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The importance of highly excited molecules in the fields of combustion and
atmospheric chemistry makes it essential to study pathways by which energy is lost
from the excited molecule. One such pathway is by inelastic collisions with a bath
molecule. In this dissertation, the collisional relaxation of highly excited pyrazine-hs
(Evib = 37900 cm™) and pyrazine-ds (Evib = 37900 cm™) with HCI (300 K) is studied.
The outcomes of the inelastic collision studies reveal quantum state-energy gaps of
molecules and their intermolecular interactions affect the mechanism and dynamics of
collisional energy transfer.

The results from collisional relaxation of pyrazine-hs (Evib = 37900 cm™) with
HCI were compared to those from collisional relaxation of pyrazine-hs (Evin) with
DCl in order to deduce the effects of quantum state-energy gaps on the dynamics of

collisional energy transfer. The comparison shows the dynamics for collisional



deactivation of pyrazine-hs (Evib) with HCI and DCI are different, and are possibly
due to their intermolecular interactions with pyrazine-hs (Evin).

The data for collisional relaxation of pyrazine-ds (Evio = 37900 cm™) with HCI
were compared to those for pyrazine-hs (Evib) + HCI collisions in order to determine
the contributions of near-resonant vibrational energies of the collision partners on the
collision dynamics. The comparison shows the energy transfer dynamics for
collisional quenching of pyrazine-hs (Evib) and pyrazine-ds (Evib) with HCI are
similar. The similarity in their energy transfer dynamics suggests near-resonance

effects are not contributing significantly to the collision dynamics.
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Chapter 1: Introduction

1.1 Importance of Collisional Energy Transfer

The research projects presented in this dissertation are motivated by the goal
to develop a microscopic understanding of molecular energy transfer and the means
by which quantum state-energy gaps in molecules affect the dynamics of collisional
relaxation of highly excited molecules. Studying collisional quenching of highly
excited molecules in the gas phase is important since it directly competes with their
unimolecular reactions [1, 2]. Knowing how inelastic collisions of high energy
molecules impact unimolecular reactions is crucial to identifying molecular factors
that affect collisional energy transfer in combustion and atmospheric processes [1, 2].

The Lindemann-Hinshelwood model describes the competition between
collisional deactivation and unimolecular reaction [1, 3, 4]. In this model, molecule A
undergoes collisions with molecule B and gains enough energy to dissociate, as

shown in Eq. 1.1.

A+B—> A*+B (Eq. 1.1)
The highly excited molecule A* can decompose to form product C or it can lose its
internal energy through collisions with B, as described by Eq. 1.2.

A*—> C
or (Eq. 1.2)
A*+B—> A+B

Dissociation lifetimes of A* generally increase with increasing complexity of the

molecule. Polyatomic molecules with more internal degrees of freedom have more



phase space to hold the internal energy and it generally takes longer for the energy to
find its way into the dissociative modes. Longer lifetimes of A* correspond to a
greater probability of collisional deactivation. In the experiments presented in this
dissertation, the collisional relaxation of highly excited molecules is investigated
under conditions where the lifetime of A* is approximately 2 orders of magnitude
longer than the measurement time for collisional energy transfer.

The collisional relaxation studies presented in Chapter 3 of this dissertation
test for the effect of quantum state density of the energy acceptor on the collision
dynamics. Previous studies on the collisional relaxation of pyrazine-hs (Evin) with DCI
[5] and CO> [6] show that CO2 molecules are scattered in the collisions with larger
changes in its rotational and translational energies compared to DCI. The smaller
rotational constant for CO2 (B = 0.39 cm™) compared to DCI (B = 5.4 cm™) could
have contributed to the larger energy changes seen for scattered CO>. Comparing the
results for DCI to the outcome of collisional quenching of pyrazine-hs (Eviv) with HCI
will reveal the effects of quantum state-energy gaps on collisional energy transfer.
With this goal in mind, collisional relaxation studies of pyrazine-hs (Evib) with HCI
were carried out and the results are compared to DCI scattering.

Two general pathways exist for vibrational energy transfer from high energy
molecules [1, 2, 7]. In one mechanism, the vibrational energy transferred from the
energy donor goes into the vibrational degree(s) of freedom of the energy acceptor.
This pathway is referred to in this thesis as vibration-to-vibration (V—V) energy
transfer. In the other mechanism, vibrational energy of the donor goes into the

rotational and translational degrees of freedom in the acceptor molecule. This



pathway is referred to here as vibration-rotation and translation (V—RT) energy
transfer. A number of inelastic collision studies have shown the probability for V-V
energy transfer increased as the vibrational frequencies of the collision partners come
into resonance [8, 9]. Near-resonance of the vibrational transitions of the collision
partners is important for V—V energy transfer since the energy accepting molecules
have quantized energy gaps and therefore, can only accept a specific amount of
energy.

The quantum constraints for V—V energy transfer limit its probability relative
to that for V—RT energy transfer [10, 11], where the strong coupling of the rotational
and translational motions is likely to satisfy the quantum restrictions of molecular
energy. Self-relaxation collisions of highly excited molecules are reported to be
dominated by V—V energy transfer [12, 13]. The predominance of the V—V channel
in such self-quenching stems from the frequency and energy gap matching in the
donor and acceptor molecules.

The mechanism for energy transfer is affected by intermolecular interactions
of the molecules [2, 14, 15]. Collisions wherein molecules exchange energy at long
intermolecular distances are likely to result in V—V energy transfer since they are
mediated by long range attractive forces. On the other hand, collisional energy
transfer that takes place at short intermolecular distances are likely to be dominated
by V—>RT energy transfer since this type of energy transfer is mediated by repulsive
interactions between the collision partners. The extent to which collisional energy

transfer mechanism is affected by intermolecular forces and near-resonance effects is



addressed in this dissertation through collisional relaxation studies of pyrazine-hs

(Evib) and pyrazine-hs (Evib) with HCI.

1.2 Probing techniques for collisional quenching studies

High resolution transient IR absorption spectroscopy is used for the
experiments in this dissertation in order to investigate the dynamics of collisional
energy transfer. This approach focuses on the quantum state-resolved outcome of
collisions by measuring energy gain in energy-accepting bath molecules. The energy
transfer pathways are characterized in terms of the vibrational, rotational and
translational energies of the product molecules. The detailed information provided by
these studies complement other experimental approaches that measure energy loss
from highly excited molecules. Among these methods are time-resolved UV
absorption [16, 17], IR fluorescence [18-20] and kinetically controlled selective
ionization [21, 22].

High-resolution transient mid-IR absorption spectroscopy is a powerful
technique for studying the dynamics of collisional energy transfer [2, 23-30]. The
ideal IR light for such measurements is stable, high-resolution, broadly tunable and
sufficiently powerful to access molecular transitions that have a broad range of
oscillator strengths. Transient IR absorption yields detailed quantum state-resolved
information for nascent species, thereby revealing the microscopic mechanisms for
the collisional energy transfer.

In the recent past, lead-salt diode lasers and color-center lasers have been the
IR sources of choice for high-resolution transient IR absorption spectroscopy because

they meet many of the requirements for transient detection.[2, 23-29, 31, 32]. These



light sources provide high-resolution output (<10 MHz) that is often narrow enough
for measuring Doppler-broadened line profiles for individual ro-vibrational
transitions, their output wavelengths are tunable to individual molecular transitions,
and they are amenable to active feedback stabilization schemes to control the output
frequency. However, diode lasers and color-center lasers have a number of
disadvantages that impact their effectiveness.

Lead-salt diode lasers have relatively low output powers (~ 200 pW or less),
have reduced performance at wavelengths shorter than A =4 um and are tunable over
limited ranges (~ 200 cm™ or less) with non-continuous tuning. Color-center lasers
have larger output powers (~5 mW) and more continuous tuning capability, but
require complex optical set-ups for single-mode tuning and it has become difficult
lately to obtain functioning crystals. Recent developments in IR light sources such as
continuous-wave (CW) mid-IR optical parametric oscillators (OPOs) are providing
new opportunities for precise and sensitive measurements of transient molecular
processes [30]. As part of this thesis work, an OPO-based high-resolution transient
IR absorption spectroscopy was constructed in order to investigate collisional energy
transfer.

Continuous-wave mid-IR OPOs based on quasi-phase-matching of nonlinear
crystals are especially useful for molecular spectroscopy based on their high spectral
resolution (~ 1 MHz), broad tunability [33, 34], and stable, high-power output (>1
W). The use of OPOs as a source of IR light has existed for some time, but recent
advances in the development of quasi-phase-matched crystals such as periodically-

poled lithium niobate (PPLN) crystals and high pump power sources such as fiber



lasers [35-37] have led to commercially available OPO devices. A number of other
groups have taken advantage of these features of mid-IR OPOs for studies in the areas

of frequency combs [38], laser-cooled atoms [39] and gas-surface chemistry [40].

1.2 Molecules used for collisional energy transfer studies

The molecules used for the inelastic collision studies presented in this
dissertation are hydrogen chloride (HCI), pyrazine-hs (C4HsN2) and pyrazine-ds

(C4DasNy). The structures of all three molecules are shown in Figure 1.1. HCI is used

a b c

Figure 1.1. Structures of a) HCI, b) pyrazine-hs and c) pyrazine-ds molecules

as the energy acceptor while pyrazine-hs and pyrazine-ds are used as energy donors.
The individual J states of HCI are probed in these studies. Using HCI makes it easier
to probe the quantum states of the bath molecule since its ro-vibrational spectrum is
less dense than that of a triatomic or polyatomic [7]. Also, the effects of attractive
intermolecular interactions on collisional relaxation dynamics of highly excited
molecules are deduced by using a polar molecule such as HCI as the energy acceptor.
Large molecules such as pyrazine-hs and pyrazine-ds are used as energy
donors [5, 6, 14, 41-45] because they can be excited to high vibrational levels, yet
remain undissociated in the time scale of the collisional energy transfer measurements

[1, 46]. The clean photophysics of highly excited pyrazine-hs and pyrazine-ds



molecules make them favorable for use as energy donors. UV absorption by the
mentioned isotopes excites them to high vibrational levels with close to unity

quantum yield [47] and the radiationless decay physics is well characterized.

1.3 Dissertation overview

The Chapters of this dissertation present quantum state-resolved data for the
collisional relaxation of highly excited pyrazine-hs and pyrazine-ds molecules with
HCI molecules. The experiments were performed with an OPO-based high-resolution
transient IR absorption spectrometer. Chapter 2 describes the components of the high-
resolution transient IR absorption spectrometer. The performance of the new
spectrometer is characterized by comparing with measurements using a lead salt
diode laser.

The dynamics for the V—RT pathway of highly excited pyrazine-hs (Evib =
37900 cm™) and HCI are presented in Chapter 3. The study is motivated primarily by
interest in knowing the influence of rotational state density of the energy acceptor on
collision dynamics. In Chapter 4, the vibration-to-vibration (V—V) energy transfer
collisions of pyrazine-ha (Evip = 37900 cm™) and HCI are discussed. This study is
motivated by the isotope effects seen in the studies described in Chapter 3. The
vibrational frequencies of HCI (vuci = 2886 cm™®) [48] and pyrazine (v7o = 3041 cm™)
[49] are close and previous studies have shown that in some cases V—V energy
transfer is enhanced when the vibrational transitions of the collision partners are close
in energy [7, 8].

In Chapter 5, further tests of near-resonance effects on collisions dynamics are

carried out by studying collisions of pyrazine-ds (Evio = 37900 cm™) with HCI. Any



near-resonance effects of the vibrational motions of the collision partners on the
dynamics will be revealed by comparing the results for HCI + pyrazine-da (Evin)
collisions to those for HCI + pyrazine-da (Evib) collisions. Lastly, the conclusions
reached for each project in this dissertation are presented in Chapter 6 along with
future directions for the projects. Following Chapter 6 is the Appendix, where the

calculations used in data analysis are discussed.



Chapter 2: Experimental Methods

2.1 An OPO-based Transient IR Absorption Spectrometer

The scheme for measuring collisional energy transfer with high-resolution
transient IR absorption spectroscopy in the gas phase involves three steps. In the first
step, the energy-donors, in this case pyrazine molecules, are excited with pulsed A =
266 nm light. Radiationless decay converts the photon energy into vibrational energy
of the donor molecules [50]. The second step involves excited donor molecules
colliding under low pressure conditions with the energy-acceptors, in this case HCI
molecules; the collisions induce population changes in individual rotational states of
HCI identified by the quantum number J. The time between collisions is much longer
than the instrument response time so that nascent populations are measured at early
times following optical excitation of donors. In the third step, the population changes
in individual J-states of scattered HCI molecules are measured by transient IR
absorption at p = 3.4 um using R-branch transitions (AJ = 1) of the vibrational
fundamental (Av = 1).

Two types of measurements are made with transient IR absorption. In the
first, time-resolved Doppler-broadened line shapes are measured by locking the IR
light to a fringe of a scanning Fabry-Perot etalon and collecting transient signal
stepwise at a series of IR wavelengths over the line shape. Translational energy
distributions are determined from the Doppler-broadened line widths. In the second
type of measurement, population changes at line center vo of an HCI IR transition are

monitored by locking the IR light to the peak of the absorption line and collecting



transient absorption at a single IR wavelength. Population distributions and rate
constants are determined by combining line-center and line width measurements for a
number of rotational states.

A lead salt diode laser was initially used to probe the scattered HCI molecules,
but the transient IR signals collected have low signal-to-noise ratios (SNRs). The
nascent Doppler-broadened line profile measurements made with the diode laser have
wavelength-dependent noise, and it was difficult to detect small changes in
population in the wings of low-J line profiles for scattered HCI. These limitations are
seen in the transient IR data collected with the diode laser because it does not operate
optimally at wavelengths where HCI absorption lines are located (A = 3.4 um).

The measurement difficulties experienced with the diode laser necessitated
using a different IR source such as a mid-IR OPO to probe scattered HCI molecules
in the inelastic collisions. The integration of a mid-IR OPO into a high-resolution
transient IR absorption spectrometer is discussed in this Chapter. Samples of transient
IR measurements made with the OPO are presented and are compared to those
collected with the diode laser to show improvements in the quality of data collected

with the OPO.

2.1.1 Continuous-Wave (CW) mid-IR OPO

Optical parametric oscillators (OPOs) consists of nonlinear crystals that
convert a single photon of the pump light into two other photons of lower energy
known as signal and idler. The use of OPOs as a source of IR light has existed for
some time, but recent advances in the development of quasi-phase-matched crystals

such as periodically-poled lithium niobate (PPLN) crystals and high pump power
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sources such as fiber lasers [51, 52] have led to commercially available devices that
provide high resolution (~1 MHz) and high power (>1W) IR light with wide spectral
coverage [34, 53]. The state-resolved outcome of molecular collisions that are
presented in this dissertation were carried out using a mid-IR OPO.

The OPO used in the studies that are reported in this thesis is the Aculight
Argos, module C. Its PPLN crystal is doped with magnesium oxide (MgO). The
crystal is pumped using 1064 nm light from a Ytterbium-doped fiber laser and
amplifier (IPG Photonics). The pump beam is split by the OPO to generate signal (A =
1.46 to 1.60 um) and idler (A = 3.2 to 3.9 um) beams. The output of the OPO is
linearly polarized. The IR probe transitions of interest for HCI involve excitation of
one vibrational quantum (Av = 1) and one rotational angular momentum quantum (AJ
= +1) at wavelengths between A = 3.2 to 3.4 um. For this wavelength region, we use

the OPO idler beam.

2.1.2 Pump Laser

The source of UV light that pumps the energy-donor molecules is a
neodymium-doped (Nd) yttrium aluminum garnet (YAG) laser. The Nd:YAG rod is
pumped by high power flashlamps to generate 1064 nm light with an energy of ~500
mJ/pulse. Lasing action is achieved in the Nd:YAG laser system (Powerlite 8000
Series) by Q-switching the laser after firing the flashlamps. Q-switching enables
multiple oscillations of the fundamental output wavelength of the Nd:YAG rod in the
laser cavity. The 1064 nm light emitted by the Nd:YAG crystal is sent through a
second harmonic generation (SHG) crystal to give 532 nm light with an energy of

~300 mJ/pulse. The 532 nm light is subsequently sent through a fourth harmonic
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generation (FHG) crystal to give 266 nm light with energy of ~40 mJ/pulse. The

Nd:YAG laser is operated at a frequency of 10 Hz and has a 5 ns pulse width.

2.1.3 Integration of Probe and Pump Laser into Spectrometer

The high-resolution transient IR absorption spectrometer utilized for the
energy transfer studies is described here [30]. Using a CW mid-IR OPO for high-
resolution transient IR absorption spectroscopy entails setting up active feedback to
control the output wavelength and synchronizing that control with the pulse that
initiates the transient event, in our case a UV laser pulse. An overview of the
feedback scheme is shown in Figure 2.1. To achieve precise wavelength control, the
IR optical frequency is dithered by modulating the wavelength of the fiber laser that
pumps the OPO. The modulated IR light passes through a reference gas cell or a
tunable Fabry-Perot etalon and is collected with phase-sensitive detection. An error
signal from a lock-in amplifier is fed back into the pump laser to lock the IR
frequency to the peak of a molecular transition or an etalon fringe. The frequency
and phase of the IR modulation are synchronized to the firing of the pulsed laser so
that transient absorption is measured at a well-defined IR frequency within the

modulation cycle.
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Figure 2.1. Overview of OPO control

The frequency-stabilized OPO output is used in a transient IR absorption
spectrometer as shown in Figure 2.2. The OPO frequency modulation is realized by
applying a dither voltage to a piezoelectric transducer (PZT) in the pump laser.
Depending on the type of measurement, the range of OPO frequencies covered in a
single modulation cycle is selected to scan over either the peak of a single fringe of a
scanning Fabry-Perot etalon (FSR = 0.01 cm™) or the peak of a molecular transition
of interest. The modulated reference beam is collected with an InSb detector, the
output of which goes into a lock-in amplifier (Stanford Research Systems). The error
signal from the lock-in amplifier is added to the dither voltage for the pump laser
PZT. The error signal continuously adjusts the idler-wavelength to maintain a lock
on the etalon fringe or a molecular absorption line, thus completing the feedback loop
and stabilizing the OPO output frequency. For line profile measurements, the
scanning etalon fringe is tuned in steps by computer-controlled rotation of a CaF>

plate in the etalon using a digital-to-analog converter.
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Figure 2.2. Schematic diagram of OPO-based transient absorption spectrometer

The IR sample beam passes through a 3-m cell containing a low pressure 1:1 mixture
of pyrazine-hs and HCI vapor. The transmitted intensity passes through a
monochromator (Laser Photonics) and is collected on a second InSb detector (Judson)
with a 300 ns risetime. A digital oscilloscope (LeCroy 9304A) records and averages
transient signals from the sample detector following the UV pulse.

For coarse tuning of the OPO idler-wavelength, the crystal position is
manually translated and the angle of an intracavity etalon is adjusted to locate the
spectral region of interest. The finest tuning of the OPO is achieved by applying a
voltage to the fiber laser PZT with a tuning ratio of 95.2 V/cm™. The pump laser PZT
is controlled by the summed output of the modulation voltage from a digital function
generator, a tunable DC voltage (0-150 V) (Thorlabs) and the error signal from the
lock-in amplifier. The amplitude of the dither voltage is varied depending on the type
of scan required. For tuning over multiple absorption lines, voltages up to 20 V are

used, corresponding to an IR scan of 0.21 cm™. For transient measurements of a
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single absorption line, the modulation voltage is reduced to 0.200 V for a modulation
amplitude of 0.0021 cm™. The HCI R7 transition at 300 K has a full width half
maximum line width of 0.006 cm™. The PZT of the OPO pump laser can be
modulated up to 10 kHz. Higher modulation frequency reduces noise in the transient
signals, but limits the effective wavelength tuning range of the PZT. We choose a
modulation frequency of 100 Hz which provides adequate signal-to-noise levels for
our measurements and simultaneously allows for a broad modulation that is used for
identifying spectral features. For comparison, the diode laser measurements were
collected using current modulation at 1 kHz. A pulse generator serves as the master
clock for the spectrometer that coordinates the firing of the Nd:YAG laser with the IR

modulation cycle.

2.2 Improved Quality of Transient IR data collected with OPO

2.2.1 Comparison of transient IR signals collected with OPO and Diode Laser

Transient measurements of pyrazine-h4/HCI energy transfer were collected on
the same spectrometer using two different IR sources: the mid-IR OPO and the lead
salt diode laser. Here, we characterize their performance by comparing data
measured with the two instruments. Transient signals for HCI (v = 0, J = 7) are shown
in Figure 2.3a for the OPO and in Figure 2.3b for the diode laser. Both transient
signals show similar rates for the appearance of HCI in J = 7 when normalized to UV
power and sample pressure. The transients are fit to a flat pre-trigger and an
exponential rise for t > 0. The residuals are shown in the lower plots. The root-
mean-square (rms) noise (based on the residuals) is a factor of 5 smaller for OPO-

based data, corresponding to signal levels with SNRs that are 5 times larger for the
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OPO data. At 15 mtorr total pressure, the average time between collisions is 5 us and
data att = 1 ps corresponds to the single-collision regime. The signals att =1 ps

have a SNR = 17.5 for the OPO compared to a SNR = 3.5 for the diode laser.

o
o
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= - a 4 9 L 2
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Figure 2.3. Transient absorption and kinetic fitting for the HCI R7 transition
following collisions with vibrationally hot pyrazine-hs collected with a) the OPO-
based spectrometer and b) the diode laser spectrometer. The rms noise is determined
from the fitting residuals (shown in lower plots).

The improved SNR for the OPO-based data has direct impact on detection
sensitivity for molecules involved in transient events. Based on a minimum SNR = 2
at t =5 ps or earlier, the OPO-based spectrometer (with a 300 cm path length) can
detect as few as 2x10° HCI molecules cm™ per quantum state, compared to 1x10

HCI molecules cm™ per quantum state for the diode-based spectrometer. The
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minimum number density that can be detected depends on the IR oscillator strength
as well as the spectrometer characteristics. For comparison, the oscillator strength for
the strong IR absorption for CO, at 2349 cm™ is a factor of 13 larger than that for
HCI. Correspondingly, we estimate the CO> detection limit for this band is on the
order of 1x108 molecules cm per quantum state for a 300 cm path length [54].

The enhanced detection sensitivity of the OPO-based instrument allows for
higher quality measurements of transient line profiles since there is better SNR in the
Doppler-broadened wings near baseline. Figure 2.4 shows two Doppler-broadened
transient absorption line profiles for HCI (v = 0, J = 7) based on transient absorption
at t =1 us, one using the OPO (Figure 2.4a) and the other using the diode laser
(Figure 2.4b). The fractional absorption intensity at each IR wavelength is
determined from a fit of transient signal (as in Figure 2.3) and the wavelength-
dependent intensity data are fit with a Gaussian function, with residuals shown in the
lower plots. The full width at half maximum line width Av of the Gaussian fit yields
the translational temperature for appearance Tapp OF the scattered molecules. Both
measurements result in similar translational temperatures, but the rms residuals are a
factor of two smaller for the OPO data. Based on the r? values of the Gaussian fits,

the line width uncertainty is approximately 10 times less for the OPO data.
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Figure 2.4. Doppler-broadened transient absorption line profiles collected att = 1 ps
for the HCI R7 transition measured with the a) OPO and b) diode laser spectrometers.
Each data set is fit with Gaussian function. The OPO data have smaller residuals.

2.2.2 Comparison of Noise in Signals Measured with OPO and Diode Laser

The overall noise in an absorption spectrometer results from noise in the IR
source, detectors and electronics.[55] The same liquid-nitrogen cooled detectors and
electronics were used for both spectrometers but differences in the IR sources and in
their operation affect the overall noise. Here we consider how the overall noise of
both spectrometers is affected by IR intensity, IR wavelength and the quality of the
frequency lock. For these measurements, the OPO intensity is a factor of 10 greater
than for the diode, which reduces shot noise for the OPO. The diode laser is
modulated at 1 kHz compared to 100 Hz for the OPO, which reduces the 1/f
noise.[56] The spectral resolution of the OPO (Avopo <1 MHz or 3x10®° cm™) is a

factor of ten higher than that of the diode laser (Avdgiode~10 MHz or 3x10* cm™), but
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resolution of both light sources is more than sufficient to measure HCI line profiles at
298 K (Av20s=6x10" cm™).

The power-dependent rms noise for fractional absorption of R7 is shown in
Figure 2.5 for two IR wavelengths: at line center and at baseline in the wings of the
absorption line profile. With the OPO wavelength tuned to baseline, the rms noise
(blue circles) decreases linearly with incident IR intensity. A measurement with the
OPO at line center (blue triangle) fits extremely well with the detuned data. The
diode laser power was insufficient for an extensive power-dependent measurement
but a pair of wavelength-dependent measurements shows several informative results.
The rms noise with the diode laser detuned from line center (red circle) is much
greater (by a factor of 2.8) than for the detuned OPO and for the diode laser tuned to
line center (red triangle), the rms noise increases by an additional factor of 1.9. This
result shows that the diode data has additional noise beyond detector noise and that
this additional noise source is frequency dependent.

A more detailed comparison of the wavelength-dependent noise for the two
spectrometers is reported here, based on transient absorption measurements across the
R7 spectral line. The upper plots of Figure 2.6 show the transient noise at two
wavelengths for each IR source: Figure 2.6a is at baseline and Figure 2.6b is at line
center. In both cases, the rms noise (in brackets) for the diode-based data is larger
than for the OPO data. At baseline, the diode-based noise is greater by more than a

factor of 5 and at line center, the diode:OPO noise ratio increases to almost 8.
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Figure 2.5. IR power dependence of rms noise for transient absorption of HCI R7.
Data with the OPO wavelength detuned from transition center (blue circles) have
noise that decreases linearly with increasing IR power. A measurement at line center
(blue triangle) is consistent with the noise for the detuned light, showing a high
degree of wavelength stability. In contrast, the noise for the diode laser is a factor of
3 larger for detuned IR and a factor of 5 larger at line center than for comparable
OPO power.

The wavelength dependence of the rms noise across the line shape is shown in
Figure 2.6c. The Gaussian fit to the transient line shape (from Figure 2.4) is included
as a wavelength reference but its intensity is not to scale. The rms noise for the OPO
data is approximately constant over the wavelength range shown, and has an average
value of 3.5x10*. The rms noise for the diode data is larger at all wavelengths: the
average rms noise is 1.5x107 at baseline and as large as of 3.4x10 at line center.
These results indicate that the frequency stabilization of the diode laser is less than
ideal, with increased noise occurring near line center caused by excursions away from

the central locking frequency. It is likely that the reduced quality of lock arises from

intensity fluctuations of the diode laser, as seen in Figure 2.6a.

20



1 | T | T | 0.010 | I | l | J)
0.008 | a) IR vq - 0.03 cm”’ E b) IRV oo ;
| diode i N
0.004 | e V4
2 | 2 .
g 0.000 —h;/f' ot SR e nieiah (23 0.000 t\..../"“"“"”“ a3
e | OPO 1 o005 obo
-0.008 } . !
1 L 1 1 _0010 i L 1 1 1
1 2 3 4 5 0 1 2 3 4
Time, ps Time, pus
0.004 i T T T T l T T T T ' T T T T | T T T T I T T 1 T l T T T T ]
:c) comparison of system noise " diods i
0.003 | _ _ _ -
- fit Gaussian profile — 1
2 i OPO 1
K%} i o il
2 0.002 | A
2 | i
© j " . . o 1
0001w @ @ © /™ B . o]
| EI “ .’ D .
(0 ©00%%0%%0, 0% 9, To%0 ® ©00%0%,0°
0000 C 1 I ! ! | 1 I I 1 ! ! I ! 1 1 ! L | ! I 1 I | I 1 ! 1 ]
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

Wavenumber shift from line center, cm'1

Figure 2.6. Noise collected at a) baseline and b) line center of HCI R7 with the OPO
and diode laser. Values for rms noise are listed in parentheses. (c) The wavelength
dependence of the rms noise for the R7 line profile measured with the OPO (red
circles) and the diode laser (grey squares). The Gaussian profile from Fig. 3 is shown
for reference (intensity is not to scale). The noise amplitude for the diode is larger
than that of the OPO and shows much more scatter across the line profile.

We have characterized the spectrometer noise for both instruments using fast
Fourier transform analysis. The results are consistent with the data in Fig. 5. The
power spectra of the transient noise for HCI R7 are shown in Fig. 6. for both IR

sources at a) IR baseline and b) line center. The FFT plots show that 1) the noise

amplitude for both spectrometers decreases with increasing frequency; 2) at base line
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and line center, the diode data has larger amplitude noise than the OPO; 3) the noise
amplitude for the OPO data is nearly the same at baseline and line center and 4) the

noise for the diode data is larger at line center than at base line.
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Figure 2.7. The power spectrum of the transient noise collected at a) baseline and b)
line center of the HCI R7 transition for the OPO and diode laser spectrometers. The
noise amplitude decreases with increasing frequency for both IR sources. The diode-
based noise has greater amplitude than the OPO and increases at line center.

2.3 Measurements of double-Gaussian transient IR line profiles

The improved sensitivity and spectral characteristics of the OPO-based
spectrometer allow detection of fine details of transient Doppler-broadened line
profiles. Double Gaussian structure is present in transient absorption line profiles of
low-J rotational states that have initial thermal population. Concurrent energy transfer
collisions induce negative-going population depletion at line center and positive-
going population appearance in the Doppler-broadened wings of the line profile.
Sufficient stability and resolution is required to distinguish these features.
Doppler-broadened transient line profiles for the HCI R4 transition (measured att = 1

us) are shown in Figure 2.8. The double Gaussian line shape is clearly seen with the
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OPO spectrometer (Figure 2.8a), whereas noise obscures that data for diode-based
data (Figure 2.8b). The OPO data are fit with an unconstrained double Gaussian,
yielding nascent translational temperatures for appearance Tapp and depletion Tgep,
along with time-dependent intensities for each Gaussian. Attempts to fit an
unconstrained double Gaussian function to the diode-based data were unsuccessful.
Instead, the line width fitting results for the OPO-based data are used in a constrained
fit for the diode-based data. The result is shown in Figure 2.8b, highlighting the

capabilities of the OPO-based spectrometer in measuring details of molecular

dynamics.
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Figure 2.8. Doppler-broadened transient absorption line profiles for the HCI R4
transition collected with the (a) OPO and (b) diode laser spectrometers. The OPO-
based instrument has sufficient stability and frequency resolution to reveal the double
Gaussian nature of the line profile. These features are obscured by noise in the diode-
based instrument.

The enhanced SNR for the OPO-based instrument has important benefits for

transient absorption measurements: measurement of smaller population changes,
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shorter averaging times and reduced pressure conditions that are beneficial in
minimizing secondary collisions that interfere with nascent measurements. These
features combine to enable more sensitive and detailed measurements of transient

processes in molecules and chemical reactions.
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Chapter 3: Quantum State-Resolved Isotope Effects in
Collisional Quenching of Highly Excited Pyrazine-hs with HCI
and DCI

3.1 Introduction

High energy molecules are important species in unimolecular reactions,
combustion processes and atmospheric chemistry [1, 3, 57, 58]. Inelastic collisions
deactivate energized molecules and compete with chemical reactions [1, 3, 57, 58].
Studies of collisional relaxation of hot molecules give insight into molecular energy
flow and the effectiveness of collisional cooling. A number of collisional energy
transfer studies have used highly excited pyrazine-hs molecules as the energy donor
[5, 6, 43, 59-64]. The photophysics and chemical properties of pyrazine-hs make it
attractive as an energy donor in inelastic scattering experiments. By absorption of a
single UV photon, pyrazine-hs is prepared in very high vibrational states with a
quantum yield of almost unity [47]. Utilization of pyrazine-hs molecules in chemical
studies enable simultaneous investigations of inelastic and reactive collisions when
the photon energy exceeds the dissociation energy [46].

State-resolved inelastic scattering studies shed light on the dependence of the
collision dynamics on the energy gap law or angular momentum gap law [65]. An
energy gap law favors small energy transfer values in inelastic collisions, which result
in smaller changes in the rotational quanta for a hydrogenated energy acceptor
compared to the deuterated one. HCI has a smaller moment of inertia than DCI, and

hence a larger B constant (Brci = 10.4 cm™ and Bpci = 5.4 cm™). The changes in
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rotational quanta for HCI are expected to be smaller than that for DCI if the energy
transfer is governed by the energy gap law.

An angular momentum gap law favors small changes in rotational quanta of
the energy acceptor. Small AJ values correspond to larger energy changes for a
hydrogenated energy acceptor compared to the deuterated one. Inelastic collisions of
excited pyrazine-hs are expected to involve larger energy changes AE for scattered
HCI compared to scattered DCI if their collision dynamics are governed strictly by
the angular momentum. In addition, angular momentum changes in impulsive
collisions correlate with changes in recoil velocity, so differences in translational
energy distributions of scattered molecules will provide additional information about
the mechanism. The reality is that both small AE and small AJ are favored in
collisions. By increasing the energy spacing in the acceptor, you are making a sparcer
“accepting field.” The extent to which the two gap laws are sensitive to the rotational
state density will be revealed by measuring the dynamics.

The nature of the intermolecular interactions of the collision partners can
affect their inelastic collision dynamics. In the limiting cases, the interactions can be
isotropic or anisotropic. In the case of isotropic interactions, there is no favored
orientation for the energy donor and acceptor, which allows the acceptor in essence to
have equal probability of interacting with all the excited degrees of freedom in the
excited donor. In the case of strongly anisotropic interactions, there is a favored
orientation for the interaction between the collision partners, which can limit access

to the excited degrees of freedom of the energy donor. The results for inelastic
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scattering of HCI and DCI will shed light on the nature of their intermolecular
interactions with pyrazine-hs (Evib).

For pyrazine-hs (Evib) + HCI (DCI) collisions, anisotropic interactions can be
in form of hydrogen bonding interactions between the collision partners. Theoretical
studies have shown that azabenzenes such as pyrazine-hs and pyridine can form
hydrogen-bonded complexes with hydrides such as HCI [66, 67]. The complex can
form through o-type interaction, where the H of HCI interacts with the lone pair
electrons on N of the azabenzene (Figure 3.1a). The complex can also form through
n-type interaction, where the H of HCI interacts with the = electron cloud of the
azabenzene (Figure 3.1b). Only the o-type interaction is seen in the complexes

formed by HCI although both the - and nt-type interactions are observed in the

os® 353

a

Figure 3.1. Cartoon of the hydrogen-bonded complexes formed by azabenzenes such
as pyrazine-hs with hydrides such as HCI through a) o-type interactions and b) =-type

interactions. Complexes due to both types of interactions are seen for several
hydrides; only the o-type interaction is seen for HCI complexes.
complexes formed by several hydrides. The stabilizing energy Eint for these

complexes can be substantial. The interaction energy is Eint = 2800 cm™ for the

pyridine-HCI complex [67]. Investigations done on hydrogen-bonded molecular
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complexes have shown isotope effects in the lifetimes of their vibrational
predissociations and electronic excitations [48, 68, 69]. Studies of hydrogen-bonded
molecular complexes have revealed isotopic differences in the quantum state
distribution of their dissociated products [68, 70] and in their reaction rates [71].

Miller and co-workers reported a decrease in the vibrational predissociation
lifetime of CoH>-HCI complex compared to that of CoHo-DCI complex [48]. They
attributed the faster decay time to a near-resonance of the HCI stretch and C-H stretch
of acetylene. Syage concluded from the lifetimes of excited phenol-ammonia
complexes that proton tunneling enhances the relaxation of the hydrogenated complex
compared to the deuterated one [69]. The work of Bernstein and co-workers shows a
higher rate for proton transfer in the 1-naphthol-h1(NHs)sz complex compared to that
of 1-naphthol-d1(NHz3)s [71]. This behavior was attributed to a difference in activation
barrier based on differences in zero point energy of the isotopes. In the case of
strongly inelastic collisions, it is possible that isotope effects may be present due to
vibrational resonance, proton tunneling and/or zero point energy differences.

Some collisional relaxation studies have looked at isotope effects in energy
acceptors. IR fluorescence studies by Toselli and Barker measured collisional energy
transfer from vibrationally excited toluene-ds to a number of bath gases such as Ha,
D2, H20 and D20 [72]. The average energy transferred is (AE) = 82 + 3 cm™ for H
collisions, (AE) = 81 + 3 cm™ for D2 collisions, (AE) = 387 + 14 cm™ for H.0
collisions and 378 + 25 cm™* for D,0 collisions. These results suggest the role of the
angular momentum gap law since small changes in J correspond to larger energy

changes in E for the hydrogenated energy acceptor.
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In the collisional energy transfer studies reported in this Chapter, highly
vibrationally excited pyrazine-hs molecules (Evib = 37900 cm™) are collided with HCI
molecules at 300 K. The nascent outcome of collisions is probed by transient IR
absorption spectroscopy to monitor population changes in individual rotational states
J of scattered HCI molecules in the ground vibrational state (v = 0). The data from
present work are compared to earlier data obtained with DCI as the energy acceptor
[5]. The purpose of the current work is to investigate if and how the collision

dynamics differ between the HCI and DCI isotopes.

3.2 Experimental Methods

The details of the experimental set-up have been described in Chapter 2. The
specifics of the set-up pertaining to this work are presented here. Highly vibrationally
excited pyrazine-hs molecules in the gas phase are prepared with the fourth harmonic
of a pulsed Nd:YAG laser at A = 266 nm. Pyrazine-hs is electronically excited to the
S1 and S; states after absorbing a UV photon and then relaxes in ~50 ns into high
vibrational states in the ground electronic state (So) through nonradiative decay [46,
47]. Pyrazine-hs at A = 266 nm excitation is just above its dissociation threshold, but
the lifetime for dissociation is t = 70 ps, which is much longer than the collision data
reported here. The vibrational energy of the excited pyrazine molecules is 37900 cm"
! Individual rotational states of HCI (v = 0) with rotational quantum number J are
probed with high-resolution transient IR absorption spectroscopy after single

collisions with pyrazine-hs (Evib). The R-branch probe transitions for HCI (v = 0) fall
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within the wavelength range A = 3.2 to 3.4 um. The transition frequencies, rotational
energies and absorption line strengths S; are listed in Table 3.1. The IR probe light is
the idler output of a continuous-wave (CW) optical parametric oscillator (OPO)
(Aculight Argos, module C), which covers the wavelength range A = 3.2 to 3.9 um.

The spectral resolution of the OPO is Avir <1 MHz (3x10° cmY).

TABLE 3.1: IR Probe Transitions for Rotational States of HCI?

H®CI (v=0,J) + hv (A ~3.3 um) — H%Cl (v=1,] + 1)

J vo (cm™)P Erot (cm™)° Ss (cm molecule™)
0 2906.2468 0 2.367 x 10°7°
1 2925.8967 20.8782 4.194 x 1019
2 29449138 62.6219 5.034 x 107°
3 2963.2861 125.2057 4.852 x 1019
4 2981.0017 208.5917 3.960 x 10°7°
5 2998.0490 312.7294 2.804 x 10'°
6 3014.4166 437.5556 1.745 x 10'°
7 3030.0934 582.9947 9.616 x 10°%°
8 3045.0686 748.9588 4,719 x 1020
9 3059.3314 935.3474 2.070 x 10°%°
10 3072.8716 1142.0480 8.140 x 10!
11 3085.6791 1368.9358 2.876 x 102
12 3097.7442 1615.8741 9.146 x 10°%?
13 3109.0575 1882.7142 2.623 x 10°%?

2 Values are from the HITRAN database [73]. ° IR frequency at line center for HCI R-
branch transitions. ¢ Rotational energy for J state of HCI (v = 0). ¢ The absorption line

strength for individual rotational states of HCI.
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For these experiments, a 1:1 mixture of HCI and pyrazine-hs gases is flowed
in a 3-m cell with a total pressure of <20 mTorr. The time between collision is teo ~ 4
ps, which is much longer than the time of the pyrazine-hs radiationless decay.
Transient IR absorption signals for individual J states of HCI are collected after the
UV pulse and nascent populations are determined att = 1 ps. An InSb detector
(Judson) with a 300 ns rise time collects the transient IR signals. The transient IR
signals are averaged by a digital oscilloscope (LeCroy 9304A) for ~ 60 UV laser
pulses. A pulse generator synchronizes the firing of the UV pulse with the IR
modulation cycle. J-specific population changes at line center vo and nascent
Doppler-broadened line profiles of HCI are measured using the active feedback

control scheme described in Chapter 2.

3.3 Results and Discussion

The following data are obtained using high-resolution transient IR absorption
spectroscopy to probe scattered HCI (v = 0) molecules after single collisions with
pyrazine-hs (Evin). The measurements are made at t = 1 us after UV excitation of
pyrazine-hs. The data are quantum state-resolved rotational and translational energy
gain profiles for recoiling HCI molecules and the J-specific rate constants for
appearance and depletion of HCI populations. The data from the HCI studies are
compared with the data from previous DCI studies [5] in order to investigate isotope

effects in the energy transfer dynamics.
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3.3.1 Transient IR Absorption Signals for Scattered HCI (v = 0, J) Molecules

Figure 3.2a shows a transient IR absorption signal measured at line center vo
for the HCI R5 transition. The negative-going signal at line center represents net
depletion of population in this rotational state caused by collisions with pyrazine-hs
(Evib). Positive-going data in Figure 3.2b shows net appearance of molecules that
scatter into the J = 5 state when the IR light is tuned to the Doppler-broadened wings
of the line profile. These types of signals are observed for HCI rotational states with J
< 5. HCl rotational states with J < 5 have appreciable population at 300 K and net
depletion of molecules is observed at vo because of collisions. The initial thermal
population for states with J > 6 are minimal and these states show only positive-going

transient signals corresponding to appearance of population.
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Figure 3.2. Transient IR absorption signals for scattered HCI in (v = 0, J = 5) state
showing a) depletion of molecules at line center and b) appearance of molecules
0.003 cm™* away from line center.
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Figure 3.3 shows the nascent Doppler-broadened absorption line profile
measured for HCI (J =5) at t = 1 us following the UV pulse. Net depletion is seen at
IR frequencies near vo and net appearance is seen in the wings. The data are fit with a

double Gaussian function, Eq. 3.1.

2 2
F(v) = Fo+ lapp exp| =412 ~—"0 | | _14e expl —4In2 ~— 0| | (Eq. 3.1)
Avepp Aviep

In Eq. 3.1, Fo is a small offset, lapp and lgep are the IR intensity for appearance and
depletion of population at line center respectively, v is the IR frequency, Avapp and
Avgep are the full width at half maximum (FWHM) of the appearance and depletion
components of the line width respectively. The fit results are shown as the solid line
in Figure 3.3. The residuals of the fit are shown in the lower panel. The double
Gaussian function F(v) in Eg. 3.1 is a sum of two Gaussian functions that account for
the appearance and depletion components of the line profile.

The appearance and depletion profiles from the line profile fit for HCI (J = 5)
state are plotted in Figure 3.4. Integration of the area under the appearance (or
depletion) curve yields the HCI population that is appearing (or leaving) the J =5
state as a result of collisions with pyrazine-hs (Evib). The nascent FWHM for
appearance in J = 5 state is Avapp = 0.0086 cm™, corresponding to a lab-frame
translational temperature of Tapp = 580 + 200 K. The FWHM for depletion of initial
population in J = 5 state is Avaep = 0.0055 cm?, corresponding to a lab-frame

temperature of Tqep = 240 £ 40 K. The observation that Tapp for appearance is larger
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Figure 3.3. Nascent Doppler-broadened line shape (top data points) for recoiling HCI
(v = 0) population in J = 5 state. The line profile shows net population depletion near
vo and net appearance away from line center. The data are fit with a double Gaussian

function (solid line) to account for depletion and appearance components. Below the
line profile are the residuals of the fit.

than 300 K means that molecules gain translational energy from the inelastic
collisions. In contrast, Tqep is lower than 300 K, indicating that the slower subset of
HCI molecules are the initial collision partners of pyrazine-hs (Evib).

Presented in Figure 3.5 are the measured nascent Doppler-broadened line
widths for scattered HCI states with J < 5. The double-Gaussian fits to the line
profiles are also included in Figure 3.5. The negative-going signals near line center
show depletion of initial population dominates over appearance of scattered
population at vo for low-J states. The positive-going signals in the Doppler-broadened
wings show net appearance of scattered population dominates over depletion of initial

population in the line profile-wings of low-J states.
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Figure 3.4. The appearance (top curve) and depletion (bottom curve) components of
the Doppler-broadened HCI (v = 0, J = 5) line shape. Scattered HCI molecules appear
in J = 5 state with high translational temperature while the initial population leave

with T <300 K.
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The line profiles measurements for scattered HCI in J > 6 states are presented

in Figure 3.6. Scattered HCI states with J > 6 have transient line profiles that are fit
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Figure 3.6. The nascent Doppler-broadened line profiles scattered HCI (v = 0)
molecules in J > 6 states. HCl molecules are scattered in these J states with an
increase in translational energy

with single Gaussian functions. The data show HCI molecules are scattered in high-J
states with net appearance of population. The initial population for the high-J states is

small enough to lead to net appearance of scattered population across their line

profiles.
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3.3.2 Translational Energy Gains of Recoiling HCI

The transient IR absorption Doppler-broadened line profiles for a number of
rotational states (J = 2-13) of scattered HCI (v = 0) have been measured att =1 pus
following UV excitation of pyrazine-has. The Tgep and Tapp Values from the line
profiles are listed in Table 3.2. The depletion temperatures are 200-260 K. The low
depletion temperatures (Tqep < 300 K) reveal that HCI molecules moving slower than
initial average speed are involved in collisions with pyrazine-hs (Evib). The
appearance temperatures range from Tapp = 1180 K for J = 2 state to 400 K for J = 13
state. The high Tapp values show that HCI gains translational energy in collisions with
pyrazine-hs (Evin). The data in Table 3.2 show that the Tapp Values are inversely
correlated with J for the scattered HCI molecules.

Center-of-mass (COM) frame translational temperatures Tre for the collision
products are plotted in Figure 3.7. Trel is @ measure, in the COM frame, of the
translational energy distribution of the two scattered molecules, HCI and pyrazine-ha
(Evib). The data in Figure 3.7 show that Tre values for collision products decrease
exponentially with HCI J values. The quantum state-partitioning of the energy gain
by HCI suggests a mechanism that involves collisions of excited pyrazine-hs with
either the H of HCI or the Cl of HCI as shown in Figure 3.8. Collisions with the light
H atom impart torque that leads to low gains in translational energy but high gains in
rotational energy. In contrast, collisions with the heavy Cl atom lead to large

translational energy gains and small changes in J for HCI.
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TABLE 3.2: J-specific nascent Doppler-broadened FWHM and translational
temperatures of scattered HCI molecules

depletion of initial HCI (v =0, J) appearance of scattered HCI (v =0, J)
Jstate  Aveep (cm™)? Taep (K)° Avapp (cM™)? Tapp (K)°
2 0.0050 200 +40 0.012 1180 + 350
3 0.0054 240 + 40 0.011 980 + 290
4 0.0057 260 + 40 0.0098 770 =230
5 0.0055 240 + 40 0.0086 580 + 170
7 - - 0.0084 550 + 170
8 - - 0.0080 490 + 150
10 - - 0.0075 420 £ 130
11 - - 0.0074 410 £ 120
13 - - 0.0074 400 £ 120

2 The full width at half maximum (FWHM) for depletion Avdep and appearance Avapp
components of a HCI IR line profile. ® The lab-frame translational temperatures for
depletion Tgep and appearance Tapp 0f HCI molecules. The details of Tgep and Tapp
calculations are presented in the Appendix.
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Figure 3.8. Possible mechanism for collisional relaxation of excited pyrazine-hs with
HCI. The energy transfer data suggest pyrazine-hs collides with either a) the H of HCI
or b) the Cl of HCI.
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A comparison with data on pyrazine-hs (Evin) + DCI collisions shows
substantial differences. The COM translational energies for HCI and DCI are shown
in Figure 3.9. The data for DCI indicates that collisional energy transfer between
pyrazine-hs (Evin) and DCI occur impulsively and with non-orienting interactions. In
pyrazine-hs (Evib) + DCI collisions, small gains in rotational and translational energies
arise from weak collisions while high gains in rotational and translational energies
result from strong collisions. The opposite correlation between T and J state for the
HCI and DCI isotopes highlights differences in interactions of HCI and DCI with
excited pyrazine-hs. The interaction involving HCI appears to preferentially interact

with H or CI of HCI while for DCI this preference is not seen.
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Figure 3.9. Tre for recoiling HCI and DCI molecules in v = 0 state after single
collisions with pyrazine-hs (Evib). The solid lines are exponential fits to both data. The
COM translational temperatures for the isotopes have opposite dependence on
rotational quantum number J.

40



3.3.3 Changes in Angular Momentum and Recoil Velocities of Scattered HCI

Angular momentum is conserved in collisions and its conservation requires
that the vector sum of the changes in the rotational angular momentum of the bath
molecule AJpath, the excited molecule AJgonor and their orbital angular momentum AL
equal zero [74]. Waclawik and co-workers proposed from collisional relaxation of
excited benzene that AJpah and AJdonor Must have the same sign to balance out the
opposite sign of AL [75]. This reasonable assumption leads to AJpath + Addonor = AJ =
—AL. The change in orbital angular momentum is AL = buAvre, where b is the
impact parameter, p is the reduced mass of HCI and excited pyrazine-hs and Avrel is
the change in COM frame velocity. Large values for Avie imply large values for AJ.

Correlation between changes in the average rotational angular momentum
(AJpathy of scattered HCI and COM frame recoil velocity Avre are recorded in Table
3.3, and can offer insight into the nature of the collisions. The average absolute
changes in rotational angular momenta of scattered HCI are obtained by (AJpath) =
[(3'bath)? — (Jnath)?| With J'bain representing the individual final rotational angular
momentum of scattered HCI and (Jnath) representing its average initial rotational
angular momentum. (Jpatn) = 3.4 for HCl at T = 300 K. Table 3.3 shows an inverse
correlation between AJwath and Aviel. The scattered population in the J = 2 state have
Adpath = 2.8 and Avrel = 712 m/s while those in the J = 13 state have AJpath = 12.5 and

AVl = 125 m/s.
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TABLE 3.3: Changes in rotational angular momentum and recoil velocities for
individual J states of scattered HCI (v = 0) molecules

M) AT Av® vt (M) (Vi) (IS)  (Avie)® (i)
2 28 0.0120 898 1255 712
3 1.7 0.0110 819 1134 591
4 21 0.0098 726 991 448
5 3.6 0.0086 630 840 297
7 6.1 0.0084 613 814 271
8 72 0.0080 579 759 216
10 9.4 0.0075 536 689 146
1 105 0.0074 530 678 135
13 125 0.0074 523 667 125

2 The average change in rotational angular momentum for scattered HCI species. ® The
J-dependent FWHM for appearance of HCI population. ¢ The lab-frame recoil
velocity of HCI. ¢ The COM recoil velocity of scattered HCI and excited pyrazine-ha.
¢ The average change in COM recoil velocity of the scattered collision partners.

The correlation between (AJbath) and (Avrey for HCI is opposite that observed
for scattered DCI, where the two quantities are positively correlated as shown in
Figure 3.10. The data for scattered DCI are indicative of impulsive, unconstrained
collisions where large changes in rotational angular momenta correspond to large

changes in orbital angular momenta. In contrast, the data for scattered HCI suggest

that the collisions occur with orienting forces present.
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Figure 3.10. The changes in COM recoil velocities of scattered HCI and DCI have
opposite correlations with the changes in their rotational angular momenta.

It is likely that the differences in the correlation of (AJpahy and (Avrel) for HCI
and DCI are due to differences in their intermolecular interactions with pyrazine-hs
(Evib). The interaction between the energy donor and HCI appears to be strong, o-type
hydrogen-bonding interactions (Figure 3.1a) that leads to oriented collisions between
them. The collisions of pyrazine-hs (Evin) and DCI do not seem to be affected by such
interactions. The differences in intermolecular interactions that appears to be present
in collisional relaxation of pyrazine-hs (Evin) with HCI and DCI could be due to a
number of differences in the chemical properties of the isotopes.

The o-type interaction (Figure 3.1a) looks like an acid-base reaction
coordinate. Acid-base chemistry is possible between pyrazine-hs (Evin) and HCI (or
DCI) since pyrazine-hs is an aromatic Lewis base [76, 77], and HCI (or DCI) is an
acid. The pKa for HCI is lower than that for DCI [78], which could be a significant

factor if their interactions with pyrazine-hs (Evin) are chemical to an extent.
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The strong attractive interactions that is likely present in pyrazine-hs (Evin) +
HCI collisions could be from near-resonance effects since the vibrational frequency
for pyrazine-hs (vzo = 3041 cm™) [49] is closer to that for HC1 (vici = 2886 cm™) [48]
than that for DCI (vpci = 2088 cm™) [48]. The impact of near-resonance effects on
molecular dynamics is demonstrated by the studies on isotopic molecular complexes,
where the dissociation lifetimes and product distributions of the dissociated
complexes differed between isotopes [48, 68, 70]. The dynamic differences seen in
such studies were ascribed to near-resonance interactions of the molecules in the
complex.

Strong interactions between pyrazine-hs (Evib) and HCI can mediate proton
tunneling, and the tunneling can affect the dynamics of the collisional energy transfer
to HCI. Proton tunneling is more likely for HCI than for DCI. Proton tunneling has
been shown to lead to isotope effects in the rates for proton-transfer [69], and its
presence in the interactions of pyrazine-hs (Evib) and HCI is likely to contribute to the
dynamic differences in the collisional relaxation of pyrazine-hs (Evib) with HCI and

DCI.

3.3.4 Nascent Rotational Distribution of HCI Products and Enerqgy Transfer

Rate Constants

The semi-log plot for the nascent rotational distribution of HCI products after
single collisions with pyrazine-hs (Evib) is shown in Figure 3.11. The distribution is
based on a Boltzmann analysis and is obtained by measuring nascent appearance
populations at line center for individual J states of HCI and combining these

measurements with Doppler-broadened line widths. Populations for each state are
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measured in pairs with a common reference state to account for any experimental
fluctuations. The reference state in this case is the J = 8 state. For a Boltzmann
distribution, the population in a specific J state, pop (J), is related to the rotational

temperature Trot as given by Eq. 3.2.

in PP () - —Erot
9(J) kg Trot

Eq. 3.2

Here g (J) is degeneracy of the J state, Erot IS the rotational energy and kg is the
Boltzmann constant. The steps for transforming IR signals into population
measurements are presented in the Appendix.

The rotational distribution in Figure 3.11 shows that HCI molecules are
scattered with a rotational temperature Trot = 890 + 90 K. The Trot Value shows that
HCI molecules are scattered with rotational energy gains in inelastic collisions with

pyrazine-hs (Evib). In comparison, the Trot for pyrazine-hs (Evin) + DCI collisions is

23 T T T

Scattered HCI (v = 0) |

Trot = 890+ 90 K

19 i I | 1
0 500 1000 1500 2000
HCI Rotational Energy, cm-1

Figure 3.11. Boltzmann rotational distribution of nascent HCI (v = 0) products after
collisions with pyrazine-hs (Evib). The rotational temperature Trt shows that HCI
gains rotational energy from the inelastic collisions.
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Trot = 880 + 100 K [5], which shows that DCI molecules are scattered on average with

similar rotational energy gains as scattered HCI.

3.3.5 State-specific Energy Transfer Rate Constants

The rate constants for appearance of HCI molecules in individual J states after
collisions with pyrazine-hs (Evin) have been measured. The equation for this process is
shown in Eqg. 3.3

J
kﬁPP

pyz (Eyip ) + HCI (300K) = pyz (Evip) + HCI (v=0,J, Vel) (Eq. 3.3)
where k’app is the rate constant for appearance of HCI population in a specific J state
and Vel is the recoil velocity of the scattered HCI molecules. The rate equation is
shown in Eq. 3.4.

d[H((.;,l(J)] _ é]pp [pyz (Eip )IHCI (300K)] (Eq. 3.4)

To determine the J-specific energy transfer rate constants, Eq. 3.4 is integrated to give
Eqg. 3.5 using the short-time approximation. The assumption is appropriate under
single collision conditions where the concentrations of the collision partners do not

change much from their initial values over the time of the measurement.

o _ AHCI)] 1
WP At [pyz(E i )]o[HCI(300 K)o

(Eq. 3.5)
Here [pyz (Evib)]o and [HCI (300 K)]o are the initial concentrations of excited
pyrazine-hs and bulk HCI, respectively. The concentration of excited pyrazine-hs is

determined by UV absorption measurements and the experimental interaction

volume. The details of the calculation are presented in the Appendix. The rate
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constant for appearance of HCI in J = 8 state is measured directly and serves as a
reference state. The k’app values for other J states are determined from the reference
state rate measurements and the rotational temperature of the scattered bath species

using Eq. 3.6.

_g F3(Trot)
k) =kg=-8 I ot (Eq. 3.6)
PR £ g (Trot)

Here, f; is the fractional population in a distribution with Tt measurement. The k’app
values for individual J states of HCI (v = 0) are listed in Table 3.4. The k’app values
are summed to give the total appearance rate constant kapp for collisional energy

transfer.

Kapp = %ke‘l]pp = (6.4%1.9)x107X° cm®molecule s~ (Eq. 3.7)

Here, kapp is the energy transfer rate constant for pyrazine-hs (Evin) + HCI collisions
that result in HCI (v = 0) products. The average kapp for pyrazine-hs (Evin) + HCI
collisions is larger than that for pyrazine-hs (Evib) + DCI collisions, where kapp for DCI
= (4.6 = 1.4) x 101% cm® molecule™ s [5]. The larger Kapp for HCl means that more
energy transfer collisions occur between HCI and excited pyrazine-hs than between
DCI and pyrazine-hs (Evib). The increased rate for HCI could stem from the strong

intermolecular interactions of HCI and excited pyrazine-hs. The rate constant
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TABLE 3.4: Rate Constants for Nascent Appearance of HCI (v = 0, J) after
Collisions with Pyrazine-hs (Evip = 37900 cm™)

J Erot (cm™) k’app (1072 cm® molecule™ s?)

2 62.6219 48 + 15

3 125.2057 61+ 18

4 208.5917 69 + 21

5 312.7294 71+21

7 582.9947 62 £ 19

8 748.9588 54 + 16

10 1142.0480 3511

11 1368.9358 27%8

13 1882.7142 14 +4
Kapp = > K’app (6.4 +1.9) x 101° cm® molecule s'?
KL 4.9 x 107 cm® moleculet s°

The J-specific rate constant for appearance of HCI due to collisional quenching of
excited pyrazine-hs. The measured rate constant for appearance of HCI population in
J = 8 state is the reference data that is used with Tyt to determine the appearance rate
constants for other J states.  The sum of the appearance rate constant for all J states
of HCI (v = 0) molecules. ® The Lennard-Jones rate constant calculated for HCI +
pyrazine-hs (Evib) collisions. The definitions and values of all Lennard-Jones’
parameters used are included in the Appendix. The Lennard-Jones rate constant falls
within the uncertainty range for kapp for both HCI and DCI collisions with pyrazine-hs
(Evib), which shows the Lennard-Jones model potential can be used to describe the
average long-range intermolecular interactions of HCI and excited pyrazine-ha.

calculated using the Lennard-Jones collision model is ki-; = 4.9 x 101% cm® molecule”
ts1at 300 K. The k-3 value is within the uncertainty in the kapp for HCI and DCI,
which shows that Lennard-Jones model potential is a valid description of the average
long-range intermolecular potential. The similarity also suggests the branching ratio

for Vibration-to-Rotation and Translation (V—RT) energy transfer is close to 100 %.
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Transient IR signals for a specific J state is due to the change in population of
HCI in that J state correspond to changes in population of HCI in that J state or
changes in the velocity component along the IR probe, or both. In this way, transient
IR measurements account for essentially all elastic and inelastic collisions, and can be
compared directly to collision rates. A collision rate constant can also be determined
from depletion measurements of bath population at 300 K. The depletion rate
constant is determined by integrating the area under the depletion curves of the
double Gaussian fits to the low-J line profiles. The equation for removal of HCI
molecules from thermally populated J states is given in Eq. 3.8.

kdep ' [
pyz (Eyjp ) + HCI (3,300K) = pyz (E\jp) + HClI (v=10,J ,Vel) (Eq. 3.8)

Here J is the initial rotational state of HCI molecules, Kqep is the depletion rate
constant and J’ is the final rotational state of the bath molecules after the inelastic
collisions. The depletion rate constant is assumed to be independent of J. The rate for

removal of J-specific population is shown in Eq. 3.9.

AR~ 1HE (9, 300K01Dpv2 (B )] (Eq. 3.9

d
Here [HCI(J)] is the concentration of the population lost from state J and [HCI(J, 300
K)] is the initial concentration of that J state. The total depletion rate constant Kgep is
listed in Table 3.5 for low-J states of HCI. The population-weighted average

depletion rate constant (kdep) is (8.4 * 3.4) x 101° cm® molecule® s,
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TABLE 3.5: Rate constants for depletion of HCI (v = 0, J) population
in collisions with Pyrazine-ds (E = 37900 cm™)

J Erot (cm™) k%dep (1072° cm® molecule?s?)
2 62.6219 9.3
3 125.2057 94
4 208.5917 7.3
5 312.2602 6.8
(Kdep) = (8.4 + 3.4) x 101° cm® molecules'?
Kapp (6.4 = 1.9) x 10° cm?® molecule™ s™

The rate constant for depletion of initial HCI population in low-J states due to
collisions with vibrationally hot pyrazine-hs.  The weighted average depletion rate
constant.

The average depletion rate constant is comparable to kapp, which confirms the
collision rate constant determined with k’app measurements. The uncertainty in the
total depletion rate constant is slightly larger than that for the total appearance rate
constant due to a wider spread in the uncertainty in the parameters from the double
Gaussian fitting. Figure 3.5 shows the nascent Doppler-broadened line profiles for
low-J states of HCI with the residuals from the double Gaussian fits plotted below
each line profile. Overall, the relative appearance component of the line profile is
larger for the higher J states and leads to smaller residuals in the fitting.

The root-mean-square (rms) noise for the residuals in Figure 3.5 shows a
decrease with increasing J state, with the J = 2 rms noise being larger than that for the
J = 5 state. Additionally, the line profiles measured for pyrazine-hs (Evib) + HCI
collisions show some degree of asymmetry (Figure 3.5), which introduces error in the
intensity and width of the depletion component. The extent of the asymmetry was

minimized by being careful with the IR mode quality and the frequency lock.
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3.3.6 Full Energy Transfer Distribution Function P(AE)

The J-specific energy gain data presented so far has been described in terms
of the amount of energy loss AE by the excited pyrazine-hs in the collisions [60, 65].
AE is the sum of the changes in rotational energy AE for HCI and center-of-mass
frame translational energy AEre of scattered molecules. The J-specific energy transfer
probability distribution function Py(AE) gives the translational energy distribution for

a specific HCI J-state.

J — 2

vivs kapp v 2 — Wrel

P; (AE)A(AE) = — —— V(o f| =———=—| exp| ——=— |d(AE) (Eq. 3.10)
1 Keol e 2nk B Trel 2kgTrel

Here vre £ is the final COM frame velocity of the scattered molecules and kol is the
collision rate constant. The collision rate constant is used to normalize the distribution
and can be either the total appearance rate constant kapp Or the Lennard-Jones rate
constant ki.;. The collision rate constant kapp is used to normalize the energy transfer
distribution function presented in this Chapter. Definitions for other quantities in Eq.
3.10 are in the preceding sections of this Chapter or the Appendix. The quantity Vel f

is related to AE as shown in Eq. 3.11.
2 2 2
Vrelf = E(AE — AEqr)+ <Vrel,i> (Eq. 3.11)

Here (vre,i) is the average initial COM frame velocity of HCI and excited pyrazine-hs.
The minimum AE gained by the bath molecule in each J state is AEt in order to
obtain real vrel s values. The quantity (Avreiy is determined from the initial COM
translational temperature of HCI and excited pyrazine-ha, Treli, as described by Eq.

3.12
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8kBTreI,i

<Vrel,i>2 = - (Eq. 3.12)

The change in rotational energy AEq for individual J states of scattered HCI is

AErq; = BJs (3 +1)-B(3;)((3;) +1) (Eq. 3.13)
where Jsis the rotational state of the bath molecule after collisions and (J;) is the
average rotational state of HCI before the collisions. The P3(AE) for all J states are
summed as shown in Eq. 3.14 to give the total energy transfer probability distribution
P(AE) plot in Figure 3.12:

P(AE) = ¥ P;AE (Eq. 3.14)
AE

The P(AE) function is a sum of all energy transfer events that occur via the V—>RT
pathway to produce HCI (v = 0) molecules. Positive AE values represent energy
losses by pyrazine-hs (Evib) in the inelastic collisions while negative AE values
represent its energy gains. The bumps in P(AE) curve are due to the different AE ot
values for J states of scattered HCI. Data in Figure 3.12 show excited pyrazine-hs is
more likely to lose than gain energy in collisions with thermal HCI.

In Figure 3.13 is a comparison plot of P(AE) for scattered HCI and DCI. The
two plots are normalized to the total appearance rate constant kapp measured for each
isotope. Both plots show that excited pyrazine-hs loses energy in most collisions with
HCI and DCI. The peak of the P(AE) curve obtained with HCI is higher than that
obtained with DCI due to the larger collision rate for pyrazine-ha (Evin) + HCI

collisions compared to pyrazine-hs (Evin) + DCI collisions.
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Figure 3.12. The energy transfer probability distribution for single collisions between
HCI and excited pyrazine-hs. The distribution shows that HCI is more likely to gain
than loose energy from the inelastic collisions.

On average, the energy donor loses (AE) = 1140 cm™ of energy when it
collides with HCI and (AE) = 900 cm™* when it collides with DCI. The larger (AE) lost
with HCl is due to the broader velocity distribution for low-J states of HCI, where
most of the scattered bath population are found. Although pyrazine-hs (Eviv) has lots
of energy, approximately 95% of HCI and DCI populations are scattered with AE <
3000 cm®, which highlights the preference for small energy changes in collisional
energy transfer. In addition, a large portion of the vibrational energy (Evib) in excited
pyrazine-ha is found in the vibrational modes with frequencies < 3000 cm™ as shown
in Figure 3.14. This means that most of the energy transferred to HCI or DCI in the

inelastic collisions are likely from these modes.
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Figure 3.13. The energy transfer probability distribution for inelastic scattering of
HCI and DCI molecules with pyrazine-hs (Evib). The average energy gained by HCI in
the collisions is higher than that gained by DCI.

2200 s
2000
1800 F
1600 F :
1400 F -
1200 F :
1000 F ° -

800 b —
0 500 1000 1500 2000 2500 3000 3500

Vibrational mode frequency, cm™

4

/

{Evyjp? per mode ,cm'1

Figure 3.14. The distribution of the energy in pyrazine-hs (Evib) among its vibrational

modes. A large portion of the energy is found in the low-frequency vibrational
modes.
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It is interesting to compare the (AE) values for scattered HCI and DCI with the
vibrational modes of pyrazine-has. The (AE)nci = 1140 cm™ is close to the viga
vibrational frequency for pyrazine-hs (visa= 1144 cm™) while (AE)pci = 900 cm™ is
close to the vs vibrational frequency for pyrazine-hs (vs = 918.6 cm™) [49]. One might
conclude from the similarities between the (AE) values and these vibrational
frequencies that the energy transfer to HCI and DCI are solely from viga and vs modes
respectively. But, the P(AE) curves show the molecules are scattered with different
AE, which should not be the case if the energy transfer is from a single mode of the
energy donor. This point highlights the benefits of using state-resolved methods for

collisional energy transfer studies.

3.4 Conclusion

Thermal HCI and DCI molecules gain rotational and translational energies
from collisional relaxation of highly excited pyrazine-hs molecules. Although, the
HCI and DCI isotopes are scattered with similar rotational distributions, the average
collision rate for pyrazine-hs (Eviv) and HCI is larger than that for pyrazine-hs (Evib)
and DCI. The data show opposite correlations between scattered HCI and DCI for
changes in rotational angular momenta and COM recoil velocities, which suggests
substantial differences in their intermolecular interactions with excited pyrazine-ha.
The larger (AE) value for scattered HCI compared to that for scattered DCI is a result
of the broader translational energy distribution for low-J states of scattered HCI, and

most of the scattered bath populations are in the these J states.
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Chapter 4: Vibration-Vibration Energy Transfer in Collisional
Relaxation of Pyrazine-hs (Evib = 37900 cm™) with 300 K HCI

4.1 Introduction

Vibration-to-vibration (V—V) energy transfer is a potential pathway for
collisional deactivation of excited molecules [2, 5, 10, 11, 79-81]. A number of
studies show that relaxation of excited molecules by V—V pathway occurs with
small changes to the rotational and translational energies of the energy acceptor [10,
14, 15, 81]. An increase in the V—V energy transfer probability (Py.v) decreases the
vibration-to-rotation and translation (V—RT) probability relative to the overall
energy transfer probability. The V—V energy transfer dynamics for collisions of
highly excited pyrazine-hs (Evio = 37900 cm™) with 300 K HCI are presented in this
Chapter. The results are compared to the data for V—>RT energy transfer in Chapter
3. The V-V energy transfer studies offer insight into the presence of a possible
resonance between the vibrational motion of HCI and excited pyrazine-hs that leads to
the observed isotope effects for HCI and DCI collisions discussed in Chapter 3.

The probability for V—V energy transfer is dependent on the energy
difference AE\.v between the vibrational transitions of the donor and acceptor
molecules. Py.y increases with decreasing AEy.v and is highest when the vibrational

transitions are in resonance (AEv.v = 0) [7]. Other factors that affect Py.v include

56



intermolecular interactions of the collision pair, the amount of vibrational energy
available for transfer and the reduced mass of the molecules involved in the collision.
The probability for V—V energy transfer in the inelastic collisions can be
described using Born approximation that the energy of the intermolecular potential is
much smaller than the relative translational energy of the collision partners. Based on
this approximation, the probability for vibrational transition from initial state i to final

state f is given in Eq. 4.1:

2
27
P, = =&
if (h)

with V(t) representing the time-dependent interaction potential of the molecules

o 2
| Vie (®)expiamt)dt] |, Vie (1) = (iV(D)| f) (Eq. 4.1)

—0

involved in the energy transfer collision and Aw representing the frequency difference
of their vibrational transitions [2, 7, 11, 79]. The interaction potential depends on
(en/2Q), which is the change in charge distributions of the collision partners with
respect to the change in their normal vibrational coordinates during the interaction
[7]. The V-V energy transfer probability increases with ap/2Q. This process is
similar to the quantum mechanical treatment for the absorption of an IR photon.

The time-dependence of the interaction potential of the collision partners
affects Py.v. Rapid changes in the potential at short times result in Fourier components
with large Aw values while the slower changes in the potential at the attractive part
lead to Fourier components with small A values [2, 7, 11, 79]. Pv.v is enhanced at
lower Aw values, which implies long-range attractive forces are contributing to V—V
energy transfer. In contrast, short-range repulsive forces contribute to V—RT energy

transfer probability since the energy transfer is enhanced at large A values. The
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results for V—V relaxation of pyrazine-hs (Evib) with thermal HCI will shed light on
the type of interactions that are important for the collisional energy transfer of high
energy molecules.

Wodtke and co-workers demonstrated the dependence of Py.y on the
vibrational energy content of the energy donor through collisional relaxation of
highly excited O (v = 15-26) with bath CO2, N2O and Oz gases [9]. They showed that
for 1 vibrational quantum change in both the energy donor and acceptor AEy.y
decreases with increasing vibrational excitation of O,. The rate constant for V—V
energy transfer was largest when O was excited to the vibrational level that leads to
the smallest AEy.v value. Large AE,.y values at low levels of vibrational excitation of
O are due to larger energy spacing between the vibrational states of O, compared to
those of CO. and N2O. The wider energy gaps for O are a result of its lower moment
of inertia. The energy gaps for Oz become smaller at higher levels of vibrational
excitation due to increasing anharmonicity of its vibration.

The reduced mass of the collision partners affects Py.y. Isotopic data from
collisional quenching of excited *2C*%0, molecules with 300 K bath molecules such
as N0 and N0 show that V—V energy transfer probability is less for the
heavier isotope [8]. The heavier isotope has smaller energy gaps between its
vibrational states, which result in larger AE.., for their interactions with excited CO..

The V-V energy transfer channel was observed in collisions of pyrazine-hs
(Evib) with DCI [5]. The closest vibrational frequencies for DCI and pyrazine are vpci

= 2088 cm™ [48] and vsa = 1578 cm™ [49] respectively. It is likely that V—V energy
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transfer to HCI (vucl = 2886 cm™) [48] will also occur and might be enhanced relative

to that of DCI, due to A smaller values.

4.2 Experimental Methods

The experimental set-up is described in Chapter 2. The summary of the set-up
is given here along with the details specific to this study. Vibrationally hot pyrazine-
hs molecule (Evib = 37900 cm™®) was prepared in the gas-phase by excitation with a
single photon of the 4" harmonic output of a pulsed Nd:YAG laser (A = 266 nm). A
1:1 ratio of excited pyrazine-hs and 300 K gas-phase HCI were flowed through a 3-m
collision cell at a total pressure of <40 mTorr. The gas-kinetic collision time was tcol
~ 2 ps. The outcome of single collisions between excited pyrazine-hs and HCI was
measured at t = 1 ps by monitoring individual J states of scattered HCI (v = 1)
molecules. The probe transitions were the R-branch lines for HCI (v = 1) molecules.
These are listed in Table 4.1. The probe light was the idler output of a CW mid-IR
OPO (A= 3.2 t0 3.9 pm).

Transient IR signals were collected after modulating and stabilizing the OPO
output through the active feedback control described in Chapter 2. The OPO output
was locked to line center frequency vo of a HCI ro-vibrational transition for
measurements of population changes at vo. Measurements of nascent Doppler-
broadened line profiles were made by locking the OPO output to a single fringe of a
Fabry-Perot etalon. A pulse generator with a variable delay was used to synchronize

the timing of the 266 nm pulse with the IR modulation.
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TABLE 4.1: The R-branch lines for HCI (v = 1)?

H3CI (v=1,J) + hv (A ~3.4pum) — H3Cl (v=2,J + 1)

J vo (cm™)P Erot (cm™)° S; (cm molecule™)
0 2801.6721 0.0000 3.601 x 10%°
1 2820.7238 20.2702 6.393 x 10%°
2 2839.1481 60.7979 7.709 x 10%°
3 2856.9330 121.5583 7.486 x 10°%°
4 2874.0669 202.5138 6.174 x 10%°
5 2890.5385 303.6145 4.429 x 10°%°
6 2906.3366 424.7981 2.801 x 10%®
7 2921.4502 565.9899 1.573x 10%°
8 2935.8689 727.1031 7.888 x 1076
9 2949.5822 908.0384 3.546 x 10°¢
10 2962.5801 1108.6848 1.433 x 10

2 isted quantities are from the HITRAN database [73]. ? IR frequency at the center of
an absorption line for HCI. ¢ J-specific rotational energy for HCI. ¢ The absorption
line strength for individual rotational states of HCI.

4.3 Results and Discussion

The V-V energy transfer channel has been measured at t = 1 s for inelastic
collisions of pyrazine-hs (Evin) and thermal HCI. J-specific rate constants for the
energy transfer are presented along with the corresponding nascent Doppler-
broadened line profiles that result from the energy transfer. The rotational distribution
of HCI (v = 1) molecules at t = 1 s are also included in the results. The scattered HCI
(v =1) data are compared to scattered HCI (v = 0) data in order to see if the collision

dynamics differ between the two relaxation pathways. Comparing the data for the two
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relaxation channels will offer insight into the possible role of vibrational resonance of
the energy donor and acceptor in causing the isotope effects discussed in Chapter 3

for the collisional quenching of pyrazine-ha (Evin) with HCI and DCI.

4.3.1 Transient IR Measurements for Scattered HCI (v = 1) Molecules

Transient IR absorption signals for HCI molecules that are vibrationally
excited after single collisions with pyrazine-hs (Evin) have been collected for the J =
1-7 states of scattered HCI. Scattered HCI (v = 1, J = 0) molecules are not observed
and the amount of population scattered into J > 8 state is below the detection
sensitivity of the transient IR spectrometer. The absence of pure vibrationally excited
HCI molecules reveals that at least some rotational energy in HCI accompanies the
V—V energy transfer. Rotational energy changes of the bath gas help meet the
energy difference AE..y that is needed for V—V energy transfer.

Figure 4.1 shows the transient IR measurement collected at line center vo for
R6 transition of the HCI (v = 1) state. The transient signal shows nascent appearance
of HCI (v =1, J = 6) population after single collisions with excited pyrazine-hs. The
HCI (v = 1) collision products are in v = 0 state prior to the inelastic collisions with

pyrazine-hs (Evin). HCI (v = 1, J = 6) collision products show HCI gains vibrational
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Figure 4.1. Transient IR signal showing nascent appearance of HCI (v = 1, J = 6)
molecules.

and rotational energy from collisional relaxation of pyrazine-hs (Evib). The
vibrationally excited bath molecules also gain translational energy from the inelastic
collisions as shown by the nascent Doppler-broadened line profiles in Figure 4.2. The
data in Figure 4.2 are collected at J = 2, 3, 6 and 7 states. The line profiles show
nascent appearance of HCI (v = 1, J) populations after collisions of thermal HCI with
pyrazine-hs (Evin). Only appearance population is seen across the v = 1 line profiles
since nearly 100 % of HCI molecules are in the v = 0 state at 300 K. The line profiles

are each fit with a single Gaussian function:

2
F(v) = Fo + lpp exp| —4In2 ~—0 (Eq. 4.2)
Vapp

where Fo is a small offset of the line profile, lapp is the line center IR intensity for

appearance population, v is the IR frequency, Avagp is the full width at half maximum
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(FWHM) of the appearance line profile. The translational temperature Tapp Of the

scattered bath molecules is determined for individual J states from Avapp. Figure 4.2
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Figure 4.2. The nascent Doppler-broadened line profiles for a number of J states for
scattered HCI (v = 1) species. HCI becomes vibrationally excited in the inelastic
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collisions with an increase in average translational energy.

shows that the vibrationally excited bath molecules are scattered in individual J states

with Tapp slightly greater than 300 K. The post-collision bath molecules gain modest

amounts of translational energy along with the vibrational excitation.
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4.3.2 Nascent Translational Temperatures for HCI (v = 1) Collision Products

Listed in Table 4.2 are the J-specific translational temperatures for HCI
molecules excited vibrationally in nascent collisions with pyrazine-hs (Evib). The
average translational temperatures in lab-frame Tapp values and center-of-mass
(COM) frame Trel values show that HCI (v = 1, J) species that result from the inelastic
collisions gain some translational energy on average with the vibrational excitation.
The amount of translational energy gain by HCI (v = 1) collision products is
relatively constant with J and is much lower than the translational energy gains by

scattered HCI (v = 0) molecules in low-J states as shown in Figure 4.3.
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Figure 4.3. A comparison of the Trel for V—>V and V—RT energy transfer shows
scattered HCI (v = 0) molecules undergo larger translational temperature changes in
collisions with pyrazine-hs (Evib) than scattered HCI (v = 1) species.
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TABLE 4.2: Nascent Doppler-broadened FWHM and translational
temperatures for appearance of scattered HCI molecules in v = 1 state.

J state Avapp (cmM™)? Tapp (K)° Trel (K)°
1 0.0069 430 £ 90 480 + 100
2 0.0072 460 + 90 530+ 110
3 0.0071 440 £ 90 500 =100
4 0.0078 520 + 100 630 =130
5 0.0075 480 + 100 560 =+ 110
6 0.0069 460 + 90 530 + 100
7 0.0076 480 + 100 560 + 110

2 The full width at half maximum (FWHM) for appearance line profile of HCI. ® The
appearance lab-frame translational temperature for scattered HCI molecules. ¢ The
COM frame translational temperature for recoiling HCI. The calculations for Tapp and
Trel are included in the Appendix.

Translational energy gain by HCI (v = 0) collision products is dependent on J
with scattered molecules in high-J states having lower translational energy gains than
those in low-J states (Figure 4.3). In contrast, the translational energy gain by
scattered HCI (v = 1) molecules is relatively the same for all J states. The J-

independent low translational energy gains by scattered HCI (v = 1) molecules are

characteristic of V—V energy transfer collisions [10, 14, 15, 81].

4.3.3 Angular Momentum and Recoil Velocity Changes of HCI (v = 1)

The average changes in rotational angular momentum for HCI (AJypath) and
COM recoil velocity (Avre) that accompany vibrational excitation of HCI in single
collisions with excited pyrazine-hs are listed in Table 4.3. Angular momentum is

conserved in the inelastic collisions if AL + AJpath + Adgonor = 0, Where AL is the
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change in orbital angular momentum, AJwath is the change in rotational angular

momentum of HCI and AJqonor IS the change in rotational angular momentum of

TABLE 4.3: J-specific changes in rotational angular momentum and recoil
velocities for scattered HCI (v = 1) molecules

final Jstate  (AJpam)? AVapp” <(\rlr']a/bs>)c %‘}2; <(Ar:1/;es|; .
1 3.3 0.0069 542 699 156
2 2.8 0.0072 561 730 187
3 1.7 0.0071 549 709 167
4 2.1 0.0078 596 787 244
5 3.6 0.0075 573 749 206
6 4.9 0.0069 561 730 187
7 6.1 0.0076 573 749 206

2 The average change in rotational angular momentum for scattered HCI (v = 1)
molecules. ® The J-dependent FWHM for appearance of HCI population. ¢ The
average lab-frame recoil velocity of HCI: (Via) = (3KsTapp/2muci)*? where kg is the
Boltzmann constant, Tapp and muci are as defined in Table 4.2. ¢ The average COM
recoil velocity of scattered HCI and pyrazine-hs (Evi) determined from (Vi) =
(M/Mpyz) * [(ViaY? — (3ksT/M)]¥?, where M is the sum of the masses of HCI and
pyrazine-hs. Other quantities are defined in Table 4.2. ¢ The average change in Vrel is
(AVrel) = (Vret) — (3kgT/p)"2 with p being the reduced mass of HCI and pyrazine-ha.
excited pyrazine-hs. A reasonable assumption is made that AJpan and AJdonor Values
have the same sign based on inelastic collision studies by Waclawik and Lawrance
[75]. Therefore, Adbath + Addonor = —AL = —buAvre. Here, b is the impact parameter
and p is the reduced mass of HCI and pyrazine-hs (Evib). The average change in

rotational angular momentum of HCI is determined from (AJpath) = |(J'bath)? — (JIpath)?|

where J'vath is the post-collision rotational angular momentum of HCI and (Jpath) is the
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average rotational angular momentum of HCI before the inelastic collisions and is
equal to 3.4.

Table 4.3 shows HCI molecules are scattered from pyrazine-hs (Evin) with
(Adpathy = 1.7-6.1 and (Avrel) = 156-206 m/s. The small rotational angular momenta
changes for scattered HCI (v = 1) species are accompanied by small changes in COM
recoil velocities, which are evidences of angular momentum conservation in the
inelastic collisions. Recoiling HCI molecules in v = 1 state undergo smaller changes
in (AJpath) and (Avrer) compared to the recoiling molecules in v = 0 state whose
(Adbathy = 1.7-12.5 and (Avrer) = 125-712 m/s as shown in Figure 4.4. The smaller
(AJbathy and (Avrer) Values for vibrationally excited HCI result from collisions that
occur at the attractive wall of the interaction potential while the larger values for
scattered HCI (v = 0) molecules are due to collisions that occur at the repulsive wall

of the potential.
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Figure 4.4. A comparison of the changes in HCI rotational angular momentum and
COM recoil velocity that accompany V—V and V—RT energy transfers. The (AJpath)
and (Avre) values for V—RT energy transfer are much larger than those for V—V
energy transfer.

67



4.3.4 Nascent Rotational Distribution of HCI (v = 1) Collision Products

The nascent rotational distribution of scattered HCI molecules inthev =1
state is shown in Figure 4.5. The distribution is obtained by measuring transient

population at line center of R-branch transitions for HCI (v = 1). Measurements of
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Figure 4.5. Rotational distribution of nascent HCI (v = 1) products after collisions
with pyrazine-hs (Evin). The rotational temperature shows HCI (v = 1) molecules gain
rotational energy from the inelastic collisions.

UV absorption by pyrazine-hs are taken with each population measurement to correct
for experimental fluctuations. Using the Boltzmann rotational distribution, the J-
specific nascent population, pop (J) is related to the rotational temperature Trot as

shown in Eq. 4.3.

in PP () - —Erot
9(J)  KkgTot

Eq. 4.3
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Here, g (J) is the 2J + 1 rotational degeneracy, Erot is the rotational energy of the J
state and kg is the Boltzmann constant. The resulting Trt = 520 £+ 50 K shows that
HCI molecules that become vibrationally excited in single collisions with pyrazine-hs
(Evib) also gain some rotational energy on average from the collisions. The average
rotational energy gain by scattered HCI (v = 1) molecules is less than that for
scattered HCI (v = 0) molecules (Trot = 890 = 90 K). The lower rotational temperature
for scattered HCI (v = 1) molecules highlights the long-range nature of the collisions
since such collisions result in low gains in rotational energy. On the other hand, the
higher Tt value for scattered HCI (v = 0) molecules supports the short-range nature

of such collisions since they lead to high gains in rotational energy.

4.3.5 Absolute Rate Constant Measurements for HCI (v = 1, J) Production

The absolute rate constants k’app for scattering of HCI molecules into
individual J states in v = 1 state are presented here. The equation for the inelastic
collisions is shown in Eq. 4.4

Koo .

pyz (Eyip) + HCI (300K) — pyz (Eyip) + HCI (v=1,J, Vel) (Eq. 4.4)

where Vel is the recoil velocity of the scattered bath molecules. The rate of

appearance of HCI (v = 1) molecules is determined from Eqg. 4.5.

d[HCI(v =1,J)]
dt

= kapp [PYZ (Evip )I[HCI (300K)] (Eq. 4.5)
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Eq. 4.5 is integrated in the short-time limit to obtain Eq. 4.6 by assuming small
changes in the initial concentrations of HCI and excited pyrazine-hs in the duration of

the nascent measurements.

K _A[HCI(v=1,J)] 1

=T A [pyaEep)loHCIE0 K (F. 49)

Here, [pyz (Evib)]o and [HCI (300 K)]o are the pre-collision concentrations of
pyrazine-hs (Evin) and HCI respectively. The rate constant for appearance of
vibrationally excited HCI in J = 2 state is measured directly and the measurement is
used together with the nascent rotational temperature to obtain k’spp Values for other J

states of scattered HCI (v = 1) molecules in Eq. 4.7.

=2 T3(Tyot)
kJ — k.] 2 J rot (Eq 47)
PR g (Trot)

Here, f; is the J-specific fractional population of recoiling HCI in v = 1 state. Table
4.4 shows that HCI collision products in the v = 1 state are scattered in individual J
states with comparable rates. The sum of the k’app Values in Eq. 4.8 yields the total

rate constant kapp (v = 1) for vibrational excitation of HCI in v = 1 state.

Kapp (V=1 =% ka;]pp =(2.92£0.3) x 107 cm®molecule s (Eq. 4.8)
J
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TABLE 4.4: State-Resolved Rate Constants for Nascent Appearance of HCI (v
= 1) after Collisions with Pyrazine-hs (Evip = 37900 cm™)

J Erot (cm™) k’app (102 cm® molecule™ s?)

1 20.2702 22%0.2

2 60.7979 3.3x0.3

3 121.5583 40+£04

4 202.5138 41x04

5 303.6145 3.8+£04

6 424.7981 3.2+£0.3

7 565.9899 25+£0.2
Kapp (V = 1) = Y Kapp (2.9 £0.3) x 102 cm® molecule* s*2
Kapp (V = 0) (6.4 + 1.9) x 101% cm?® molecule 52
k®pp = Kapp (V = 1) + Kapp (Vv = 0) (6.4 +1.9) x 10"° cm® molecule s

The J-specific absolute rate constant for the appearance of HCI (v = 1) species due to
collisional quenching of excited pyrazine-hs. # The total appearance rate constant for J
states of HCI (v = 1) molecules. ® The total appearance rate constant for all J states of
HCI (v = 0) molecules. ¢ The total rate constant for collisional quenching of excited
pyrazine-hs by HCI. The collision rate for vibrational excitation of HCI shows that
such excitation occurs in 1 out of 200 single collisions of HCI and excited pyrazine-
ha.

The V-V energy transfer rate constant kapp (v = 1) is less than 1% of the total
rate constant k™%, for collisional relaxation of excited pyrazine-hs reported in Table
4.4. The Kapp (v = 1) value is much less than the V—RT energy transfer rate constant
Kapp (v = 0), also reported in Table 4.4. The small rate constant for V—V energy
transfer reveals that less than 1% of pyrazine-hs (Evin) + HCI collisions lead to
vibrational excitation of HCI. The large rate constant for V—RT energy transfer

shows it is the dominant pathway for collisional relaxation of excited pyrazine-ha.
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4.4 Conclusion

The V-V energy transfer channel is a minor pathway for the collisional
quenching of excited pyrazine-hs by thermal HCI, compared to the V—>RT energy
transfer channel. Nascent HCI (v = 1) collision products gain less rotational energy
compared to the scattered HCI molecules in the v = 0 state. The vibrational excitation
of HCl is also accompanied by lower translational energy gains compared to those for
scattered v = 0 molecules. The lower rotational and translational energy gains for
scattered HCI (v = 1) species are characteristic of collisions mediated by long-range
attractive forces. The higher rotational and translational energy gains for scattered
HCI (v = 0) species are representative of collisions facilitated by short-range repulsive

forces.
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Chapter 5: Donor Deuteration Effects in Collisional Energy
Transfer: Pyrazine-d4 (Evib = 37900 cm®) + HCI Collisions

5.1 Introduction

Unexpected isotope effects were seen in the dynamics of collisional relaxation
of pyrazine-hs (Evib) with HCI and DCI showed as discussed in Chapter 3. The
translational temperatures for scattered HCI and DCI molecules in collisional
relaxation of pyrazine-hs (Evib) have opposite dependence on J states of the isotopes.
One possible reason for the observed dynamics is that near-resonant energy transfer
occurs between HCI (vici = 2886 cm™) [48] and excited pyrazine-hs (vzo = 3041 cm™)
[49]. The near-resonant pathway is removed when DCI is the collision partner since
vbcl = 2088 cm® [48]. Deuteration of the pyrazine will shift the C-D frequency to
2274 cm and remove the near-resonance [48]. In the work reported in this Chapter,
inelastic collisions of highly excited pyrazine-ds (Evib = 37900 cm™) and thermal HCI
are studied to investigate the contributions of near-resonant vibrational energy
transfer in pyrazine-hs (Evin) + HCI collisions.

Collisional energy transfer calculations of Higgins and Chapman for
collisional quenching of pyrazine-hs (Evib = 40323 cm™) and pyrazine-da (Evip = 40323
cmt) with CO showed isotope effects in the amount of energy transferred to CO in
the collisions [82]. Their theoretical studies showed more energy is transferred to CO
on average when the collision partner is pyrazine-ds (Evib). The isotope effects were
attributed to the presence of more low frequency vibrational modes in excited

pyrazine-ds. Collisional relaxation of highly excited polyatomics usually involve
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these modes [1, 27, 41, 83-89]. The extent to which the energy transfer dynamics is
affected by the availability of low frequency vibrational modes is revealed by
studying pyrazine-ds (Evib) + HCI collisions.

The presence of a larger number of low-frequency vibrational modes in
pyrazine-ds (Evib) is due to its larger moment of inertia compared pyrazine-ha (Evib).
Larger moment of inertia results in smaller energy spacing between its vibrational
states and the spacing decreases further with high excitation of its vibrational motion
due to vibrational anharmonicity. The energy transfer efficiency of pyrazine-ds (Evib)
in collisions with HCI should therefore, be increased relative to that for pyrazine-hs
(Evib) if low-frequency vibrational modes of the energy donor are major players in the
collisional energy transfer.

Substantial differences were observed by Stephens and Cool in the V—>V
energy transfer rates for quenching collisions of vibrationally excited DF and HF with
CO2 [90]. The rate for the excitation of the asymmetric stretch of COz in collisions
with DF (v = 1) is nearly 5 times greater than that when the energy donor is HF (v =
1). Stephens and Cool pointed to the greater effectiveness of the coupling of
rotational and vibrational (V-R) motions of DF (v = 1) in inelastic collisions as the
reason for the rate enhancement. The rates for energy transfer between HCI and
pyrazine-ds (Evib) should be increased relative to that for HCI and pyrazine-ha (Evib)
collisions if the dynamics is influenced by V-R coupling.

Collisional relaxation of pyrazine-ds (Evin) with HCl by V—-RT and V>V
pathways have been measured and the results are presented in this Chapter. In the

V—RT energy transfer studies, HCI molecules that are scattered in v = O state after
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inelastic collisions with pyrazine-da (Evin) are probed. In the V—V energy transfer
studies, HCI molecules that become vibrationally excited after inelastic collisions
with pyrazine-da (Evib) are probed. The V—RT and V-V data for pyrazine-da (Evib) +
HCI collisions are compared to those for pyrazine-hs (Evib) + HCI collisions in order
to see if near-resonance effects are contributing factors to the mechanistic differences
observed in collisional relaxation of pyrazine-hs (Evin) with HCI and DCI. Comparison
of the collisional relaxation data for pyrazine-da (Evib) and pyrazine-ha (Evib) will also

reveal the contributions of low frequency vibrational modes to the collision dynamics.

5.2 Experimental Methods

The experimental details of the collisional energy transfer are described in
Chapter 2 and the specifics pertaining to this study are described here. Excited gas-
phase pyrazine-d4 molecules were prepared by excitation with the quadrupled output
of a pulsed Nd:YAG laser (A =266 nm). A 1:1 mixture of pyrazine-ds and HCI gases
was flowed through a 3-m collision cell at a total pressure of ~20 mTorr (or less) for
the V—>RT energy transfer studies. The total pressure for the V—V energy transfer
studies was <40 mTorr. Energy transfer between excited pyrazine and HCI was
probed by collecting transient IR signals for individual J states of scattered HCI (v =
0) molecules. The probe transitions are mainly the R-branch lines for H*CI. The R5
transition of H¥'ClI is measured instead of that for H*CI because the quality of the
OPO mode was better at the former transition. Energy transfer measurements made
using transitions for H*Cl and H3Cl yield comparable results. The R-branch

transitions used for the V—RT energy transfer studies are listed in Table 5.1.
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TABLE 5.1: IR Probe Transitions for Rotational States of HCI?

H®CI (v=0,J) + hv (A ~3.3 um) — H%Cl (v=1,J + 1)

J vo (cm™h)P Erot (cm™)° Ss (cm molecule™)?
0 2906.2468 0.0000 2.367 x 10*°
1 2925.8967 20.8782 4,194 x 101
2 2944.9138 62.6219 5.034 x 107*°
3 2963.2861 125.2057 4,852 x 101
4 2981.0017 208.5917 3.960 x 10*°
5¢ 2995.7848 312.2602 8.962 x 10%°
6 3014.4166 437.5556 1.745 x 10'°
7 3030.0934 582.9947 9.616 x 10%°
8 3045.0686 748.9588 4,719 x 100
9 3059.3314 935.3474 2.070 x 10%°
10 3072.8716 1142.0480 8.140 x 10!
11 3085.6791 1368.9358 2.876 x 10!
12 3097.7442 1615.8741 9.146 x 10%?
13 3109.0575 1882.7142 2.623 x 10?2

abed | jsted quantities are from the HITRAN database [73] and are as defined in Table
3.1. ® The R5 line of H*'CI was measured instead of that for H**CI because the OPO-
mode quality at the former transition was better.

Transient IR signals were collected as described in Chapter 2. The OPO was
modulated and stabilized using active feedback control. The OPO output was locked
to line center frequency vo of a HCI ro-vibrational transition for measurements of
population changes at vo. Measurements of nascent Doppler-broadened line profiles

were done by locking the OPO output to a single fringe of a Fabry-Perot etalon. A
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pulse generator adjusted the timing of the 266 nm pulse to occur at the same time as

IR frequency being measured.

5.3 Results and Discussion: HCI (v = 0) collision products

The state-resolved data for pyrazine-d4 (Evib) + HCI single collisions that
produce scattered HCI (v = 0) molecules are reported in this section. The nascent
Doppler-broadened line profiles for individual J states of scattered HCI are presented
and translational energy changes of the scattered collision products are discussed in
light of these line profiles. The nascent rotational distribution for the scattered bath
molecules is presented, along with the accompanying changes in angular momenta
and recoil velocities. The J-specific rate constants for population changes of HCI due
to energy transfer are also reported. The data for pyrazine-ds (Eviv) + HCI collisions
are compared to those for pyrazine-hs (Evib) + HCI collisions (Chapter 3) to illustrate
how deuteration of the energy donor affects the dynamics for vibration-to-rotation

and translation (V—RT) energy transfer.

5.3.1 Transient IR Measurements for HCI (v = 0) Collision Products

Single collisions between excited pyrazine-ds and thermal HCI molecules lead
to population changes of individual J states of HCI. The low-J states of HCI (J < 5)
have significant population at 300 K and inelastic collisions between HCI and
pyrazine-ds (Evin) lead to net depletion of molecules for these J states. On the other
hand, high-J states of HCI (J > 6) do not have substantial population at 300 K and

collisions with excited pyrazine-ds lead to net appearance of molecules for these J
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states. The initial population of states with J > 6 is small enough that population
depletion is not observed.

Examples of transient IR absorption signals collected for low-J states of HCI
after single collisions with pyrazine-ds (Evib) are shown in Figure 5.1. The decreasing
IR absorption signal at IR line center vo in Figure 5.1a represents net depletion of HCI
(J =5) population. The increasing IR absorption signal in Figure 5.1b shows net
appearance of HCI (J = 5) population with the IR light tuned 0.003 cm™ away from
vo. Transient IR signals for HCI (v = 0, J = 5) show depletion at vo and appearance at
vo+ 0.003 cm™.

Figure 5.2 shows the nascent Doppler-broadened line profile for scattered HCI in J =
5 state after collisions with highly vibrationally excited pyrazine-da. The line profile
shows net depletion at line center and net appearance in the wings of the line profile.
The double Gaussian function described by Eq. 3.1 is fit to the line profile data. The
double Gaussian function consists of two separate Gaussian functions with one
function describing the appearance component of the line profile and the other
describing the depletion component. The full width at half maximum for appearance
from the fit is used to determine the translational temperature of the recoiling bath

molecules as discussed in Chapter 3.
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Figure 5.1. Transient IR absorption signals for HCI in (v = 0, J = 5) state after
collisions with pyrazine-ds (Evio = 37900 cm™) showing a) depletion of population at
line center voand b) appearance of population 0.003 cm™ away from line center.
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Figure 5.2. Nascent Doppler-broadened line profile (circular data points) for scattered
HCI (v = 0, J = 5) population. The line shape shows net depletion of molecules
around vo and net appearance away from vo. The solid is a double Gaussian fit. Below

the line profile are the residuals of the fit.
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The two components of the double Gaussian fit to the line profile for HCI (J

=5) are shown in Figure 5.3. The lab-frame translational temperature for appearance

HCI (v=0, J=5)

0.03 | T 1 T T T ]
5 i Tapp =640+ 190 Ki
S 0.01  Nascent o
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< [ I
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Figure 5.3. The appearance (top curve) and depletion (bottom curve) components of
the Doppler-broadened HCI (v = 0, J = 5) line profile. Tapp shows the average
translational energy for the appearance population is increased after the inelastic
collisions. Tqep Shows the average translational energy of HCI molecules prior to the
inelastic collisions is lower than T = 300 K. Integration of the area under each curve
gives the population for each process.

Tapp IS 640 = 190 K, which is higher than 300 K, and represents an increase in the
average translational energy of scattered HCI species in J = 5 state. In contrast, the
lab-frame depletion temperature Taqep is 210 £ 60 K, which is lower than T = 300 K.
This shows that the pre-collision HCI (J = 5) molecules are a colder subset of the
initial 300 K distribution. This result suggests that attractive interactions are involved
in the energy transfer dynamics.

The Doppler-broadened line profiles measured for the J = 2-5 states of HCI

are presented in Figure 5.4. The low-J nascent line shapes show net removal of
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population around line center and net appearance of molecules away from line center.

Overall, the appearance population increases with J while the depletion population
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Figure 5.4. Nascent Doppler-broadened line profiles (circular data points) for low-J
states of scattered HCI. The depletion population decreases with J state while the
appearance population increases with J state. The residuals are plotted below each
line profile. Data were collected at t = 1 us following UV excitation of pyrazine-da.

decreases with J. The trend seen in the population changes for low-J states is due to

the Boltzmann rotational distribution of HCI, where the more populated J states at T
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= 300 K experience a higher decrease in initial population and lower increase in
appearance population.

The data in Figure 5.4 reveal that the widths of the appearance line profiles
are larger than the widths of the depletion line profiles. The broader widths for the
appearance line shapes represent a wider spread in the translational energy
distribution of the appearance populations compared to those of the depletion
populations. The low root-mean-square (rms) noise of the residuals for each line
profile shows the double Gaussian fit is an adequate description of low-J line profiles
of scattered HCI despite the slight asymmetry seen in J = 5 line profile. The source of
the asymmetry of the line profiles is not known although attempts were made to
minimize it by collecting data at stable IR modes of the OPO and ensuring quality
active feedback control of the IR frequency.

The transient line profiles for the HCI collision products in the J =7, 8, 10
and 11 states are shown in Figure 5.5. A single Gaussian function (Eq. 4.2) is fit to
the high-J line profiles in order to obtain Tapp Of the scattered HCI. The rms noise of
the residuals for the line profiles show the single Gaussian fits are good descriptions
of the high-J line profiles for recoiling HCI molecules and increases the reliability of

the Tapp determined.
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these J states have very low population at thermal conditions.

5.3.2 Nascent Translational Temperatures of Recoiling Molecules

The average change in translational energy of the scattered bath molecules is

determined from the full width at half maximum (FWHM) of the measured line

profiles. For recoiling HCI in low-J states, the FWHM of the appearance line profile
Avapp IS Used to obtain the Tapp. The initial translational energies are determined from

Avgep measurements. Listed in Table 5.2 are the FWHM for appearance and depletion
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components of the J-specific line shapes of HCI collision products. Also listed are the
corresponding translational temperatures. The Tapp Values show that HCI molecules
are scattered from excited pyrazine-ds with gains in translational energy. The
translational energy gain of the appearance population decreases with J state of HCI.
The Taqep values are similar for the J = 2-5 states, with values that are less than 300 K.
The relatively low Tqep Values show that colder HCI molecules preferentially undergo

collisions with pyrazine-ds (Evib).

TABLE 5.2: J-resolved Doppler-broadened FWHM and translational temperatures of
nascent population of HCI scattered in collisions with pyrazine-d4 (Evin)

appearance of scattered HCI depletion of 300 K HCI

Jstate  Avapp (cM™)? Tapp (K)° Avdep (Cm™)? Taep (K)°

2 0.014 1610 + 480 0.0051 210 + 60

3 0.012 1170 + 350 0.0052 220 + 60

4 0.010 800 + 240 0.0058 270+ 70

5 0.0090 640 + 190 0.0052 210 + 60

7 0.0089 610 + 180 - -

8 0.0084 540 + 160 - -

10 0.0078 460 + 140 - -

11 0.0077 440 + 130 - -

13 0.0077 440 + 130 - -

2 The full width at half maximum (FWHM) for depletion Avgep and appearance Avapp
components of a line profile of scattered HCI. ® The lab-frame translational
temperature for depletion Tgep and appearance Tapp 0f HCI collision products. The
calculations for Tqpp are in the Appendix.
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The center-of-mass (COM) frame translational temperatures Ty of the
scattered molecules are the translational energy of both HCI and excited pyrazine-d4

after collisional energy transfer. Figure 5.6 shows the J-dependence of Tre. The plot
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Figure 5.6. Center-of-mass frame translational temperatures Tre (Square data points)
for appearance of scattered HCI population in individual J states. The solid line is an
exponential fit to the data. An inverse correlation is seen between Ty and J states of
HCI. The COM translational temperatures are obtained by Trel = Tiao + (Muc/ Mpyz)

(Tiao — T), where mpy is the mass of pyrazine and T is ambient temperature (300 K).
Other quantities are as defined in Table 5.2.

shows Tre is higher than T = 300 K for all J states and that Trel decreases
exponentially with J state. A similar trend between T and J is seen in V—>RT
energy transfer collisions of HCI + pyrazine-hs (Evib) as shown in Figure 3.7. The Trel
values for HCI + pyrazine-ds (Evib) collisions are slightly higher than those measured
for collisions of HCI + pyrazine-hs4 (Evib). Figure 5.7 compares V—RT scattering data

for both energy donors with HCI and for pyrazine-hs (Evin) with DCI. The small
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increase in Tre values for HCl/pyrazine-ds is a result of more low-frequency
vibrational modes with excited pyrazine-ds. Collisional energy transfer in a number of
studies has been found to involve low-frequency vibrational modes of the energy
donor. The similarity in the J-dependence for HCI scattering with pyrazine-ds (Evib)

and pyrazine-has (Evib) shows that similar energy transfer mechanisms are operative for
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Figure 5.7. Trel (values) show similar bath J-dependence for collisions of HCI with
pyrazine-ds (Evib) and pyrazine-hs (Evin). The J-dependence of Ty for DCI with
pyrazine-hs (Evib) shows very different behavior.

both collision systems. The opposite trend seen for DCI + pyrazine-hs (Evib) collisions
indicates the energy transfer mechanism is strongly affected by deuteration of the
energy acceptor than the energy donor.

Figure 5.7 suggests an energy transfer mechanism for HCI that is mediated by
anisotropic attractive interactions, where the energy donor collides preferentially with

either the H-end or Cl-end of HCI as discussed in Chapter 3. Since the center-of-mass
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of HCI molecules lies closer to Cl, collisions between the energy donors and the H-
end of HCI leads to large changes in rotational motion of HCI and small changes in
translational motion. Collisions with the Cl-end result in large changes in the
translational motion of HCI and small changes in its rotational motion. In contrast, the
data for DCI + pyrazine-hs (Evib) collisions show no evidence of oriented collisions
since large changes in rotational motion of scattered DCI are accompanied by large
changes in its translational motion.

The Trel values for collisional quenching of pyrazine-ds (Evin) and pyrazine-hs
(Evib) with HCI are similar, which suggests involvement of similar vibrational
frequencies of the isotopic energy donors in the inelastic collisions. Excitation of the
energy donors to high vibrational levels accesses more anharmonic vibrational states,
especially for low frequency modes. The vibrational frequencies of a number of
vibrational modes of pyrazine-hs and pyrazine-ds are compared in Table 5.3. Several
low frequency modes of pyrazine-hs and pyrazine-ds are close enough that
anharmonic effects might lead to similar vibrational transitions in pyrazine-ds (Evin)
and pyrazine-hs (Evib) and result in similar Tre values for inelastic collisions with HCI.
Figure 3.14 shows that a large portion of the vibrational energy content of pyrazine-ha
(Evib) is in the low frequency modes, which makes it likely that energy is transferred

from these modes.
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TABLE 5.3: Vibrational frequencies of
pyrazine-hs and pyrazine-ds at 300 K?

mode  Pyrazine-hs”  Pyrazine-ds°

Viéb 416 399
V6a 596.1 586
Va 703 678

V10a 757 580
Vi1 804 612
% 918.6 721.1
V1 1015 882.5
V15 1022 867
V14 1067 1028
V12 1110 840
Visa 1144 1110
Voa 1230 1005.6
Vigb 1418 1175
Vi9a 1484 1370
Vb 1524 1505
Vga 1578 1536
Vb 3041 2274
V2 3054 2274
Vi3 3066 2290
V20b 3066 2290

3 Data is from IR and Raman spectra of pyrazine-hs and pyrazine-ds [49]. ® Frequency
values are in cm™. Vibrational modes not included in the list are either too weak to be
measured or could not be accurately assigned.

5.3.3 Angular Momentum Changes and Recoil Velocities of scattered HCI

Molecular collisions are accompanied by changes in angular momentum AJ
and recoil velocity. Conservation of angular momentum in collisions requires AJdonor
+ AJdpath + AL = 0, where AJdonor IS the change in rotational angular momentum of
excited pyrazine-ds, AJdpath IS the change in rotational angular momentum of HCI and

AL is the change in orbital angular momentum of the scattered collision partners. The
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expression Adpath + Addonor = —AL = —bpAvre is obtained by assuming the same
direction for AJbath and AJgonor @s described by Waclawik and Lawrance for the
collisional relaxation of excited benzene [75]. Here, b is the impact parameter, p is
the reduced mass of HCI and pyrazine-ds (Evib) and Avre is the change in COM recoil
velocity of scattered HCI and pyrazine-da (Evib).

Table 5.4 shows the average change in rotational angular momentum (AJpatn)
of scattered HCI in final J states and the corresponding average change in COM recoil
velocity (Avre) for a number of HCI studies. The changes in rotational angular
momentum of recoiling HCI are determined from the difference in magnitudes of the
average rotational angular momentum of HCl at T = 300 K and the final rotational
angular momentum of the scattered HCI. HCI molecules are scattered in final J states
with as much as (AJdpathy = 12.5 and (Avrer) = 923 m/s. The large (AJpath) and (Avrel)

values are indicative of the impulsive nature of the energy transfer between
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TABLE 5.4: Changes in rotational angular momentum and recoil velocities for
individual J states of scattered HCI (v = 0) molecules

final J state (AJpath)? AVapp” (Vian)® (M/S)  (Vre)® (M/S)  (AVrel)® (M/S)
2 2.8 0.014 1049 1462 923
3 1.7 0.012 895 1232 694
4 2.1 0.010 740 999 461
5 3.6 0.0090 662 880 341
7 6.1 0.0089 646 855 317
8 7.2 0.0084 608 796 257
10 94 0.0078 561 722 183
11 10.5 0.0077 549 702 163
13 12.5 0.0077 549 702 163

2 The average change in rotational angular momentum for scattered HCI (v = 1)
molecules. ® The J-dependent FWHM for appearance of HCI population. ¢ The
average lab-frame recoil velocity of HCI. ¢ The average COM recoil velocity of
scattered HCI and pyrazine-ds (Evin). ® The average change in vre. The calculations for
determining (Viab), (Viaby and (Avrer) are presented in the Appendix.

pyrazine-ds (Evin) and HCI. The bath collision products with small {(AJpa) experience
large (Avrer) While those with large (AJdvath) have small changes in (Avrer). The inverse
correlation between (AJdpatn) and (Avrery for HCI + pyrazine-da (Evib) collisions
supports an oriented interaction of the collision partners during the energy transfer.
An inverse correlation between (AJpath) and (Avrer) is also seen for HCI + pyrazine-hs
collisions (Figure 3.10), which further shows the collision dynamics is not as strongly
affected with deuteration of the energy donor as it is with deuteration of the energy

acceptor.
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5.3.4 Nascent Rotational Distribution of Scattered HCI (v = 0) Molecules

The rotational distribution of HCI (v = 0) molecules after single collisions
with excited pyrazine-ds has been measured. A Boltzmann analysis of the distribution
is shown as a semi-log plot in Figure 5.8. The data is obtained by collecting transient
IR signals at line center of final J states of scattered HCI and combining the IR

signals
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Figure 5.8. Rotational distribution of scattered HCI (v = 0) molecules after nascent
collisions with pyrazine-ds (Evib). The rotational temperature Trot Shows scattered HCI
species gain rotational energy on average from the inelastic collisions.

with the nascent Doppler-broadened line profile measurements for the final J states.
Transient IR signals for each J state are measured in pair with a reference state (J = 8)
in order to account for any experimental fluctuations. The rotational temperature of
the recoiling bath molecules Tt is related to the population in individual J states pop

(J) as shown in Eq. 3.2. The rotational temperature of Trot = 960 £ 100 K is higher

91



than T = 300 K and shows that HCI molecules gain rotational energy from single
collisions with pyrazine-ds (Evin). The Trot value for HCI + pyrazine-ds (Evin) collisions
is a little higher than for HCI + pyrazine-hs (Evin) collisions (Tt = 890 £ 90 K, Figure
3.11), which demonstrates that pyrazine-ds (Evin) imparts slightly larger amounts of

energy than does pyrazine-hs (Evin).

5.3.5 J-specific Rate Constants for V—RT Energy Transfer Channel

The rate constants for the production of scattered HCI (v = 0) molecules in
individual J states are measured for collisions of pyrazine-ds (Evin) and HCI (300 K).
The chemical equation for the energy transfer is given in Eq. 5.1.

J
kﬁPP

pyz -d4 (Eyip) + HCI (300K) — pyz-d4(E')+HCI(v=0,J,Vel) (Eq.5.1)
Here, pyz-da (Evib) is excited pyrazine-ds prior to collisions with HCI, k’qpp is the J-
specific rate constant for appearance of HCI population, pyz-ds (E) is excited
pyrazine-ds after energy transfer and Vel is the recoil velocity of scattered HCI. The

rate equation for appearance of scattered HCI species in individual J states is given in

Eq. 5.2.

d[H(;(J)] = kapp [PYZ - d4 (Eyip )I[HCI (300K)] (Ea.5.2)

Integration of Eqg. 5.2 is done using the method of initial rates, where the
changes in concentrations of the collision partners are negligible at short times. The
integrated rate equation is rearranged in Eq. 5.3 to give the appearance rate constant.

o _ AHCIJ)] 1
PP At [pyz - dg(Eyip)Io[HCI(300K)]g

(Eq. 5.3)
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Here, [pyz-ds (Evin)]o and [HCI (300 K)]o are the initial concentrations of excited
pyrazine-ds and HCI respectively. The concentration of pyrazine-ds (Evib) is
determined from UV absorption measurements and the interaction volume of the
collision partners. The details of the calculation are presented in the Appendix.

The kapp Values for appearance of HCI (J = 8) population is measured directly
and the measurement is combined with the measured Tt as shown in Eq. 3.6 to
obtain the k’app values listed in Table 5.5 for other J states of scattered HCI. The total

appearance rate constant kapp for V—>RT energy transfer of HCI and pyrazine-ds (Evib)

TABLE 5.5: Rate Constants for Nascent Appearance of HCI (v = 0, J) after
Collisions with Pyrazine-da (Evip = 37900 cm™)

J Erot (cm™) k’app (1072 cm® molecule™ s?)

2 62.6219 56 =+ 20

3 125.2057 71+25

4 208.5917 81+28

5 312.7294 84 + 30

7 582.9947 7727

8 748.9588 68 + 24

10 1142.0480 46 £ 16

11 1368.9358 36+13

13 1882.7142 207
Kapp = > K’app (7.9 +2.8) x 10'1° cm® molecule* s*2
Kapp (With pyz-ha (Evib)) (6.4 +1.9) x 101° cm® molecule™ s*°

The J-specific absolute rate constants for appearance of HCI molecules in V—>RT
relaxation of pyrazine-ds (Evib). 2 The total appearance rate constant for scattered HCI
in VoRT relaxation of pyrazine-ds (Evio) ® The total appearance rate constant for
scattered HCI in V—RT relaxation of pyrazine-hs (Evib). The lower kapp for relaxation
of pyrazine-hs (Evib) highlights the effectiveness of pyrazine-das (Evib) in transferring
energy in inelastic collisions.
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is a little larger than for HCI and pyrazine-ha (Evib) collisions (Kapp = (6.4 + 1.9) x 10710
cm?® molecule! st), which shows enhancement in the rate of energy transfer with
deuteration of the energy donor.

The rate constants for depletion of initial HCI population in inelastic collisions
of pyrazine-ds (Evin) and 300 K HCI are determined from integration of the depletion
line profiles for low-J states of scattered HCI. The measurements are used to confirm
the V—>RT energy transfer rates determined with appearance rate constants. The
chemical expression for removal of 300 K HCI population in individual J states is
given in Eq. 5.4.

Keep
pyz - d4 (Eyip ) + HCI(J,300K) —> pyz-d,4(E") + HCI(v=0,J',Vel) (Eqg. 5.4)

Here, J is the rotational state of pre-collision HCI molecules, kqep is the depletion rate
constant and J' is the final rotational state of the bath molecules after the inelastic
collisions. The rate for depletion of J-specific HCI population is shown in Eq. 5.5.

_dHCI] _,

at dep [HCI(J,300K)][pyz - d4 (Evip )] (Eq. 5.5)

Here, [HCI(J)] is the concentration of the population removed from state J and
[HCI(J, 300 K)] is the concentration of the initial HCI population for that J state. The

depletion rate constant kqep is listed in Table 5.6 for low J states of HCI. The
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TABLE 5.6: Rate constants for depletion of HCI (v = 0, J) population
in collisions with Pyrazine-ds (E = 37900 cm™)

J Erot (cm™) k%dep (1072° cm® molecule?s?)
2 62.6219 10.0
3 125.2057 6.9
4 208.5917 7.3
5 312.2602 9.1
(Kdep) = (8.3 +3.3) x 101 cm® molecules'?
Kapp (7.9 + 2.8) x 101 cm® molecule s

The rate constant for depletion of initial HCI population in low J states due to
collisions with vibrationally hot pyrazine-ds. * The weighted average depletion rate
constant. The weighted depletion rate constant is very similar to kapp, Which confirms
the V—RT rate determined with the appearance rate constants.

population-weighted average depletion rate constant (Kgep) is (8.3 + 3.3) x 100 cm?
molecule? s, which is very comparable to the kapp for HCI + pyrazine-ds (Evib)
collisions. The similarity in the values of (kdep) and kapp confirms the V—RT energy
transfer rate determined with the appearance rate constants. The slightly larger
uncertainty for (kgepy compared to that for kapp is a result of a wider spread in the
uncertainty in the parameters from the double Gaussian fitting. The (kqep) value for
HCI + pyrazine-ds (Evib) collisions is close to that for HCI + pyrazine-ha (Evib)

collisions ((kdep) is (8.4 + 3.4) x 101% cm® molecule™ s), which provides additional

support for the similarity of mechanisms for pyrazine-ds (Evib) and pyrazine-hs (Evin).

5.3.6 Energy Transfer Probability Distribution Function P(AE)

The dependence of the energy transfer data on J states of scattered HCI has
been converted to dependence on the amount of energy transferred AE from excited

pyrazine-ds. The J-specific energy transfer probability distribution function Py(AE)
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gives the translational energy distribution for individual J states of HCI collision
products. The quantities utilized in obtaining the distribution are described in section
3.3.6. The PJy(AE) are summed in Eq. 3.14 to give the total energy transfer probability
distribution P(AE).

The P(AE) function accounts for all V—RT energy transfer events and is
plotted for HCI and pyrazine-ds (Evib) collisions in Figure 5.9. The probability with

positive AE values is much greater than that with negative AE values, which confirms

Pyrazine-d,(Eyip) + HCI .
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Figure 5.9. The energy transfer probability distribution for V—>RT energy transfer
collisions of HCI and pyrazine-ds (Evib). The distribution shows that HCI is more
likely to gain than loose energy from the inelastic collisions.
the scattered bath molecules are more likely to gain energy in collisions with excited
pyrazine-da (Evib). Approximately 93% of the energy transfer has AE < 3000 cm™,

which is roughly equal to a single quantum change in C-H stretch for pyrazine-ha

(Table 5.3). The P(AE) curve for HCI + pyrazine-da (Evib) collisions is compared to
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that for HCI + pyrazine-hs (Evib) in Figure 5.10. Overall, the two distributions have
comparable probabilities for several AE values, which shows similar mechanism for
collisional energy transfer. The average energy transferred in HCI + pyrazine-ds (Evin)
collisions is (AE) = 1300 cm™, which is higher than for HCI + pyrazine-hs (Evib)
collisions ((AE) = 1140 cm™). The larger (AE) for pyrazine-da (Evib) results from

larger P(AE) values at AE >2190 cm™. The similarity in the P(AE) curves for

& 66-4 N T T T T T
x° s 1
o 5e-4f HCl .
0 : z
% 4e-4 ¢ Pyz-h4(Evib) g
_ 3edf .
5 2eatl HCl :
g te4 b [ PyzdyEni)
Q. 0 | -l

-1000 0 1000 2000 3000 4000 5000
AE, cm'1

Figure 5.10. The P(AE) curves for collisional relaxation of pyrazine-ds (Evib) and
pyrazine-hs (Evin) with HCI. The similarity in the curves shows a similar mechanism.

pyrazine-ds (Evin) and pyrazine-hs (Evin) suggests near-resonance effects are not key

factors in the isotope effects observed for collisions of pyrazine-hs (Evib) with HCI

and DCI.
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5.4 Results and Discussion: Scattered HCI (v = 1) molecules

Collisional energy transfer between 300 K HCI and pyrazine-ds (Evib) that lead
to vibrational excitation in HCI has been studied and the state-resolve data are
reported in this section. The data include nascent Doppler-broadened line profiles
measured for scattered HCI (v = 1, J) molecules, the rotational distribution of the
vibrationally excited bath molecules and J-specific energy transfer rate constants. The
vibration-to-vibration (V—V) energy transfer data for HCI + pyrazine-ds (Evib)
collisions are compared to the V—>RT energy transfer data to identify any differences

in the collision dynamics.

5.4.1 Transient IR Absorption of Scattered HCI (v = 1) Molecules

Transient IR signals have been collected for HCI molecules in the v = 1 state
following single collisions with pyrazine-ds (Evib). The transient IR signal for J = 2 is

shown in Figure 5.11. The signal is collected at line center of the R2 transition using

0.008
IS - Pyrazine-d,(Eyjp) + HCI
= Givse . Appearance of |
2 L HCI (v=1, J=2) :
< 0.004 molecules .
x i ]
c_cu i ]
5 0.002 1 :
= i ]
®© i
L 0.000 :
-2 0 2 4 6
Time, us

Figure 5.11. Transient IR signal collected for scattered HCI (v = 1, J = 2) molecules
in collisional relaxation of pyrazine-ds (Evin).

98



the v = 1—v = 2 band. The transient signal shows appearance of scattered HCI (v =1,
J = 2) species after collisions with highly vibrationally excited pyrazine-das. The line
center vo measurement in Figure 5.1 is an appearance signal since HCI population are
essentially in v = O state prior to the inelastic collisions. The nascent population of
molecules in J >8 state is too small to be detected, which shows the V—V energy
transfer collisions lead to smaller changes in rotational quanta of the bath molecules
than the V—RT pathway.

Figure 5.12 shows nascent Doppler-broadened line profiles measured for
several J states of scattered HCI (v = 1) molecules. The positive-going line profiles
represent appearance of HCI (v = 1) from inelastic collisions. Each line profile is fit
with a single Gaussian function described by Eq. 4.2. The residuals of the fits have
low rms noise, showing that the Gaussian fit describes the line profiles well. The full
width at half maximum (FWHM) parameter of the fit Avapp IS used to determine the
lab-frame translational temperature Tapp for the scattered HCI (v = 1) molecules. The
Tapp values in Figure 5.12 are slightly larger than 300 K, which shows the
vibrationally excited HCI products are scattered in v = 1, with a small increase in their

average translational energy.
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Figure 5.12. The nascent Doppler-broadened line profiles measured for several J
states of scattered HCI (v = 1) species.

5.4.2 Measurements of Nascent Translational Temperatures for Scattered HCI

The translational temperatures for V—V energy transfer collisions of HCI and
pyrazine-ds (Evin) have been determined from line profile measurements and are

presented in Table 5.7. The translational temperatures in the lab-frame Tapp and COM
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TABLE 5.7: Doppler-broadened FWHM and translational temperatures
for V-V relaxation of pyrazine-da (Evib) by HCI.

J state Avapp (cm™)? Tapp (K)° Trel (K)°
1 0.0073 480 + 100 550 + 110
2 0.0072 460 + 90 530+ 110
3 0.0073 460 + 90 540 + 110
4 0.0075 480 + 100 560 =+ 110
5 0.0071 430 £ 90 480 + 100
6 0.0074 460 + 90 530 £ 110
7 0.0077 490 + 100 580 + 120

& The full width at half maximum (FWHM) for appearance of HCI (v = 1, J)
molecules. ® The appearance lab-frame translational temperature for scattered HCI
molecules. © The COM translational temperature for the scattered collision partners.

frame Trel reveal HCI molecules gain small amounts of translational energy when they
are vibrationally excited in single collisions with the deuterated energy donor. The
translational energy gain is relatively constant with J state for the HCI (v = 1)
collision products. The recoiling bath molecules in v = 1 have (Tapp) = 430-490 K,
which is much lower than that for scattered HCI (v = 0) species. The lower (Tapp) for
vibrationally excited HCI results from most of the energy transferred in the collision
being utilized in the vibrational motion of HCI. The V—V energy transfer is mediated
by long-range interactions of the collision partners and such interactions usually lead
to small changes in the translational motions of the collision partners after the

inelastic collisions.
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5.4.3 Changes in Angular Momenta of Recoiling HCI (v =1)
The changes in rotational angular momenta of HCI (AJpany and COM recoil

velocity (Avre) that accompany vibrational excitation of HCI in collisions with
pyrazine-ds (Evib) are recorded in Table 5.8. The (AJpah) Values are determined with J
states of scattered HCI (v = 1) molecules and the average rotational angular
momentum of the bath molecule before the inelastic collisions. The (Avyel) are
obtained with the initial and final Tre values of the scattered molecules. HCI species
emerge from V—V energy transfer collisions with excited pyrazine-ds with (AJpath) =
1.7-6.1 and (Avre) = 153-212 m/s. The small changes in (AJpath) and (Avrel) for V—V

energy transfer reflects the long-range nature of the collisions.

TABLE 5.8: J-specific changes in rotational angular momentum and recoil
velocities for scattered HCI (v = 1) molecules

final Jstate  (AJpan)? AVapp” <(\r/r|1a/bs?)c %72; <(AI’:1/;ZI)> .
1 3.3 0.0073 573 741 202
2 2.8 0.0072 561 722 183
3 1.7 0.0073 561 722 183
4 2.1 0.0075 573 741 202
5 3.6 0.0071 542 692 153
6 4.9 0.0074 561 722 183
7 6.1 0.0077 579 750 212

2 The average change in rotational angular momentum for scattered HCI (v = 1)
species. ® The J-specific FWHM for appearance of vibrationally excited HCI. ¢ The
average lab-frame recoil velocity of HCI. 9 The average COM recoil velocity of
scattered HCI and pyrazine-ds (Evib). ¢ The average change in Vrel.
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5.4.4 Nascent Rotational Distribution of Scattered HCI (v = 1) Population

The nascent rotational distribution of HCI molecules excited to v = 1 state
through collisions with excited pyrazine-ds is measured and the data are presented in

Figure 5.13 after being analyzed with the Boltzmann rotational distribution function.
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Figure 5.13. Rotational distribution of nascent HCI (v = 1) products after collisions
with pyrazine-ds (Evib). The Trot shows HCI (v = 1) molecules gain rotational energy
from the inelastic collisions.

The rotational temperature Ty for the distribution is determined with the J-specific
HCI (v = 1) populations as explained by Eqg. 3.2. The data reveal that the HCI
molecules are scattered with Tt greater than 300 K. This shows that HCI molecules
on average gain rotational energy along with vibrational excitation in inelastic
collisions. The Tt value for the distribution corresponding to V—V collisional
relaxation of pyrazine-ds (Evib) is smaller than that for the V—RT channel and the
lower value highlights the long-range nature of the collisions leading to V—V energy

transfer.
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5.4.5 State-Resolved V—V Enerqy Transfer Rate Constants

The rate constants for collisional quenching of the deuterated energy donor by
thermal HCI via V—V energy transfer have been determined for individual J states of
the scattered energy acceptor. The chemical equation for the inelastic collisions with
excited pyrazine-ds that lead to scattered HCI (v = 1) population is shown in Eq. 5.6.

k";]pp
pyz -d4(Eyj,) + HCI (300K) —» pyz-d4(E')+HCI (v=1,J,Vel) (Eqg.5.6)

The quantities in Eq. 5.6 are as defined by Eq. 5.1. The rate expression for appearance

of scattered HCI (v = 1, J) molecules is given in Eq. 5.7

d[HCI(\(;t=l, DI_y é]pp [pyz - d, (Eyip )IIHCI (300K)] (Eq.5.7)

where all the terms are as described by Eq. 5.2. The J-specific nascent appearance
rate constant k’app for scattered HCI (v = 1) population is obtained by assuming
negligible changes in the initial amounts of HCI and excited pyrazine after the
inelastic collisions. The V—V energy transfer rate constant is defined in Eq. 5.8.

) AMHCI(v=1,0)] 1
app — At [PYZ - d4 (Evin )o[HCI(300 K)o

(Eq. 5.8)

The terms in Eq. 5.8 are as defined by Eq. 5.3. The k’app values for vibrational
excitation of HCI are listed in Table 5.8 for J = 1-7 states. The rate constants show
that most of the scattered population is in J = 3-5 states. The presence of a large
portion of the population in low-J states confirms the propensity of V—V energy
transfer events to induce small changes in the rotational quanta of the energy

acceptor. The total rate for vibrational excitation of HCI kapp (v = 1) is determined by
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summing the J-specific rate constants. As shown in Table 5.9, kapp (v = 1) is only

0.4% of the total rate for collisional relaxation of pyrazine-ds (Evin) Via V—V and

TABLE 5.9: State-Resolved Rate Constants for Nascent Appearance of HCI (v
= 1) after Collisions with Pyrazine (Evi, = 37900 cm™Y)

J Erot (cm™) k%app (1023 cm® molecule? s?)

1 20.2702 23x0.2

2 60.7979 3503

3 121.5583 42+04

4 202.5138 43+04

5 303.6145 41+04

6 424.7981 35203

7 565.9899 28x0.3
Kapp (V = 1) = YK app (3.1 £0.3) x 102 cm® molecule s*2
Kapp (V = 0) (7.9 £ 2.8) x 101° cm® molecule s
k“%pp = Kapp (V = 1) + Kapp (V = 1) 7.9 x 10 cm® molecule* s1¢

The J-specific absolute rate constant for the appearance of HCI (v = 1) species due to
collisional quenching of excited pyrazine-ds. ® The total appearance rate constant for J
states of HCI (v = 1) molecules. ® The total appearance rate constant for all J states of
HCI (v = 0) molecules. © The total rate constant for collisional quenching of excited
pyrazine-ds by HCI. The collision rate for vibrational excitation of HCI shows that
such excitation occurs in less than 1 out of 100 single collisions of HCI and excited
pyrazine.

V—RT pathways, which shows that V—RT energy transfer is the dominant channel
for the collisional energy transfer. The V—>RT energy transfer channel also dominates
strongly in the energy transfer collisions of HCI and pyrazine-has (Eviv), which shows
the collisional energy transfer mechanism is not affected significantly by the
differences in the frequencies of C-H and C-D vibrational motions of the isotopic

energy donors.
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5.5 Conclusion

Single collisions of excited pyrazine-ds and HCI (at 300 K) lead to energy
transfer to the vibrational, rotational and translational degrees of freedom of HCI.
Inelastic collisions that result in vibrational excitation to HCI (v = 1) are accompanied
by low gains in rotational and translational energy. In contrast, the HCI (v = 0) state is
produced with large amounts of rotational and translational energy. The smaller
rotational and translational energy changes that accompany V—V energy transfer
highlight the long-range nature of the collisions compared to those that occur via
V—RT pathway. The data shows V—RT energy transfer dominates in the collisional
relaxation since it occurs in over 99 % of HCI + pyrazine-ds (Evib) collisions.

The similarities in the dynamics of collisional quenching of pyrazine-ds (Evib)
and pyrazine-hs (Evib) with HCI shows the energy transfer mechanism is not strongly
affected by deuteration of energy donor as it is by deuteration of the energy acceptor.
Although the collision dynamics of pyrazine-ds (Evib) and pyrazine-ha (Evin) are
similar, the data shows the collisional energy transfer efficiency of pyrazine-ds (Evib)
is slightly greater and the increase is a result of more low frequency vibrational
modes in pyrazine-ds (Evin) from which energy can be transferred in the inelastic
collisions. Comparison of the data for pyrazine-ds (Evib) and pyrazine-has (Evin) also
shows near-resonance effects are not contributing significantly to the isotope effects

observed in collisional quenching of pyrazine-hs (Evin) with HCI and DCI.
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Chapter 6: Conclusions and Future Work

6.1 Conclusion

High-resolution transient mid-IR absorption spectroscopy was used in the
collisional energy transfer studies presented in the preceding Chapters. A frequency-
stabilized CW mid-IR OPO was used to probe the individual J states of HCI bath
molecules scattered in the inelastic collisions with highly vibrationally excited
molecules. Earlier attempts at using a lead-salt diode laser as probe light were
unsuccessful since its performance is not optimum at the wavelengths where HCI ro-
vibrational lines are located (A = 3.2-3.4 um). Moreover, the data collected with OPO
have higher signal-to-noise ratios (SNRs) compared to those collected with the diode
laser.

In Chapter 3, isotope effects are seen in the dynamics of collisional relaxation
of excited pyrazine-hs (Evib = 37900 cm™) with HCI and DCI that proceed via V—>RT
energy transfer. HCI and DCI both gain rotational and translational energies from
collisions and are scattered with similar rates. However, the J-dependence of the
translational energy gain of scattered HCI is opposite that of DCI. The HCI collision
products in low-J states have large translational energy gains while those in high-J
states have low translational energy gains. In contrast, scattered low-J DCI molecules
have low translational energy gains while those in high-J have high translational

energy gains.
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The inverse J-dependence of the translational energy gain in scattered HCI
and DCI shows the V—>RT energy transfer with pyrazine-hs (Evin) occurs by different
mechanisms. The data obtained for HCI + pyrazine-ha (Evib) collisions show signs of
energy transfer in the presence of strong attractive interactions between the collision
partners. In addition, the average energy transfer (AE) to HCI is higher than that to
DCI due to the larger translational energy gains of its low-J state HCI where a
sizeable portion of the scattered HCI population is found.

The V—V energy transfer studies presented in Chapter 4 show that the V—V
pathway is a minor channel for quenching highly excited pyrazine with HCI and that
the relaxation is dominated by V—RT energy transfer. HCI molecules that are
vibrationally excited in inelastic collisions with pyrazine-hs (Evib) gain modest
amounts of rotational and translational energies. The RT energy gains in the V>V
pathway are less than for the V—RT pathway. The low rotational and translation
energy gains for HCI (v = 1) collision products indicate that this energy transfer is
due to long-range interactions of the collision partners. The larger RT energy gain
values for scattered HCI (v = 0) indicates that the V—RT energy transfer pathway
involves short range impulsive interactions.

As discussed in Chapter 5, the isotope effects due to deuteration of the energy
donor are minimal compared to those seen with deuteration of the energy acceptor.
HCI molecules are scattered on average with slightly higher rotational and
translational energies in collisions with pyrazine-ds (Evib) than in collisions with
pyrazine-hs (Evib). The increased energy transfer efficiency seen with pyrazine-da

(Evib) is likely due to the greater number of low frequency vibrational modes in

108



pyrazine-ds (Evin). V—RT energy transfer is the main pathway for collisional

relaxation of both pyrazine-ds (Evib) and pyrazine-hs (Evib) with HCI.

6.2 Future Work

The inverse correlation between Tre and J state of scattered HCI seen in
V—RT energy transfer collisions of pyrazine-hs (Eviv) and 300 K HCI indicates the
energy transfer is influenced by strong, orienting interactions between the collision
partners. The influence of a 6-type interaction on the collision dynamics can be tested
by studying collisional energy transfer with a system where such interaction is absent
such as HCI + benzene (Evib) system. The excited benzene (Evin) molecules will be
prepared by excitation with A = 248 nm instead of with A = 266 nm used to excite
pyrazine molecules. Alternatively, the collisional relaxation of pyrazine-hs (Evin) with
CHg and CD4can be studied to determine the effects of a o-type interaction on
collision dynamics since pyrazine and the methane isotopes do not have such
interactions.

One can also test the effect of having two N-sites on pyrazine on collision
dynamics by studying collisional relaxation of highly vibrationally excited pyridine-
hs (CsHsN) or pyridine-ds (CsDsN) with HCI. The influence of the N-containing sites
on the donor molecule on the collision dynamics for relaxation of pyrazine-hs (Evin)
and pyrazine-da (Evib) with HCI may show up as changes in scattering dynamics
and/or probabilities for energy transfer of pyridine-hs or pyridine-ds. The effects of
quadrupole-dipole interactions of pyrazine with HCI (and DCI) on the energy transfer
dynamics can be tested by studying collisional relaxation of highly excited benzene

with Ha (or D) using state-resolved methods. For this type of study, the scattered H>
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and D> molecules could be probed with high-resolution Raman spectroscopy since

their vibrational modes are IR inactive.
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Appendix A: Obtaining HCI Number Density from Transient IR
Signals

J-specific HCI populations are determined from fractional IR absorption Al/lo
by HCI in individual J states using Beer-Lambert’s law as shown in Eq. A.1.

I—t=1—A—|=exp(—o:J PI) (Eq. A.1)
lo lo

Here, 1t/lo is the fractional transmitted IR intensity, a; is the J-specific absorption
coefficient, P is the HCI bulk pressure and I is the path length, which is the 3-m
collision cell used for experiments. The quantity a; is obtained as given in Eq. A.2.

a3 =S;f(O)N (Eq. A.2)
Here, S; is the J-dependent absorption line strength for HCI, f (0) is a factor that
describes the J-specific HCI line profile at 300 K and N is the number density of HCI
molecules at 300 K. The S; values for HCI are obtained from the HITRAN database
[73]. As shown in Eq. A.3, the line shape factor f (0) is determined from the full

width at half maximum (FWHM) of the thermal HCI line profile Avsook.

f(0)=—2 [In2 (Eq. A.3)
Avgook V 7

The concentration or number density n/V of bulk HCI is obtained from the ideal gas

law and is described by Eq. A.4.

[HCI(300K)] =

_|n(|t]
_P__\l ( AVops J (Eq. A4)

n
V  RT  S;f(0) | Avagok
Here, R is the ideal gas constant and T is 300 K. The quantity Avops refers to the full

width at half maximum of a J-specific line profile for HCI with Avghs = Avapp fOr an
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appearance line profile and Avons = Avgep fOr a depletion line profile. The It/lo
measurement that is used to determine [HCI (300 K)] is made before the firing of the
UV pulse that excites the energy donor.

The number density of HCI population in a specific rotational state J and
vibrational state v [HCI (v, J)] is determined by multiplying Eq. A.4 by the fractional

population for that J state f; and v state fv.

It
PJ j In[IO]fJfV AVobs
Hel (v J)]_ “RT S, f(0) (AVgOOK] (Ea. A5)

To determine the number density of scattered [HCI (v, J)] population in nascent
collisions with pyrazine-hs (Evib) and pyrazine-ds (Evib), lt/lois measured at t =1 us
following UV excitation of the energy donor. The f;term is described by the

Boltzmann rotational distribution in Eq. A.6.

Erot ]
gyexpl ————
fio= (kBTrot
J —
ZgJ exr{ rot ]
kBTrot

Here, gsis the 2J + 1 degeneracy of the J state of HCI, Eyo is the rotational energy, ks

(Eq. A.6)

is the Boltzmann constant and Tt is the rotational temperature. The Eot vValues used
for HCI are taken from the HITRAN database [73]. The f, term is described by the

Boltzmann vibrational distribution shown in Eq. A.7.

g eXp( Sy
VM kg Ty
f, = B (Eq. A7)
Qv
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In Eq. A.7, gv is the degeneracy of the vibrational state of HCI (which is equal to 1),
Ev is the vibrational energy, Ty is vibrational temperature and Qv is the vibrational
partition function. The exact form of Qv is given in Eq. A.8.

1

Qu= [ E, ]
l-exp| ——=—
kgT

The concentration of the energy donor [donor (Evib)] is determined from UV

(Eg. A.8)

absorption measurements as described by Eg. A.9

UVabs

[donor (Eyip)]= 5
2667121‘ |

(Eq. A.9)

where UVaps is the amount of UV light absorbed by the energy donors pyrazine-ha
and pyrazine-ds, E2es is the photon energy at 266 nm, r is the radius of UV beam and |

is the length of the collision cell.
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Appendix B: Calculating Translational Temperature and Recoil
Velocity of Scattered molecules

The lab-frame translational temperature Tiap for HCI in inelastic collisions

with pyrazine-hs (Evib) and pyrazine-ds (Evib) is determined as described by Eq. B.1.

2
MpcIC™ [ Avops
Tip = Eq.B.1
lab 8Rln2( Vo ] (Eq. B.1)

Here, muci is the mass of HCI, ¢ is the speed of light, R is the gas constant, Avops is
the full width at half maximum of a HCI line profile and vo is the IR frequency at line
center of a HCI transition. The Avos is Avapp for the appearance line profile, and Avgep
for the depletion line profile. The Tiap determined with Avapp is the lab-frame
translational temperature for appearance of scattered HCI molecules Tapp. The Tiap
determined with Avgep is the lab-frame translational temperature for depletion of
initial HCI population Tgep.

The COM translational temperature Tre Of the collision partners is determined

as given in Eq. B.2.

m

Trel = Tiap +—HA—(Tigp = T) (Eq. B.2)
Mdonor

Here mdonor is the mass of the energy donor and T is ambient temperature (300 K).

The Maonor is the mass of pyrazine-hs (for Trel values obtained by using pyrazine-ha

(Evib) as the energy donor) or the mass of pyrazine-da (for Trel values obtained by

using pyrazine-ds (Evib) as the energy donor).
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The average lab-frame recoil velocity (via) of scattered HCI in inelastic
collisions with pyrazine-hs (Evib) and pyrazine-ds (Evib) is obtained as shown in Eq.

B.3

(Eg. B.3)
2Mpc

V) = [3kBTapp ]%

where kg is the Boltzmann constant. The average COM recoil velocity (vre) of the

scattered collision partners is determined as described by Eq. B.4.

<Vrel> =( V ](<Vlab>2 —(%VBT)]% (Eq. B.4)

donor

where M is the sum of the masses of HCI and the energy donor (pyrazine-hs (Evin) or
pyrazine-ds (Evib)). The average change in COM recoil velocity of scattered

molecules (Avrel) is obtained with Eg. B.5.

(Eq. B.5)

(AVrel) = <Vrel>_[3kTBT]%

= (Vrel) — (3keT/p)Y? with p being the reduced mass of HCI and the energy donor

(pyrazine-h4 (Evip) or pyrazine-da (Evib)).
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Appendix C: Calculating Lennard-Jones Rate Constant

The Lennard-Jones rate constant ki; for collisions of HCI and excited

pyrazine-hs was calculated using Eq. C.1 [91].

Yoo

K3 =(8k—BTJ 0(22) 752 (Eq. C.1)
Ty

Here, 1t is the reduced mass of HCI and pyrazine-ha, Q??" is the collision integral, o

is the impact parameter. The collision integral Q2" is dependent on the reduced

temperature T* of the collision partners as shown in Eq. C.2.

0?2 21.16145(T%) 014874 0 52487exp(=0.7732T") + 2.16178exp(~2.43787T")

(Eq. C.2)
The reduced temperature T* is given by Eq. C.3.
T = kel (Eqg. C.3)
€

Here, ks is the Boltzmann constant. The Lennard-Jones parameters ¢ and ¢/kg for HCI
(bath) and excited pyrazine-hs (donor) collisions were determined as described in

Egs. C.4 and C.5 [91].

1
C= E(Gbath + Gdonor) (Eq. C.4)

AR (CARCAIS

(Eq. C.5)

]%
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The following Lennard-Jones parameters were used to calculate ¢ and (g/ks) for HCI
and pyrazine-hs (Evib) collisions: opy, = 5.35 x 1071% m [59], (e/Ks)pyz = 435.5 K [59],

oHel = 3.36 x 1019 m [93] and (e/ke)ncr = 218 K [92].
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