) rotational energy, ES%, is determined using the observed nascent rotational

temperatures and Equation 4.5.

Erot = Z](N]/Ntot)Erot,] = Z](g]e_Emt']/kBTmt/Qrot)Erot,] (4.5)

Here, g; is the degeneracy of the | rotational state, E; is the energy of the J state, kg
is the Boltzmann constant, and Q. is the rotational partition function at T.,;. The
average total translational energy is based on the conservation of product energy, as
shown in Equation 4.6.
Etr' = Epr — Erot (4.6)
Figure 4.7a shows the rotational and translational energy partitioning for the
SO(v=0) products as a function of Ey,.. The slopes yield the fraction of product energy
in rotation and translation, respectively; these values are plotted in Figure 4.7b as a
function of product energy. We find that 79% of the product energy is in translation
and 21% is in SO rotation, and that this ratio is the same for the three SO(v=0) spin-
rotation manifolds. The observation that the photodissociation products have nearly 4-
fold more translation than rotation is consistent with dissociation from a linear

transition state. The equilibrium bond angle of the SO, C-state is 104.3°, and these data
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indicate that the SO2 bond angle must open up before dissociation occurs. The energy
partitioning between translational and rotational is an upper limit. If the O atom product

is excited, less energy will be in the translational energy of the photolysis products.

a) Energy Partitioning b) Fractional Energy Partitioning
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Figure 4.7. Energy partitioning of the SO(v=0) spin manifolds as a function of total
product energy. (a) Product energies are partitioned approximately four-fifths in
translation (red triangles) and one-fifth in rotation. (b) The three SO spin-rotation
manifolds have similar fractional energy partitioning.

4.3.4 Ab Initio Calculations of SO, Electronic States

The predominance of translational energy in the SO(v=0) products indicates that
the SO, transition state configuration is linear, or nearly so. The overall similarity in
energy partitioning for the three spin-rotation manifolds of SO indicates that the
electronic coupling matrix elements for predissociation are not strongly dependent on

the SO spin-rotation coupling. The predominance of product translational energy over
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rotation also highlights the impulsive forces present in the dissociation transition state
and points to a repulsive state as a likely candidate for the non-adiabatic coupling that
leads to dissociation.

Figure 4.8a shows idealized SO> potential energy curves at two fixed SO, Jacobi
angles. The inserts show the potential energy curves in the region of dissociation
occurs. The experimental energies in this paper are shown in gray. The top curves have
fixed bond angle of 8=104.3°, corresponding to the equilibrium bond angle of the X-
state. The lower curves have a fixed bond angle of 6=179.5°, based on the observed
SO product energy partitioning. The range of experimental energies is shown in gray.
The energies have been scaled to the minimum in the C-state for 6=104.3°, where the
Franck-Condon overlap allows for excitation from the ground electronic state. The
resulting barrier to dissociation in the bent geometry lies higher in energy than the
region probed in this study. Increasing the Jacobi angle to 6=179.5° results in a
decrease in barrier height and shows that dissociation can occur via coupling to the
repulsive triplet state (2°A’) shown in green. However, the barrier energy is still higher

than the experimental photolysis energy.

Additional calculations were performed that included spin-orbit coupling for both
geometries. Figure 4.8b shows the same potential energy curves with the addition of
spin-orbit coupling. When the SO is in the bent geometry the energy barrier for
dissociation is still too high for dissociation to occur. With spin-orbit coupling and a
linear, 6=179.5°, SO, geometry the C-state and the repulsive 23A’ state interact at a
Jacobi distance of 4.2 Bohr, lowering the dissociation barrier such that dissociation will

proceed at our experimental energies near the dissociation threshold.
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a) Non-relativistic Potential Energy Curves b) Spin-orbit Potential Energy Curves
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Figure 4.8 a)The potential energy curves for SO dissociation in bent and linear
geometries. When the SO is bent dissociation cannot proceed over the barrier. With a
relaxed angle, the dissociation can proceed via the repulsive triplet state. b) The
potential energy curves for SO, with spin-orbit coupling included in the calculation.
The C state interacts with the repulsive triplet state around 4.2 Bohr, lowering the
dissociation barrier. The gray shaded area indicates the range of experimental energies
scaled to the C state minimum for the bent geometry in both.

The product energy partitioning in Figure 4.7 and the potential energy curves in
Figure 4.8 show that spin-orbit coupling is key to SO, C-state dissociation for
photolysis energies near threshold. We investigated this phenomenon further by
performing MRCI calculation of the C-state that include spin-orbit coupling and
unconstrained geometry as a function of the Jacobi coordinate R. The results are shown
in Figure 4.9a, where the C-state curve shows evidence of multiple curve crossings.
The dissociation barrier height from these calculations is in excellent agreement with

the experimental photlysis energies. Figure 4.9b shows that the SO, C-state bond angle
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undergoes a set of discrete increases prior to dissociation at R values where the
electronic state coupling occurs. The calculations show that upon photoexcitation, SO»
in the C-state is initially bent with a bond angle near 120° and R=3.2 Bohr. The bond
angle opens to a nearly linear until the barrier is reached at R=4.6 Bohr and dissociation
occurs. Figure 4.9c shows that the SO product is mainly a spectator in the transition
state. These calculations also show that past the transition state the Jacobi angle jumps
to 90°, consistent with a T-shaped van der Waals complex of the recoiling SO and O

products, not counting any rotation in the SO products.
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Figure 4.9 a) The minimum energy curve for the SO, C-state dissociation based on the
nonadiabatic coupling described in Figure 4.1. The excitation energy range is shown in
gray. b) The SO2 bond angle as a function of the distance R for the minimum energy
curve. The SO; is bent at the bottom of the C-state and linear at the barrier. ¢) The SO
bond distance as a function of R for the minimum energy curve. The bond length
decreases slightly prior to dissociation.
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The SO. bond angle opening from bent to near linear underscores the complexity of
the C-state surface. The photodissociation mechanism of SO, has been a topic of
research for a while with different groups concluding different mechanisms. Based on
results presented here, it is likely that the mechanism will change as the excitation
energy is increased. Our data show that near the dissociation threshold at A=220 nm,
SO- photodissociation occurs via coupling from a repulsive triplet state and through a

close to linear transition state.

4.3.5 Onset of Vibrationally Excited SO Products

Increasing photolysis energy opens new channels for vibrationally excited SO
products, which has been observed at 1=193 nm and 1=202-208 nm.”®’” When the
photolysis wavelength was A=193 nm SO(v=2) was found to be the most populated. At
A=202-208 nm when the photolysis wavelength was 1=206.71 there was equal
population in SO(v=1) and SO(v=2). The vibrational distribution of the SO products
changes to SO(v=0) at 1=202.13 nm. The threshold for the SO(v=1) product channel
is at A=214.8 nm if the absorption starts with SO2(000); if hot band absorption from
S0,(010) is involved, the threshold is A=217.1 nm. Action spectra were collected by
measuring transient IR absorption signals for individual SO(v=0) product states as the
UV wavelength was tuned quasi-continuously in steps of A2 = 0.1 nm from 211.5 nm
to 221 nm. However, UV action spectra taken for J=6,12, and 18 in the F> manifold
observed that there was no sudden onset of the vibrationally excited SO(v=1) state, as

shown in Figure 4.10.
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Figure 4.10 Transient IR action spectra (circles) measured at t = 0.6 us for SO(v=0) F,
product states resulting from SO dissociation. The grey curve is the relative number
density of dissociating SO,. The theoretical SO vibronic transitions from Kumar et al
are shown in black.

Action spectra were additionally collected for the spin-rotation manifolds of
SO(v=0) products. Action spectra for the N = 6 and 12 states of the F,, F,, and F;
manifolds are shown in Figure 4.11, along with the scaled parent number density. The
action spectra generally track the parent number density, and the only significant
deviations are seen at the lowest photolysis energies for the F; states that have slightly
higher rotational energies than the related F, and F; states. These data show that the
SO(v=1) product channel has a relatively small yield for all three spin-rotation

manifolds.
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Figure 4.11 Transient IR action spectra at t = 0.5 us for the F;, F,, and F; components
of the SO(v=0) N = 6 and 12 states as a function of UV wavelength collected in steps
of AA = 0.1 nm. The relative number density of dissociating SO, molecules is shown
in grey and the theoretical absorption spectrum is shown in black.

The spectra in Figures 4.10 and 4.11 do not show significant population changes at
the SO(v=1) threshold wavelength(s), indicating that SO(v=1) is a minor product
channel over this wavelength range. To check for the presence of SO(v=1) products,
transient IR overtone absorption probing was used to measure several SO(v=1) states
following SO» excitation at 213.7 nm. Figure 4.12a shows the transient absorption
signal of SO(v=1) /] = N = 4. Absorption intensities for the (v=1) state are smaller than
those for the (v=0) state by approximately two orders of magnitude. Number densities
for SO(v=1) product states with N = 2 to 14 were determined at t = 0.5 us and the
nascent rotational temperature for the SO(v=1) products is Trot = 165 K, based on the

semi-log plot shown in Figure 4.12b. The integrated number density of the SO(v=1)
74



products shows that the SO(v=1) channel accounts for only 2% of the dissociation
products following excitation with 213.7 nm. Furthermore, the energy partitioning for
the SO(v=1) product channel includes the vibrational energy of EL%=1138 cm™ with
approximate rotational and translational values of E£3=120 cm™ and Ef2t=640 cm™.

The SO(v=1) products also have substantially more translational than rotational

energy.
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Figure 4.12 a) Transient IR absorption signal of SO(v=1) ] = N = 4 products following
SO- photolysis at 213.7 nm. b) Nascent populations at ¢t = 0.5 us for SO(v=1) states
with ] = N =2, 3, 4, and 14 have a rotational temperature of T,.,; = 165 K.

4.4 Conclusions

SO2 photodissociation is a complex process. SO, has well-defined vibronic bands,
and when excited from a 300 K sample, the SO excited into the C state can come from
either the SO2(000) or (010) state. For 3 of the excitation wavelengths studied the latter
is true and there is an additional 518 cm™ of energy available to the products. The
additional available energy does not affect the photodissociation process as the
rotational temperature increases with increasing excitation energies. For the five
excitation energies studied here the energy partitioning after photodissociation favors
translational energy by a 4:1 ratio over rotational energy. The preference for

translational energy indicates that prior to dissociation the SO2 becomes near linear. Ab
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initio calculations on the SO; C state reveals that there is a significant energy barrier
for dissociation when the SO, is in a bent conformation. The energy barrier is lowered
to the observed onset of photodissociation when the calculations include spin-orbit
coupling and a nonconfined geometry of the SO». The C-state of SO, remains a complex
surface of interest for both theory and experiments, especially as the excitation energies

increase.
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Chapter 5: Probing New IR Spectral Lines of N,O (00°1-00°0)

Excited in a Tunable Optical Centrifuge: J=100-200

5.1 Introduction

A tunable optical centrifuge has been coupled with a high-resolution transient IR
absorption spectrometer to investigate the structure and dynamics of molecules with
extreme amounts of rotational angular momentum. The optical centrifuge uses two
chirped ultrafast laser pulses to trap and angular accelerate molecules into high
rotational states.?* The transient IR absorption spectrometer is used to measure the
appearance and decay of the rotationally excited molecules. The extent of rotational
excitation imparted to the molecules by the optical centrifuge depends on the spectral
bandwidth of the ultrafast laser pulses. In some cases, centrifuged molecules are
prepared in rotational states for which no spectral information is available. Hence,
knowledge of IR transition frequencies is required. Such is the case with N>O. Our
optical centrifuge has a spectral bandwidth that is capable of rotationally excited N2O
as high as J=380, yet IR transitions have only been reported up to J=100, %1% with an
exception discussed below.

N20 is a linear, asymmetric molecule with three IR active modes. It is an important
greenhouse gas, plays a role in stratospheric ozone regulation, and contributes to
production of NOx pollutants in the atmosphere. The first rotationally-resolved IR
spectrum of N,O was reported in 1931 by Plyler and Barker.*®* They resolved P- and
R-branch transitions for the fundamental v3 absorption band near A1=4.5 um with a
spectral resolution of 0.2 cm™. They reported line spacings near Av=0.84 cm¥,
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consistent with a rotational constant of B=0.42 cm™. The current value if B=0.419011
cmt. The observed spectral lines were collected at 300 K and included transitions with
rotational quantum number up to J=41. Since then, long-path FTIR spectroscopy has
been used to extend the number of transitions, first to R74 and P80,'% then later to R92
and P90.1%° More recently, transitions up to R99 were identified by Yuan et al using
full bandwidth optical centrifuge excitation and transitions up to R100 were reported
by Ting et al, using an optical frequency comb. %8193

At 300 K, 99.9% of N2O rotational states have | <56. To access higher-/ IR
transitions, it is necessary to move population into higher J states. Traditional
spectroscopic methods are limited to small changes in J; the selection rule for
absorption is AJ=%1 and for Raman, AJ=0, £2. It is possible to increase temperature
to shift the Boltzmann distribution to higher energy levels, but spectral broadening and
congestion can interfere with high-resolution measurements. As an example, the
emission spectrum from CO2 in a T=1800 K flame contains transitions up to /=142 but
the intensities are relatively weak, and the line positions overlap with lower-] transition
frequencies.?

Here we use a tunable optical centrifuge to move population selectively to N2O
rotational states with J=100-200 and use transient IR absorption spectroscopy to
measure v; R-branch transition frequencies for these states. An optical centrifuge is
tuned by reducing the spectral bandwidth of the ultrafast pulses, thereby reducing the
extent of rotational excitation imparted to the sample. This work expands on an earlier

study from the Mullin group that measured 8 v R-branch transitions of N.O with J
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between 140 and 205.%° Two computational models were used as a guide to locate the
spectral transitions.

In the first, R-branch transitions were calculated by extrapolating rotational energy
levels for the (00°0) and (00°1) vibrational states using the spectroscopic parameters
for transitions with J=92 and below. The predicated transitions were very similar to the
observed IR transitions between J=140 and 205. The second computational work was
reported in 2016 and expanded in 2019 by Tashkun et al.1%*1% They used an effective
Hamiltonian with a polyad model to calculate N2O IR transitions. The effective
Hamiltonian uses 138 parameters and accurately models over 37,000 known transitions
in over 300 vibrational bands of N2O. In this paper the IR transition frequencies
calculated from the effective Hamiltonian is denoted vy 4y,.

This chapter identifies R-branch IR transition frequencies for N20O(00°1-00°0)
J=100-200 rotational states. A Doppler-broadened line profile method was used to
determine the line center frequencies for the IR transitions. The tunable optical
centrifuge was used to increase the population of the rotational states. The line center
frequencies were compared to both computational methods and the deviations are

compared.

5.2 Experimental

The optical centrifuge has been described in detail in Chapter 2 and the key features
are described here. The optical centrifuge pulse begins with an ultrafast Ti:Sapphire
oscillator, which generates a 40 fs pulse centered at A = 806 nm. The pulse is stretched
in time from 40 fs to 100 ps in a regenerative amplifier. The temporal stretching also

induces a positive chirp. A pulse shaper then splits the pulse into a pair of pulses and a
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negative chirp is induced onto one of the pulses. The pair of oppositely chirped pulses
is sent through a multi-pass amplifier, which is pumped by an Nd:YAG laser at 1 =
532 nm. The pulses are amplified to 20 mJ/pulse. The pair of pulses is recombined in
space and time with a delay stage and a polarizing beam cube. The recombined pulses
are then given opposite circular polarization. This process creates the optical centrifuge
pulses that angularly accelerate molecules into high rotational states. A tunable optical
centrifuge is realized by removing the short-wavelength component of the positively
chirped pulses with an an adjustable beam block. This step limits the extent of angular
acceleration of the molecules and thereby releases the centrifuged molecules in a
selected range of rotational states.

Individual rotational states of the centrifuged N.O are measured with transient IR
absorption spectroscopy at A = 4.5 um from a quantum cascade laser (Daylight
Solutions). The probe transitions excite the fundamental v5 asymmetric stretch of N2O.
The quantum cascade laser has a resolution of Avy;, < 0.0002 cm™*. The IR beam is
controlled via active feedback by a Fabry-Perot etalon and lock-in amplifier to tune
over the N0 transitions, while the wavelength is monitored on a wavemeter (Bristol
Instruments) with a resolution of Av,,,, < 0.0003 cm™1. Inside the gas cell, the IR
beam is overlapped with the optical centrifuge beam 11 times using an IR multipass
mirrors. An example transient absorption signal for the N.O R-branch transition for
J=195 is shown in Figure 5.1. Transient absorption signals are smoothed with a
Savitzky-Golay filter and then fit to an exponential decay from 300-1000 ns, shown in
the Figure 2 inset. The Savitzky-Golay filter smooths the data with the moving average

of successive data points.
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Figure 5.1: Transient signal from optically centrifuged N2O with J=195. The transient
is smoothed using a Savitzky-Golay fit, red line. Inset) The smoothed transient from
t=300-1000 ns which was exponentially fit.

The IR transitions for the R-branch of N2O were reported up to J=92 previously by
Toth and are tabulated in the HITRAN database. IR transition frequencies were
extrapolated up to J=200 using a third-order polynomial expansion of the rigid rotor
model. The B, D, and H constants were determined by fitting the energies of the N.O
(00°0) and (00°1) vibrational states. The optical centrifuge pulses were tuned in order

to maximize population in the J=100-200 states.

5.3 Results and Discussion

5.3.1 Spectral Fingerprinting and Enhancement factor of Transient Absorption
Signals

A tunable optical centrifuge was used to optimize transient absorption signals in
N20 rotational states with J=100-200. Here we demonstrate this process for the N2O

R190 transition. The classical rotational frequency of a linear molecule is €2;. Reducing

the intensity of the optical trap at Q,-=(; enhances the population of molecules in
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rotational state J. Figure 5.2a shows the optical traps used for maximizing population
in J=190. The full bandwidth optical trap extends to Q,,=8 x 10*3 rad s and
;=3 x 103 rad st for J=190. Sequentially clipping the spectrum of the optrical
centrifuge pulses reduces the intensity of the optical trap at ;. Figure 5.2b shows the
enhancement of the transient absorption signal for J=190. When the intensity of the
trap is 0.68Q,. the population in J=190 is maximized. The population in J=190 is

increased by a factor of four over the full bandwidth.
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Figure 5.2: a) Optical traps used to maximize population in N2O J=190. The grey
dashed line indicates the corresponding 2, of J=190. b) Fractional IR absorption of
R190 at linecenter and t=300 ns as a function of fractional trap intensity at (2;. The
reduced bandwidth trap increases population in J=190 by a factor of 4.

In the v3 R-branch IR spectra of N2O, a bandhead is predicted to be observed around
J=116, allowing for fingerprinting of the high rotational states using known IR
transitions of lower rotational states. The transitions of R98 and R99 are separated by
Av =~ 0.15 cm™ apart, and between these transitions is predicted to be R134. This small
difference in the IR transitions can be tuned over with the Fabry-Perot etalon via a
series of voltage-controlled locks. The IR fingerprinting is shown in Figure 5.3 for two

different optical traps. The two different optical traps shown in Figure 5.3a and 5.3b
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where 5.3a is the full bandwidth and 5.3b is the optimized bandwidth for population in
the J=140 rotational state. The fingerprinted region in Figure 5.3c was taken with the
full bandwidth trap in 5.3a. The optimized trap in Figure 5.3b was used for the
optimized fingerprint in Figure 5.3d. The data points were taken at t=300 ns and at 1.5
Torr of spectroscopic pressure, the time between collisions is approximately 50 ns, so
after 300 ns, there have been 6 collisions on average. For J=134, there is an
enhancement factor of 3 times when compared to the full clip. An expected increase in
transient IR absorption signals for the R98 and R99 transitions is also observed. The
lower N2O rotational states are being populated in two ways: ineffective trapping from
the optical centrifuge and collisional relaxation.
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Figure 5.3 Optimizing population for IR transitions of N.O J=100-200. a) Full
bandwidth optical centrifuge trap and b) optical centrifuge trap optimized for J=140.
c) Transient IR fingerprinting spectrum at t=300 ns for the N.O R134 transition located
between R98 and R99 using the full bandwidth optical trap. d) Fingerprint spectrum
with the optimized optical trap.
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5.3.2 IR Transition Frequencies for N2O (00°1<00°0) R-branch with J=100-200

For each N>O J-state an line center profile (LCP) was collected where the IR
transition was tuned over much like a Doppler profile, however, no baseline was
collected. Figure 5.4a shows a full Doppler broadened line profile for NoO J=140 in the
R-branch and Figure 5.4b shows an example of the LCP for the same state. The line
center frequency for the full doppler was v,=2271.1094+0.0003 cm™ and for the LCP
the line center frequency was v,=2271.109740.0005 cm™. These frequencies are in
good agreement with the reported line center frequency of J=140 which is
v,=2271.10840.002 cm™.?" The accuracy of these LCP’s allowed us to determine the
line centers for the states between J=100-200 with a much lower experiment run time

versus previous methods.
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Figure 5.4 a) Full Doppler broadened line profile of N2O J=140. b) LCP for J=140 that
was used to determine the line center of the transition. For both the line center is

v,=2271.110+0.001 cm™.

At least one LCP was measured for every rotational state with J=100-200. For a
select rotational states three LCPs were collected to determine the reproducibility of
the IR transition frequencies. This in the line center frequencies is based on the

resolutions of the modulated quantum cascade laser, the wavemeter, and the Gaussian
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fits. The error from the modulated QCL is negligible compared to the wavemeter and
Gaussian fit. The uncertainty in the wavenumbers is smaller than the data points in
Figure 5. The new IR transition frequencies agree well with 9 previously measured N2O
transitions above J=140 and the IR transition frequency for J=100 in the current work
is in excellent agreement with the previous reported frequency by Ting et al.®®% The
LCP line centers measured for these previously found states are in good agreement with
the previously published IR transition frequencies. Figure 5.5 shows a fortrat diagram
for the R-branch transitions between J=0-200 based on previously reported transition
frequencies and those reported here. The states from J=100-200 in Figure 5.5 are
transitions reported from this study while the states J=0-99 were reported
previously.%81%0
N2O R-Branch Transitions

250 T T T T T T T T T ) T
R116

200 bt

150

®  This work

100 Previously Reported

50

N,O Rotational State

0

2220 2230 2240 2250 2260 2270 2280

IR Transition Frequency (cm'1)

Figure 5.5 N>O R-branch (00°1<00°0) transition frequencies vs. the rotational states
of N2O between J=0-200. Included in this figure are the previously reported R-branch
transition frequencies (red)®-190103 and the transition frequencies reported in this paper
(blue).

Table 5.1 shows a subset of the observed IR transition frequencies reported in this
study. The full list is provided in Appendix B. In Table 5.1 transition frequencies v,
are reported from this experiment. The calculated transition frequencies vz from the

rigid rotor expansion and extrapolation. The transition frequencies have also been
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calculated using an effective Hamiltonian.1® These transition frequencies are denoted

as Viam-

Table 5.1: Representative N.O R-branch transition frequencies and

residuals in units of cm™.

N2O J Vobs Avops VRR VHerr Vobs — VRR  Vobs ~ VHesy
100 2272.1827 0.0004 2272.1824 2272.1811 -0.0041 0.0017
110 2273.0057 0.0005 2273.0054 2273.0027 0.0003 0.0031
120 2273.1024 0.0005 2273.1015 2273.0964 0.0009 0.0060
130 2272.4712 0.0003 2272.4689 2272.4600 0.0023 0.0112
140 2271.1097 0.0005 2271.1057 2271.0908 0.0038 0.0187
150 2269.0168 0.0003 2269.0106 2268.9868 0.0062 0.0300
160 2266.1916 0.0004 2266.1825 2266.1457 0.0091 0.0459
170 2262.6341 0.0004 2262.6208 2262.5655 0.0133 0.0686
180 2258.3466 0.0005 2258.3251 2258.2443 0.0215 0.1023
190 2253.3274 0.0003 2253.2956 2253.1800 0.0318 0.1474
200 2247.5769 0.0003 2247.5329 2247.3709 0.0439 0.2060

a) V,ps are the transition frequencies reported in this paper.

b)

c)

vgg are the transition frequencies from the extrapolation of the rigid rotor

model.
Vyam are transition frequencies from the effective Hamiltonian calculations.

106

Interestingly, the third-order rigid rotor expansion model, Equation 2.23, predicted

the transition frequencies more accurately than the effective Hamiltonian. The rigid

rotor expansion predicts the transition frequencies to within 0.05 cm* at R200. The

effective Hamiltonian predicts the transition frequencies to within 0.20 cm™ at R200.
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The residuals of the R100-R200 IR transition frequencies are shown in Figure 5.7. For
both models the observed transitions frequencies are higher than predicated by the
models as the rotational state increases. The B, D, and H constants obtained in the rigid
rotor expansion based on R<92, and the H constant may not be well defined for the
higher rotational states by the lower rotational states. The effective Hamiltonian
accounts for rotation, vibration, and their couplings, any of which could be
overestimated. However, these rotational states have been modeled up to 17,000 cm*
within an error of 0.2 cm™ of the found IR transitions, which is remarkably accurate.
With this newly provided data, the effective Hamiltonian model could be improved
upon. The (00°1) vibrational state could be also coupling to other vibrational states of

N20 at these high rotational states.
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Figure 5.7 Residuals to the observed IR transition frequencies of N2O J100-200. The
third order polynomial expansion provides a better calculation for the IR transitions.
Both calculations deviate more at as the J increases.

The tunable optical centrifuge enabled us to selectively populate rotational states
without congesting the spectral lines. In the R-branch of N2O the a bandhead, where
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the IR transition frequencies turn around on themselves, is predicated around R116. A
bandhead is caused by the upper state having a lower B rotational constant than the
lower state. The bandhead in the R-branch is observed at R116 where it was predicated
to be. Overlap of the spectral features leads to spectral congestion. Figure 5.6 shows
transient absorption signals at t=300 ns as a function of IR frequency, showing
transitions with J=112-121. The six rotational states to the left of the bandhead were
divided into sets of 2 and fit to a sum of two Gaussians. The double Gaussian fits were
used to determine the line center IR transition frequency due to their proximity. The
double Gaussian fitting for R121/R112 and R120/R113 was straightforward due to the
large enough difference between peaks. The fitting of R119/R114 is a double Gaussian
with 2 distinct peaks, however, on the scale of Figure 5.6 the fit appears as a single
Gaussian. The appearance of the fit is due to the peaks near overlap and being of similar
intensity. The remaining states R115-R118 are not spectrally resolved at 300 K and the

line center frequencies are not reported.

88



T T T T | T T | T
R115-J118
s~ 10 F -
o R121 rizo R19 _
“g’ R113
g - R112 .
< o5r e v -
| o
S
3
3 | i
L
o
0.0 r &
1 1 1 1 1 1 1 1 |.
2273.05 2273.10 2273.15

Wavenumbers (cm‘1)

Figure 5.6 N2O bandhead centered around R115-R118. Double Gaussian fits were used
to determine line center frequencies for the 3 blended peaks on the left. Line centers
were not determined for R115-118.

5.4 Conclusion

Here, new fundamental v IR transitions in the R-branch of N2O have been reported
between J=100-200. A bandhead was predicted based on extrapolating available data
up to R92 in the HITRAN database. The bandhead was observed at R116 and the
rotational states J=115-118 could not be distinguished. By controlling the optical trap
with the tunable optical centrifuge, the population in rotational states can be enhanced
by a factor of three to four. Overall, an optical centrifuge is a tool that can be used to
identify IR transitions of the high rotational states in molecules. The ability to populate
specific rotational states by controlling the extent of the optical trap opens the
possibility to understand how these molecules in the high rotational states behave in

extreme environments.
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Chapter 6: State-Resolved Rotational Distributions of N,O

Molecules Using a Tunable Optical Centrifuge

6.1 Introduction

The mechanism by which energy is dissipated from molecules with chemically
significant amounts of energy is an active field of research. Most of this work has
focused on relaxation pathways for electronic and vibrational energy. Here, using the
new IR probe transition frequencies of N2O reported in Chapter 5, the relaxation
dynamics of N2O molecules in extreme rotational states are studied and compared to
other studies on collisional energy transfer of super-rotors.

Rotational energy relaxation is different than vibrational or electronic energy
relaxation due to the energy gaps between rotational states. For thermally populated
rotational states, the average collision energy kgT is much larger than the energy gap
between the rotational states. As such, rotational relaxation occurs on essentially every
collision. A number of state-resolved studies on rotational states with energy gaps
similar to kg T have shown that the most probable relaxation occurs by either resonant
or near-resonant energy transfer. This observation is consistent with the energy gap
model for collisional energy transfer wherein the most probable rotational energy
changes involve the smallest energy gap between collision partners. Collisions that
involve large energy gaps are less likely to occur, and when they do occur, the collision
partner often gains both rotational and translational energy to conserve energy and

angular momentum.
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The relaxation dynamics of rotationally excited molecules have been reported for
small molecules such as Hy, the hydrogen halides, CO, and CO,.1"12 In a system
containing Hz and N2, the H2 was excited vibrationally and rotationally to Ha(v=1, J=7)
using stimulated Raman scattering. The relaxation of the Hx(v=1, J=7) state was
measured by observing the appearance of Hz(v=1, J=3,5) and of N2(v=1). Population
gain of Hx(v=1, J=3) showed prompt appearance. The energy gap between the Hz(v=1,
J=7) and the H,(v=1, J=3) rotational state is near 2,300 cm™, which is close to the
energy gap needed to excite N2 vibrational. For relaxation of the Hx(v=1, J=7), the
predominant mechanism involves loss of H; rotation and gain in N vibration.1%®

Rotation-to-rotation energy transfer also plays an important role in relaxation
dynamics of excited molecules. A previous study determined the rotational relaxation
rates of rotationally excited HF(v=0, J=13) with a number of collision partners. HF was
excited into the J=13 rotational state through deactivating collisions with HF(v=0) and
vibrationally excited HF(v=1). When the collision partner is H> or D, the relaxation
rate in the rotation-to-translation pathway was 10 times faster than when the collision
partner was He. Helium and D have the same collision reduced mass so the
enhancement in relaxation rate is attributed to rotation-to-rotation energy transfer of
HF(v=0, J=13) and D>. Helium will only gain translational energy as a singular atom
when colliding the HF(v=0, J=13).1%7

Advances in optical techniques continue to be made, and now extreme rotational
states can be prepared with an optical centrifuge.?* The optical centrifuge enables the
study of molecules with much higher rotational states then have been prepared

previously using traditional optical methods. The Mullin group used a tunable optical
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centrifuge to rotationally excite carbon monoxide (CO) up to J=80.2% The optically
centrifuged molecules have an inverted rotational distribution and the peak of the
distribution is found at J=62. The transient fall off of the distribution with J>62 yielded
relaxation rate constants that are only 20% of the gas kinetic collision rate.?® To
understand the lower relaxation rates of CO, master equation calculations were
performed using extrapolated state-to-state rate constants for rotational states up to
J=90.112 State-to-state rate constants were determined up to J=29 by Phibbs et al. and
then extrapolated up to J=90 by fitting a statistical exponential gap model.'*® The
master equation model is in qualitative agreement with the observed CO relaxation rate
constants but the model values are a factor of 10 higher. The inhibition in the rotational
relaxation of optically centrifuged CO is attributed to large amounts of angular
momentum, and the orientational anisotropy of the optically centrifuged molecules.'?

In this chapter, a tunable optical centrifuge with two different optical traps was used
to maximize population in N2O rotational near J=140 and J=160 in order to study the
relaxation dynamics of the extreme rotational states. The inverted N>O rotational
distributions are characterized and the orientational anisotropy was measured by
polarization-sensitive IR absorption. Doppler-broadened line profiles were measured
to determine the extent to which translational energy results from collisions of optically
centrifuged N20O. Finally relaxation rate constants of optically centrifuged N2>O were

determined.

6.2 Experimental

A full description of the optical centrifuge was presented in Chapter 2. The key

features are described here. A femtosecond laser pulse centered around A=806 hm with
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a bandwidth of AA=65 nm is generated using a Ti:sapphire oscillator. The pulse is
stretched in time in a regenerative amplifier, inducing a positive chirp. In the pulse
shaper, the pulse is spectrally split into two pulses by a knife-edge mirror and the chirp
of one of the pulses is reversed to a negative chirp. The pair of pulses are amplified to
20 mJ per pulse in a multi-pass amplifier, combined in a polarizing beam cube,
overlapped in time with a delay line, and circularly polarized by a quarter waveplate to
form the optical centrifuge. A tunable optical centrifuge is realized by removing the
short-wavelength component of one of the pulses to limit the angular acceleration of

the optical trap, as has been discussed previously.'!*

6.2.1 IR Detection of N,O Rotational States

Individual rotational states of the centrifuged N2O molecules are measured with
transient IR absorption spectroscopy using a high-resolution A = 4.5 um quantum
cascade laser. The IR probe transitions excite one quantum of the v in the asymmetric
stretch (00°1-00°0). The IR wavelength is controlled via active feedback with a Fabry-
Perot etalon and a lock-in amplifier. The IR wavelength was monitored using a
wavemeter and the wavemeter is calibrated with a known CO: IR transition. The
transmitted IR intensity is collected on a t=300 ns rise time InSb detector as a function
of time. Transient absorption signals are collected on a 500 MHz oscilloscope for
approximately 100 laser pulses. The IR polarization is controlled by a half waveplate
to either be vertical or horizontal, as shown in Chapter 2. By collecting transient
absorption signals of both IR polarizations, the orientational anisotropy of the

centrifuged N2O rotational states is determined as a function of time. The pressure of
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N20 in the sample cell was 1.5 Torr spectroscopic pressure, and the time between

collisions is near 50 ns.

6.2.2 Controlling the Initial Distribution of Optically Centrifuged N2O

The IR transitions for N.O(00°1-00°0) absorption with J=100-200 were presented
in Chapter 5. When using the full bandwidth optical trap, it is estimated that N>O can
be excited to J=380. Here, we focus on N2O rotational states with known IR probe
frequencies. The tunable optical centrifuge limits the rotational excitation of the
molecules to a range of rotational states that can be observed. The J=140 and J=160
rotational states were chosen as peak populations so that the entire nascent distribution
could be observed. The optical trap was sequentially reduced in angular frequency and
the population in selected N2O rotational states was maximized. The two optical traps
used in this study are shown in Figure 6.1, along with the full bandwidth trap. The
dashed lines correspond to the classical rotational frequencies of the N.O J=140 and

J=160 rotational states.
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Figure 6.1 The spectral profiles of the optical traps used in this study. The red curve is
the full bandwidth trap, while the blue curve is the optical trap used for maximizing
population near J=160 and the green curve is the optical trap for maximizing population
in J=140. The dashed lines represent the classical rotational frequency of the indicated
N20 rotational states.
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6.3 Results and Discussion

Here, we report polarization-sensitive IR spectroscopy used to measure the
orientational anisotropy of the inverted distributions of optically centrifuged N>O when
the optical trap is set to maximize the population in selected states. Doppler-broadened
line profiles were collected for several rotational states with J in each distribution to
determine the extent of translational energy that accompanies the relaxation process.
From the distributions, the relaxation dynamics of optically centrifuged N.O are

determined and compared to the relaxation dynamics of optically centrifuged CO.

6.3.1 Nascent Distribution of Optically Centrifuged N,O

The optical centrifuge creates an inverted rotational distribution of N2O rotational
states. Measuring a range of rotational states showcases the inverted distribution.
Transient IR absorption signals for both vertical (s-polarized) and horizontal (p-
polarized) IR polarizations were collected to determine the in-plane and out-of-plane
rotors. Figure 6.2 shows an s-pol and p-pol transient for N.O J=100, J=139, and J=151.

The data in Figure 6.2 used an optical trap optimized for J=140.
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Figure 6.2 S-polarized (red) and p-polarized (blue) transient absorption signal for
N20 with J=100, J=139, and J=151 when the population J=140 rotational state was
maximized in the tunable optical centrifuge.
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For an N2O molecule to be considered in-plane, the angular momentum vector of
the molecule is aligned to the propagation vector Z of the optical centrifuge beam. If
the N2O molecule has its angular momentum vector in the Xor y, the molecule is
considered out of plane. A more detailed description and relevant equations are given
in section 2.3.5. The orientational anisotropy of the rotational states and its relaxation
are calculated by equation 2.28. Orientational anisotropy is a measure of the extent to
which the centrifuged molecules are in-plane rotors. The orientational anisotropy for

the optically centrifuged N20O is shown in Figure 6.3.
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Figure 6.3 The orientational anisotropy of the excited N2O rotational states. a) For the
J=140 clip the orientational anisotropy decreases from r=0.76 to 0.5 as time increases
and collisions occur. b) For the J=160 clip, the orientational anisotropy remains
relatively flat around r=0.75

At t=300 ns approximately 6 collisions have occurred for the cell pressures in these
experiments. For the J=140 clip, the higher-J rotational states have an orientational
anisotropy of r=0.76 at 300 ns, and the orientational anisotropy decreases to r=0.55-
0.6,The J=100 state has an orientational anisotropy of r=0.55 at 300 ns, and at 450 ns
the anisotropy has decreased to r=0.4. If the orientation is isotropic, the anisotropy

value is r=0.33. The p-polarized transient absorption signals are essentially gone by
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t=450 ns and time-dependent anisotropy values were recorded up to this time point.
For the J=160 clip ,the higher-J rotational states have an anisotropy of near r=0.75 at
t=300 ns, and remain steady until t=400 ns. After 400 ns, the p-polarized transient IR
absorption decreased to zero.

The orientational anisotropy values in Figure 6.3 were used to calculate in-plane
transient absorption signals from s-polarized signals, using equation 2.28. Figure 6.4
shows a distribution for each optical trap at t=300 ns. The black line in Figure 6.4 is
the angular frequency profile of the optical trap in terms of the N2O rotational quantum
number, scaled to a) J=140 and b) J=160. The populations of the rotational states
increase as a function of J until the population is maximized at J=140 and J=160. The
rotational state with the maximized population is referred to as J,,,x. The distribution
of optically centrifuged molecules shifts to higher J,,.x values for reduced clipping, as
the intensity of the optical trap decreases. The population of rotational states with | >

Jmax decreases as the intensity of the optical trap decreases.
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Figure 6.4 Inverted distribution of optically centrifuged N.O at 300 ns at a pressure of
1.5 Torr. The black line is the optical trap used to obtain this inverted distribution. a)
The fractional IR absorption of N2O increases until the near J=140. b) The fractional
IR absorption of N2O increases until J=160.
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6.3.2 Translational Energy of Optically Centrifuged N2O

The optical centrifuge excites a molecule’s rotational energy while leaving the
translational energy unchanged. The centrifuged N>.O molecules start from an initial
300K Boltzmann distribution. Transient Doppler-broadened line profiles were
measured for 3 rotational states using both optical traps. These rotational states were
chosen to be a rotational state below, near, and above J,;,.«-

The Doppler line profiles for J=140 clip and their translational temperatures at
t=300 ns are shown in Figure 6.5. The spectroscopic pressure was 1.5 mTorr in the gas
cell, leading to a collision time of 50 ns per collision. After t=300 ns, on average 6
collisions have occurred. The inverted distribution is clear based on the intensity
differences. The Doppler line profiles were fit using Gaussian functions to determine
the translational temperatures, based on equation 2.7. The translational temperatures in
Figure 6.5 are Ti.ns=776+104 K for J=100, Tirans=472+83 K for J=140, and

Terans=470+119 K for J=150.
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Figure 6.5 Transient Doppler line profiles for the N>O rotational states J=100, J=140,

and J=150 at t=300 ns. The translational temperatures were determined to be
Terans=776+104 K for J=100, 472483 K for J=140, and 470+119 K for J=150.
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There is evidence for translational energy gain from collisions of optically
centrifuged N,O. The J=100 state has gained 500 cm™ of translational energy, while
the J=140 and 150 states gain only 180 cm™. This result shows that collisions of
optically centrifuged molecules leads to larger recoil velocities for lower rotational
states. With six collisions occurring by t=300 ns J=100 gains 83 cm over translational
energy per collision, while J=140 and J=150 gain only 30 cm of translational energy
per collision.

The translational temperatures of Figure 6.5 were determined as a function of time
and plotted in Figure 6.6. The time evolution for the J=100 state shows that the
temperature increases slightly as collisions populate this state. The gain in translational
energy comes from the energy mismatch for donor and acceptor states. The population
observed in J=100 is from a combination of rotational and translational transfer. The
translational temperatures for J=140 remain near T;,4;,s=470 K between 300 and 400
ns. A slight increase in translational energy is seen for J=150, but it remains smaller
than that for J=100. The combination of smaller orientational anisotropy and larger
translational energy is consistent with formation of J=100 through collisions of
optically centrifuged molecules. The lower translational energy gains for J=140 and
J=150 show that these states result from collisions with smaller energy gap mismatches

than the J=100 state.
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Figure 6.6 Time evolution of translational temperatures for the J=100, J=140, and
J=150 rotational states for N2O. The temperature for J=100 appears to increase showing
that these states are being populated by collisions. The translational temperature for
J=140 and J=150 remains consistent around 470 K. The translational temperatures are
the average of three Doppler line profiles, and the error bars are from the error in the
Gaussian fit and the standard deviation the three Doppler profiles.

Doppler-broadened line profiles were also collected for rotational states populated
with the J=160 clip. Figure 6.7 shows Doppler-broadened line profilesfor J=140,
J=168, and J=170 at t=300 ns. The translational temperatures were determined to be
Ttrans=9431250 K for J=140, Tyans=382194 K for J=168, and Ti;,,s=398+214 K
for J=175. Again we see that the lowest rotational state of the data set has the largest
translational temperature, corresponding to the largest translational energy gain. A
comparison of the two data sets shows translational temperatures drop as a function of
J, indicating that the probability of inelastic collisions decreases as a molecule’s angular
momentum increases for the range of states studied here. The lower rotational states
gain more translational energy as these rotational states are formed by rotational states
with a greater energy mismatch, leading to translational energy in the products of the

collision.
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Figure 6.7 Doppler-broadened line profiles for J=140, J=168, and J=175, when the
optical trap was maximizing population in J=160. The translational temperatures were
determined to be 543+250 K for J=140, 382+94 K for J=168, and 398+214 K for
J=175 at t=300 ns.

The time evolution of the translational temperatures for the J=160 clip is shown in
Figure 6.8. Similar to the J=140 clip, the time dependence of the translational
temperatures shows an increase in the J=140 rotational state and those for J=168 and
J=170 remain near 400 K. The increase in translational temperature in J=140 is
consistent with J=140 being populated by collisions. The stable translational energy for
J=168 and J=175 shows that the relaxing collisions for these optically centrifuged states
lead to minimal translational energy gain in the rotational states with higher angular

momentum.
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Figure 6.8 Time evolution of the translational temperatures for J=140, J=168, and
J=175 when the optical trap was maximizing population near J=165. The translational
temperature of J=140 increases with time as collisions populate the rotational state.
J=168 and J=175 have relatively flat translational temperatures indicating near resonant
energy transfer as the rotational states are collisional relaxed. The translational
temperatures are the average of three Doppler line profiles, and the error bars are from
the error in the Gaussian fit and the standard deviation the three Doppler profiles.

6.3.3 Relaxation Dynamics and Kinetics of the High-J N2O Tail

One goal of studying molecules in high-energy states is to understand how they
undergo collisional relaxation. The relaxation kinetics were investigated by measuring
the time-dependent population loss from rotational states with | > J,,,... The high-J tail
of both clipped distributions is shown at three time steps in Figure 6.9. Each time slice
was fit to a linear function with no constraints. For each distribution, the linear fits have
a single intersection point, which represents the maximum rotational state that is

populated by the optical trap.
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Figure 6.9 a) The high-J tail of the distribution optimized at J=140 at three times after
the optical centrifuge pulse. b) The high-J tail of the distributions optimized at J=160.
The intersection point of the linear fit represents the highest rotational state that is
populated by the optical trap.

The decay rate constants were determined using the linear fit results. Under pseudo-
first order conditions, the rate for collisional relaxation of optically centrifuged N2O is
given by Equation 6.1.

w = —k.[N20(D][M] = —y[N20(])] (6.1)

Here, [N,0(J)] is the population of N2O in a specific J rotational state, k,. is the rate
constant, and [M] is the population of the non-centrifuged N-O. It is reasonable to use
pseudo first-order kinetics with [M] > [N,0(J)] and defining that y = k,.[M].
Integration of Equation 6.1 yields the time-dependence of [N,0(J)], shown in Equation
6.2.

[N20(D]: = [N20(D]p e7"* (6.2)
The ratio of J-specific populations at different times yields Equation 6.3

[NZO(/)]tl — e_-y(t]__tz)

[N20(D]e2
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The rate constant is determined by solving for k.., as shown in Equation 6.4.

[NZO(])]ﬂ) _ _

k, =In|=—=-—)[M]"1(t, —t;)! 6.4
r <[N20(])]t2 [ ] ( 2 1) ( )
The relaxation rate constants for the two optical traps are shown in Figure 6.10. Each
data point is the average of the three distributions with the error calculated based on

the standard deviation.
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Figure 6.10 The relaxation rate constants for N.O rotational states in the high-J tail of
the optical traps. The dotted line represents the gas kinetic collision rate for N,O at
1.5 torr. Among the rotational states there is no observed J dependence of the
relaxation rate.

The average relaxation rate constant for the J=140 clip is k,, = 2.8(6) x 1071 ¢cm®

molecules™ s, The average relaxation rate for the J=160 clip is k, = 2.8(6) x 1071°
cm® molecules™ s, The gas kinetic collision rate constant, based on the Lennard-Jones
parameters for N2O, is 4.29 x 1071% cm® molecules™ s™*. These data show that the

relaxation rate constant for N.O J=140-180 is about 65% that of the gas kinetic rate
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constant. The observed relaxation rate constants reported here are a lower limit since
the kinetic model does not include collisions that populate the rotational states.

A difference between the rate constants and the gas Kinetic collision rate constant
has been observed for collision of CO J=60-80. For CO, the relaxation rate constant
was about 20% that of the gas kinetic rate constant.*> Our data show that molecules in
extreme rotational energy states relax slower than do molecules in low rotational states.
It is likely the difference in N2O and CO relaxation rates is related to the energy gaps
between states. The energy gaps in CO J=60-80 are near 300 cm, whereas the energy
gaps in N,O J=140-180 are near 150 cm™. N,O J=140-180 has energy gaps that are
below the average collision energy at T=300 K, and its relaxation rates are faster than
those for CO.

In collisional energy transfer, both energy and angular momentum must be
conserved. The energy gaps in N2O J=140-180 are 8-10 times higher than the energy
gaps in the thermal distribution, so for collisions with AJ=+1, the bath molecule must
increase its angular momentum by AJ=+8 to +10 if energy remains in rotation.
Collisions involving smaller AJ for the bath molecules are possible if some energy goes
into translational energy. The reduced relaxation rate constants for N2O can be related
to the physics of gyroscopes. When there is a large amount of angular momentum,
molecules tend to maintain both their rotational energy and angular momentum longer
compared lower energy molecules. This phenomenon is seen in the optically
centrifuged N2O as the oriented angular momentum that persists for the lifetime of the

rotational state, leading to slower rotational energy transfer.
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6.4 Conclusion

Using a tunable to optical centrifuge, we investigated the relaxation dynamics of
N20 in extreme rotational energy states with J=100-180. The optical trap was tuned to
maximize population in either J=140 or J=160 rotational states. The average
translational energy of NoO J=100-175 is dependent on the rotational state J. At the
peak of the initial distribution and higher rotational states, the translational temperature
was measured to be Tt-4ns=470 K for the J=140 clip and T;,4,s=400 K for the J=160
clip, and these values remain relatively flat over a number of collisions. A lower
rotational state , J=100, has a translational temperature of T;,,,s=800 K for the J=140
clip and for the J=160 clip the translational temperature of J=140 iS T¢;qns=543 K. In
both cases, the translational temperature increases with the number of collisions. The
orientational anisotropy of the N2O molecules at the peak of the inverted distributions
is r=0.75 at t=300 ns and decreased to r=0.5 by t=450 ns for the J=140 clip. Data for
the J=160 clip yield r=0.75 and this value persists for the lifetime of the rotational
states. As the excited N.O relaxes via collisions, the angular momentum projections do
not fully relax before the population has decayed out of the rotational state. The
relaxation rate constant of the centrifuged N>O J=140-180 is roughly 65% of the
predicated gas Kinetic rate constant. This observation is consistent with results for
centrifuged CO, which has a relaxation rate of 20% the predicated gas kinetic rate
constant. The faster relaxation of N2O J=140-180 is mainly a result of smaller energy

compared to the average collision energy at 300 K.
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Chapter 7: Conclusion and Future Projects

The research described in this thesis focused on the energy transfer dynamics of
highly excited molecules. The molecules were excited either electronically,
vibrationally, or rotationally. The research was performed using high-resolution
transient IR spectroscopy as a probe with two different excitation sources, UV photon
absorption and an optical centrifuge, as the pump. UV photon absorption was used to
excite SO, to a metastable electronic state and to vibrationally excite a large aromatic
molecule in collidine. The optical centrifuge was used to identify new IR transitions in
N20 and the relaxation dynamics of the rotationally excited N2O. This thesis focused
on the fundamental question of how high-energy molecules are relaxed via chemical
processes and deactivating collisions.

In Chapter 3, the collision dynamics of highly vibrationally excited collidine with
bath CO. were studied to determine the role of state density in collisions. Collidine is
the latest in a series of methylated pyridines. The full state distribution of scattered bath
CO2 was collected. Doppler-broadened line profiles of CO, appearance show that with
increasing rotational state the translational temperature also increases. Doppler-
broadened line profiles of CO> depletion show that the depletion temperatures are
below the 300 K. The colder subset of the Boltzmann distribution is undergoing
collisions with the vibrationally excited collidine. Compared to other methylated
pyridines, collidine has a similar rotational temperature to lutidine (2,6-
dimethylpyridine). The integrated appearance and depletion rate are within error of
each other, indicating that the dominant pathway for energy relaxation is the vibration-

to-rotation and -translation energy pathway. From the appearance rate and the
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rotational temperature, the energy transfer distribution function P(AE) is calculated for
the collidine-CO, system. With AE > 2500 cm™ the P(AE) distribution has an
exponential decay behavior. The same is true for the state density of collidine as the
vibrational energy of collidine is decreased. The decay of the P(AE) and the state
density is correlated by the GRETCHEN model, which has shown a linear dependence
on the slopes thus far. Collidine is no different and fits the model, even with one of the
highest state densities studied to date. This further confirmation of the GRETCHEN
model can lead to predictive compatibility of the P(AE) distribution regarding other
possible energy donor molecules. This thesis focused on donors with a high state
density of vibrational states, to further test the GRETCHEN model and to determine
the full role of state density in deactivating collisions, donor molecules with much
lower vibrational state density could be studied. If the vibrational state density is below
107 states per cm™ and not in a quasi-continuum, will the linear relationship between
the P(AE) distribution and the vibrational state density decay still hold? For these
studies, molecules would have to be vibrationally excited, possibly directly, like
C0,(03%0).

In Chapter 4, the photodissociation dynamics of SO excited to the metastable C
electronic state was investigated near the dissociation threshold. A tunable UV pump
source was used to excite the SO, with differing amounts of energy in the C state and
the resulting SO photofragments were probed using the overtone IR transition
SO(2<0). Doppler-broadened line profiles on the SO at 5 discrete excitation
wavelengths revealed that at certain wavelengths the SO2(010) vibrational state was the

initial state of the SO,. Nascent rotational distributions show that as the excitation
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energy is increased, the rotational temperature of the products also increases. The
rotational distributions and the Doppler profiles provided both the total amount of
energy and the partition of that energy going into the rotational energy of the
dissociation products. Conservation of energy showed that translational energy was
preferred in a 4:1 ratio over rotational energy at each of the excitation wavelengths.
The preference for translational energy is consistent with a linear transition state before
photodissociation. Calculations by theoretical collaborators and experimental results
indicate that the dissociation mechanism for SO, is the C state coupling to a repulsive
triplet state that lowers the energy barrier, but that also the SO, goes from a bent
geometry to a linear geometry as well.

In Chapter 5 an optical centrifuge was used to rotationally excite N2O molecules
into extreme rotational states to identify their IR transitions. The optical centrifuge was
tuned by limiting the optical trap to selectively populate N2O rotational states between
J=100-200, and a QCL was used to probe the R-branch of the N>O(00°1-00°0) IR
transitions. Line center profiles were collected for each N2O rotational state and fit to
a Gaussian to determine the line center frequency of the IR transition. N2O has a
bandhead in the R-branch around J=116, allowing for spectral fingerprinting of high
rotational states with known lower rotational states. This study expanded the known R-
branch transitions from N2O J=100 to N.O J=200 and enables the study of near nascent
rotational distributions of optically centrifuged N2O, which was studied in Chapter 6.

In Chapter 6, the a tunable optical centrifuge was used to populate select rotational
states. The inverted distributions of N2O molecules was characterized by Doppler-

broadened line profiles, orientational anisotropy measurements, and the relaxation rates
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of the rotational distribution. For the J=140 clip the orientational anisotropy at the peak
of the inverted distributions is r=0.75 at t=300 ns and decreased to r=0.5 by t=450 ns
for the J=140 clip. The J=160 clip yielded and orientational anisotropy of r=0.75 and
this value persists for the lifetime of the rotational states. Doppler-broadened line
profiles showed that lower rotational states have higher translational energy gains than
higher rotational states. The translational temperature of the lower rotational states
increases as a function of time showing that population in these rotational states is the
product of collisions. The relaxation rate constant for N2O rotational states between
J=140-180 was determined to be 65 % of the gas kinetic collision rate. Previously for
CO J=60-80 the relaxation rate constant was 20 % that of the gas kinetic collision rate.

The expansion of the known N2O IR transitions and the ability to tune the optical
centrifuge to control where the near nascent rotational distribution provides exciting
possibilities for future experiments. Further expansion of the N2O IR transitions would
require a new IR probe laser that will provide the opportunity to probe N2O up to J=360.
The energy gap between the rotational states in this region of N2O is 284 cm™, which
is similar to the energy gaps of CO. It would be interesting to characterize a near
nascent rotational distribution in this region and determine the relaxation dynamics of
rotational states with higher rotational energies. The relaxation rate could be similar to
the relaxation rate of CO. With a new IR probe laser, the P-branch N2O IR transitions
could also be probed between J=100-200, this combination difference study would
provide details on why the rigid rotor model can predict the IR transition frequencies

and determine if the upper state, lower state, or both states are distorted.
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Appendix A: Finstein A Coefficients for SO (0 < 2) Emission

This appendix is based on theoretical calculations performed by Dr. Jacek Klos.
The computational approach to determine the Einstein coefficients is based first on ab
initio electronic structure calculations of the relevant potential energy curves and dipole
moment function for the X 3Z~ground electronic state of the SO molecule. Using the
X 3%~ potential energy curve for SO, we calculated vibrational states and
corresponding vibrational wave functions using the Discrete Variable Representation
(sinc-DVR) approach.!!® The vibrational state energies, corresponding wave functions,
and dipole moments are then used in an analytical formula for Einstein absorption
coefficients.

For benchmark and testing purposes, we also determined the potential energy curve
and dipole function for the X Z*electronic ground state of the CO molecule and the
Einstein coefficients for the first few vibrational states. Values of A for CO are

available in the HITRAN database for comparison.

A.1 Potential Energy and Permanent Dipole Moment Curves

An explicitly correlated variant of the internally contracted multi-reference
configuration interaction method (ic-MRCI-F12) to calculate SO potential energy
curves for the few lowest-lying singlet, triplet, and quintet spin states was used.!"118
The ic-MRCI-F12 method included single and double excitation and the influence of
higher excitations was accounted for by employing the Davidson correction.''® The
basis was composed of Dunning’s augmented, correlation consistent polarized valence
triple-zeta basis sets for S and O atoms,*?%12 optimized for Douglas Kroll Hamiltonian

integrals (aug-cc-pVTZ-DK), and suitable for recovering possibly small scalar
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relativistic effects on S atom. The auxiliary density fitting basis sets for explicitly
correlated MRCI-F12 method were generated based on aug-cc-pVTZ basis sets. The
reference wave function for the MRCI method was constructed at the complete active
space self-consistent field level (CASSCF)*??123 for spin-singlet, triplet and quintet
states.

The calculations were done on a discrete radial grid of 127 points spanning
interatomic distance R from R=2.0 to 26.0 Bohr with a step of 0.1 Bohr. Along the
potential energy curves for singlet, triplet, and quintet states, we also have calculated
the permanent dipole and transition dipole moment curves between electronic states at
the MRCI level of theory.

Similar calculations for the CO(X 'x*+) molecule was performed as well to test our
Einstein coefficients. All the calculations were performed with MOLPRO 2012 suite
of codes. As we are interested mainly in the electronic ground triplet state of the SO
molecule, we show in Figure Ala the potential energy curve for the ground state X 3%~
triplet. This potential energy curve has a stationary point corresponding to the global
minimum at R=2.812 Bohr, which agrees well with the 2.799 Bohr value given by
Huber et al.!?* The calculated S( *P)+O( *P) dissociation limit is 5.3 eV above the
minimum. The first five vibrational states calculated using the DVR approach are

indicated in Figure Al as red solid lines.
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Figure Al: a) Potential energy curve for the SO(X 32~) determined at the ic-MRCI-
F12 level with aug-cc-pVTZ-DK basis. The minimum of the curve is at the equilibrium
position of the SO(X >2~) state near R=2.8 Bohr. The calculated dissociation S(°P) +
O(®P) limit has an energy of 5.3 eV (42821 cm™Y). The first five vibrational states of the
SO molecule (from v=0 to v=4) are indicated by red solid lines. b) Plot of the
permanent dipole moment function of the SO(X 32~) molecule determined with the
ic-MRCI-F12 method. The dipole moment at equilibrium geometry is indicated by the
red solid line.

The permanent dipole moment curve p(R) for the SO(X 3%~) molecule is shown
in Figure Alb. The dipole moment was determined at the ic-MRCI-F12 level of theory
with the same basis set as described for the potential energy calculations. The short red

solid line shows the dipole moment for R = R, of the SO molecule.

A.2 Calculation of Einstein Coefficients

We set up the vibrational Schroédinger equation with the SO(X 32‘) potential to
determine vibrational states and wave functions. We use the sine-DVR approach to
solve the resulting Schrodinger equation on a discrete grid of 2500 points spanning
interatomic distances R from 2.0 to 14 Bohr. In Table A.1, the first 5 calculated
vibrational energies of the SO(X 32‘) molecule along with expectation values of R for
each state and the corresponding rotational constant calculated from the expectation

value of 1/R? operator are shown.
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Table A.1: Vibrational energy states for *2S*%0(X *2~) molecule and expectation
values of R, and rotational constants B,,.

Vibrational State v Energy (cm™1) (R,) (Bohr) (By) (cm™1)
0 566.49 2.8198 0.7115
1 1690.10 2.8366 0.7058
2 2801.20 2.8535 0.7001
3 3899.35 2.8704 0.6944
4 4984.77 2.8876 0.6888

The energy values are in good agreement with experimental values obtained by
Clyne and McDermid. The Bo value is also in good agreement as the reported Bo is
0.72082 cm™.1%® In the next step, Einstein coefficients Ajj (in S') are computed for
transitions between level i = (v',J") and j = (v",J") using the following formula that

makes use of calculated vibrational wave functions y,,,'%

(81'L'hAEi3j)HL
where
(R o)
y = W) ) (s4)

and AE;; is the difference between the i-th and j-th rovibrational energy levels defined
in equation (S5)

AE;; =EW',N".J'))—E®@",N",]") (S5)

The rotational energy levels of the SO(X >~ ~)molecule are defined in Hund’s case

(b) coupling scheme by N and J quantum numbers with J being defined by rotational

and spin angular momenta as J=N+S. We used formulas and spectroscopic molecular
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parameters given by Burkholder and coworkers for the rotational energies of the
SO(x 3z7).%2
The HL in equation S6 for Ajj Einstein coefficient is the so-called Honl-London

factor that depends on the initial J* and final J” rotational quantum numbers that differ

by 1 and is zero otherwise:

Jr " l
’ fOT' ] _] =1
2] +1
HL =1 1, (S6)

fOT']” _]I =1

2]'+1

Figure A2 shows a plot of Einstein coefficients for vibrational transitions of SO
involving v=0, 1, 2 states, with Aj; coefficients for transitions between rotational states.
The Einstein coefficients for SO are approximately an order of magnitude smaller than
those for the CO molecule. The calculated coefficients for CO (0 « 2) emission are
within 10% of the HITRAN values. The calculated Einstein coefficients for the
SO(X 3x~) molecule are given in Table SII for the P-branch and Table Sl1I for the R-
branch, along with the lower rotational energies E", transition frequencies v, and line

strengths S.
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Figure A2 Plot of calculated Einstein coefficients for the rovibrational
transitions of SO(X ®2~) molecule. Each colored dot represents the Einstein
coefficient for an individual (N',J") - (N",]J") rotational transition for the
indicated vibrational transitions

A.3 IR Overtone Transitions for SO

IR transition frequencies for SO (v=0) overtone transitions (up to J=31) and spectral

fitting parameters were reported previously by Burkholder and coworkers.® We used

their spectral parameters and analytic expressions to calculate SO (v=0) rotational

energies and overtone transition frequencies up to N=39. The calculated transition

frequencies have a root mean square deviation from the observed frequencies of 1x10°

3 cm™? or better. Some error was introduced in the low energy states from using the

fitting parameters instead of the observed transitions; in this case, the state energies

were established using microwave data.

127,128

Table A.2. P-branch (2 « 0) Overtone Transitions of SO( 2=, v = 0): Einstein A
Coefficients, Frequencies, and Intensities

-23
v. ]’ N v'J" N'|AGEYH | E"(mY) | g | v(cm? g}&gculg_q;
2 40 39 0 41 40 |0.1601 | 1182.8031 | 79 | 2188.2596 1.22
2 38 39 0 39 40 |0.1602 | 1173.0325 | 79 | 2188.2771 1.28
2 39 39 0 40 40 | 0.1601 |1177.9267 | 79 | 2188.3340 1.25
2 39 38 0 40 39 |0.1606 | 1125.6589 | 77 | 2190.5678 1.58
2 37 38 0 38 39 |0.1607 | 1115.8851 | 77 | 2190.5860 1.65
2 38 38 0 39 39 |0.1607 |1120.7801 | 77 | 2190.6426 1.61
2 38 37 0 39 38 |0.1612 | 1069.9293 | 75 | 2192.8542 2.02
2 36 37 0 37 38 |0.1613 | 1060.1527 | 75 | 2192.8729 2.12
2 37 37 0 38 38 |0.1612 | 1065.0482 | 75 | 2192.9294 2.07
2 37 36 0 38 37 |0.1617 | 1015.6151 | 73 | 2195.1187 2.56
2 35 36 0 36 37 |0.1619 | 1005.8362 | 73 | 2195.1380 2.69
2 36 36 0 37 37 |0.1618 | 1010.7321 | 73 | 2195.1942 2.63
2 36 35 0 37 36 |0.1623 | 962.7175 | 71 | 2197.3612 3.23
2 34 35 0 35 36 |0.1624 | 952.9368 | 71 | 2197.3812 3.39
2 35 35 0 36 36 |0.1624 | 957.8328 | 71 | 2197.4371 3.31
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33.41
32.60
35.76
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339.8343
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309.7139
300.0335
304.8664
281.0223
271.3634
276.1844
253.7599
244.1261
248.9332
227.9268
218.3222
223.1132
203.5234
193.9528
198.7249
180.5496
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175.7689
159.0055
149.5215
154.2455
138.8908
129.4619
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120.2052
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98.2752
93.6632
87.1184
82.4862
77.9285
72.7148
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2235.8175
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2241.1602
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2242.9122
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37.57
36.65
39.84
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43.98
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45.08
48.09
50.55
49.30
52.07
54.75
53.39
55.81
58.70
57.24
59.20
62.29
60.72
62.12
65.38
63.72
64.43
67.84
66.11
66.02
69.56
67.76
66.77
70.41
68.56
66.59
68.40
70.30
65.39
67.21
69.13
63.11
64.92
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0.1929
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0.2085
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0.2088
0.2322
0.2091
0.2325
0.2327
0.3449

63.6414
59.7351
55.2117
50.8068
48.1761
43.7267
39.4321
38.0331
33.6769
29.5290
29.2989
25.0624
21.1167
21.9621
17.8834
14.2296
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12.1401
8.9342
11.3953
7.8325
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2249.6510
2251.0525
2251.2299
2251.2961
2252.6246
2252.8255
2252.9305
2254.1657
2254.3983
2254.5618
2255.6714
2255.9484
2256.2049
2257.1343
2257.4757
2257.8919
2258.5424
2258.9802
2259.7215
2259.8753
2260.4618
2261.1045
2262.9209

66.86
59.72
61.51
63.45
55.20
56.96
58.93
49.58
51.31
53.34
42.91
44.63
46.80
35.26
37.00
39.56
26.68
28.56
32.24
17.20
19.45
6.48
29.14

Table A.3. R-branch (2 « 0) Overtone Transitions of SO( *Z~,v = 0): Einstein A

Coefficients, Transition Frequencies, and Intensities
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-23
v/ N vJ'" N'|ASH ]| E"CmY) | g | v(emD g}é}gculg_q;
2 2 1 01 0 | 0.1404 4.9830 3 | 2265.2869 16.70
21 2 00 1 |0.1184 5.9837 5 | 2263.6727 11.80
22 2 01 1 | 0.1406 4.9607 5 | 2266.1596 19.78
23 2 02 1 | 0.1507 8.0829 5 | 2266.4639 20.87
22 3 01 2 | 0.1407 5.3958 7 | 2266.7258 27.64
23 3 02 2 | 0.1509 7.8325 7 | 2267.5266 29.27
24 3 0 3 2 | 0.1565 | 11.3953 7 | 2267.7012 29.84
23 4 0 2 3 | 0.1510 8.9342 9 | 2268.3874 37.45
24 4 0 3 3 | 0.1567 | 12.1401 9 | 2268.8707 38.24
25 4 0 4 3 | 0.1603 | 16.0045 9 | 2268.9658 38.38
24 5 0 3 4 | 0.1569 | 14.2296 11 | 2269.8611 46.29



NN DN DN DPNDPDDPNDPDDNPDDNDNDNDDNDPNDODPDPODDPNPODDNODDNNDDNDDNDDNDDPNDDDPNPODDPNDODDNODDNDDNDDNDPNDDPNDDDPNDODDNODDNDDNDDNDDNDDDNDDDDDDDDDNDDNDDNDDND

00 0 O©W N N0 Oo NO 01 O1

PR PP RPRPRPRPPRPRPERPRPRRRPEPRPERPRPEPRPRPERPEPERERERRER kR
N O NN OO DNOTOWWRARNMNMNWERNDMO O R o

© © © 0000 0o N~N~NJOOoO O O1 O1

O O O O OO OO OO O0ODO0ODO0O0DO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0ODO0OO0O0O0O0O0O0O0OO0OO0OO0OOoOoO oo

00O 00 O©W N ~NOoOoO OO~ oorTo O » O &~

PR RPPRPPRPRPRERPRPRPRPRPERPRPEPEPEREPRPPEPEREREREER kR
O 0O NUTUOORADNUUOWWRNNWRERRERNDOOLR o

© © O© 0000 oo N~N~NOoOoo o1 o101 & b

P PP P RPRRPRPRERPRPRPRPRRRRPRRRRERLERLR
NN U O DDEWWWNNNRRREOOO

0.1606
0.1631
0.1608
0.1633
0.1651
0.1636
0.1668
0.1654
0.1657
0.1682
0.1671
0.1673
0.1693
0.1685
0.1687
0.1704
0.1696
0.1699
0.1712
0.1706
0.1709
0.1720
0.1715
0.1717
0.1727
0.1723
0.1725
0.1734
0.1730
0.1732
0.1740
0.1737
0.1739
0.1745
0.1742
0.1745
0.1751
0.1748
0.1755
0.1750

17.8834
21.9621
21.1167
25.0624
29.2989
29.5290
38.0331
33.6769
39.4321
48.1761
43.7267
50.8068
59.7351
55.2117
63.6414
72.7148
68.1316
77.9285
87.1184
82.4862
93.6632
102.9481
98.2752
110.8418
120.2052
115.4983
129.4619
138.8908
134.1552
149.5215
159.0055
154.2455
171.0189
180.5496
175.7689
193.9528
203.5234
198.7249
227.9268
218.3222

120

11
11
13
13
13
15
15
15
17
17
17
19
19
19
21
21
21
23
23
23
25
25
25
27
27
27
29
29
29
31
31
31
33
33
33
35
35
35
37
37

2270.1918
2270.2367
2271.2458
2271.4898
2271.5019
2272.5739
2272.7545
2272.7647
2273.8603
2273.9907
2274.0165
2275.1124
2275.2081
2275.2452
2276.3345
2276.4053
2276.4508
2277.5289
2277.5814
2277.6331
2278.6971
2278.7357
2278.7922
2279.8398
2279.8678
2279.9281
2280.9578
2280.9774
2281.0407
2282.0514
2282.0644
2282.1300
2283.1209
2283.1284
2283.1960
2284.1663
2284.1695
2284.2387
2285.1874
2285.1879

46.51
46.30
54.13
53.92
53.41
60.91
59.59
60.36
66.55
64.73
65.72
70.99
68.78
69.94
74.23
71.70
73.01
76.27
73.51
74.92
77.15
74.23
75.71
76.95
73.93
75.45
75.74
72.70
74.23
73.65
70.62
72.14
70.79
67.84
69.31
67.31
64.45
65.88
60.61
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5.53
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2.18

2.28

2.23

1.70

1.78

1.74

122



Appendix B: N,O R-branch IR Transition Frequencies
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Table B.1: N2O R-branch IR transitions between J=100-200

N2O J Vobs Avops VRR VHesr Vobs — VRR  Vobs ~ VH,sr
100 2272.1827 0.0004 2272.1824 2272.1811  0.0003 0.0017
101 2272.2981 0.0004 2272.2974 2272.2959  0.0007 0.0022
102 2272.4052 0.0004 2272.4051 2272.4035  0.0001 0.0017
103 2272.5047 0.0004 22725055 2272.5038 -0.0008 0.0009
104 22725978 0.0004 22725987 2272.5969  -0.0009 0.0009
105 2272.6852 0.0004 2272.6846 2272.6827  0.0006 0.0025
106 2272.7649 0.0005 2272.7633 2272.7612  0.0016 0.0037
107  2272.8342 0.0004 2272.8347 2272.8325  -0.0005 0.0017
108 2272.8990 0.0003 2272.8989 2272.8965  0.0002 0.0026
109 22729558 0.0004 2272.9557 22729532  0.0000 0.0026
110 2273.0057 0.0005 2273.0054 2273.0027  0.0003 0.0031
111 2273.0481 0.0004 2273.0477 2273.0448  0.0004 0.0033
112 2273.0819 0.0006 2273.0828 2273.0797  -0.0009 0.0022
113  2273.1104 0.0006 2273.1106 2273.1073  -0.0002 0.0031
114 2273132 0.005 2273.1312 2273.1276  0.0012 0.0048
115 2273.15 - 2273.1444 2273.1406 - -
116 - 2273.1504 2273.1464 - -

Bandhead
117 Bandhead - 2273.1491 2273.1448 - -
118 2273.15 - 2273.1405 2273.1360 - -
119 2273.125 0.005 2273.1247 2273.1198  0.0007 0.0056
120  2273.1024 0.0005 2273.1015 2273.0964  0.0009 0.0060
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0.0005
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0.0004

0.0004

0.0004
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0.0004
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0.0005
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0.0004
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2272.4689
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2272.1367
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2271.7387

2271.5915

2271.4369

2271.2749

2271.1057

2270.9292

2270.7453

2270.5541
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2272.9296

2272.8696

2272.8023

2272.7277

2272.6458

2272.5565

2272.4600
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2272.0004

2271.8671
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2271.5786
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2270.5369
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0.0020
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0.0027
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0.0052

0.0077

0.0076

0.0080

0.0086

0.0080

0.0103

0.0096

0.0101

0.0112

0.0116

0.0125

0.0132

0.0142

0.0148

0.0154

0.0157

0.0162

0.0180

0.0187

0.0191

0.0200

0.0204



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

2270.3591

2270.1547

2269.9418

2269.7217

2269.4938

2269.2590

2269.0168

2268.7670

2268.5096

2268.2456

2267.9738

2267.6959

2267.4083

2267.1152

2266.8144

2266.5072

2266.1916

2265.8689

2265.5388

2265.2004

2264.8566

2264.5049

2264.1447

0.0004

0.0004

0.0005

0.0004

0.0003

0.0004

0.0003

0.0004

0.0004

0.0004

0.0003

0.0004

0.0003

0.0004

0.0003

0.0004

0.0004

0.0005

0.0005

0.0003

0.0004

0.0004

0.0004

2270.3556

2270.1497

2269.9366

2269.7161

2269.4882

2269.2531

2269.0106

2268.7608

2268.5037

2268.2392

2267.9674

2267.6882

2267.4018

2267.1080

2266.8068

2266.4983

2266.1825

2265.8594

2265.5289

2265.1911

2264.8459

2264.4934

2264.1336

126

2270.3375

2270.1308

2269.9168

2269.6953

2269.4665

2269.2303

2268.9868

2268.7359

2268.4776

2268.2120

2267.9389

2267.6585

2267.3707

2267.0756

2266.7730

2266.4631

2266.1457

2265.8210

2265.4889

2265.1494

2264.8025

2264.4482

2264.0864

0.0035

0.0050

0.0052

0.0056

0.0056

0.0059

0.0062

0.0062

0.0059

0.0064

0.0064

0.0077

0.0065

0.0072

0.0076

0.0089

0.0091

0.0095

0.0099

0.0093

0.0107

0.0115

0.0111

0.0216

0.0239

0.0250

0.0264

0.0273

0.0286

0.0300

0.0311

0.0320

0.0336

0.0349

0.0374

0.0376

0.0396

0.0414

0.0441

0.0459

0.0479

0.0499

0.0510

0.0541

0.0567

0.0583



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

2263.7790

2263.4048

2263.0254

2262.6341

2262.2392

2261.8352

2261.4254

2261.0072

2260.5824

2260.1492

2259.7109

2259.2634

2258.8084

2258.3466

2257.8780

2257.4013

2256.9177

2256.4269

2255.9276

2255.4229

2254.9102

2254.3889

2253.8612

0.0005

0.0003

0.0005

0.0004

0.0003

0.0004

0.0003

0.0003

0.0005

0.0004

0.0003

0.0003

0.0004

0.0005

0.0004

0.0003

0.0003

0.0004

0.0003

0.0003

0.0003

0.0004

0.0003

2263.7664

2263.3919

2263.0100

2262.6208

2262.2243

2261.8204

2261.4091

2260.9906

2260.5647

2260.1314

2259.6909

2259.2430

2258.7877

2258.3251

2257.8552

2257.3779

2256.8933

2256.4013

2255.9020

2255.3954

2254.8815

2254.3602

2253.8316

127

2263.7173

2263.3408

2262.9569

2262.5655

2262.1668

2261.7606

2261.3471

2260.9261

2260.4977

2260.0618

2259.6186

2259.1679

2258.7098

2258.2443

2257.7713

2257.2909

2256.8031

2256.3078

2255.8051

2255.2950

2254.7774

2254.2524

2253.7199

0.0126

0.0130

0.0154

0.0133

0.0149

0.0148

0.0163

0.0166

0.0177

0.0178

0.0200

0.0204

0.0207

0.0215

0.0228

0.0234

0.0244

0.0256

0.0255

0.0275

0.0287

0.0287

0.0296

0.0617

0.0640

0.0685

0.0686

0.0724

0.0746

0.0783

0.0811

0.0847

0.0874

0.0923

0.0955

0.0986

0.1023

0.1066

0.1103

0.1146

0.1191

0.1224

0.1279

0.1328

0.1365

0.1413



190 2253.3274 0.0003 2253.2956 2253.1800  0.0318 0.1474
191 2252.7845 0.0003 2252.7523 2252.6327  0.0322 0.1518
192  2252.2350 0.0004 2252.2017 2252.0778  0.0333 0.1572
193 2251.6786 0.0004 2251.6438 2251.5156  0.0348 0.1630
194 2251.1144 0.0004 2251.0785 2250.9459  0.0359 0.1685
195 2250.5436 0.0004 2250.5059 2250.3687  0.0377 0.1749
196 2249.9650 0.0003 2249.9259 2249.7841  0.0391 0.1809
197  2249.3791 0.0004 2249.3387 2249.1920  0.0404 0.1871
198 2248.7852 0.0003 2248.7441 2248.5924  0.0411 0.1928
199 2248.1857 0.0003 2248.1422 2247.9854  0.0435 0.2003
200 2247.5769 0.0003 2247.5329 2247.3709  0.0439 0.2060
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