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Abstract

Supercollision Energy Transfer Studies in Single Collisions between Vibrationally Hot
Benzene-like Molecules and Ground-state Bath Molecules: the Effect of Physical

Properties of Donor and Bath Molecules on Supercollision Energy Transfer

Kilyoung Kim
Department of Chemistry and Biochemistry, BYU

Doctor of Philosophy

This research is focused on single-collision energy transfer events between highly
vibrationally excited benzene-like donor molecules and small bath molecules, CO, and N,O in
the vibrational ground level. Measuring how much energy is transferred from donors to bath
molecules was accomplished by probing bath molecules scattered into specific-rotational states
using a tunable Av=0.0003 cm™ solid state diode laser. The normalized energy transfer
probability distribution function, P(E,E’), determined from energy gain information, is very
useful in comparing collisional energy transfer efficiency between various collision systems.
P(E,E’) is also used to investigate the effects of donor and bath physical properties on collisional
energy transfer. The first chapter details the CsHsF—CO, system, which is the basis of a study on
the effect of donor fluorination on strong collision energy transfer. The second chapter is about
all fluorobenzene—CO; systems, which investigates the effect of excess vibrational excitation
energy of donors on supercollision energy transfer efficiency as well as donor fluorination effect.
The third chapter focuses on how the physical properties of bath molecules affect supercollision
energy transfer by measuring state-specific energy gain of N,O scattered into 00°0, J=59—75.
Instead of CO,, N,O was used as a bath molecule with a pyrazine donor to compare energy gain
results of bath molecules with somewhat different physical properties. N,O and CO, are
isoelectronic and have similar mass, but N,O has a small dipole moment. Comparison of P(E,E’)
obtained from pyrazine—CO,, —N,0O, —DClI, and —H,0 systems helps to elucidate the effect of the
bath physical properties on supercollision energy transfer efficiency. The last chapter is
dedicated to the extension of the measurement range of N,O energy gain to the mid J states
(J=37-75). In this chapter I discuss reliability of P(E,E") obtained from only high J tail as well
as the correction of overall energy transfer rate constant.

Keywords: Collision energy transfer, Energy gain, Fluorination, Energy transfer probability,
Nitrous oxide, Pyrazine, Fluorobenzene, Carbon dioxide, Energy transfer efficiency, and Energy
dependence
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INTRODUCTION

To understand the nature’s phenomena occurring through a variety of chemical reactions,
it is necessary to investigate chemical reaction mechanisms, which typically consist of a number
of elementary reactions. It is well known that overall chemical reactions can be strongly
affected by only a few unimolecular or recombination reactions rather than all elementary
reactions.” That is, enhancing or limiting the rate-determining unimolecular reactions, one can
control the overall chemical reaction. On the other hand, unimolecular reactions compete with
collisional relaxation processes and the fate of reactant molecules, whether they undergo
chemical reactions or not, is determined by collisional energy transfer processes. Therefore,
collisions between highly vibrationally excited donors and small bath molecules at room
temperature have been studied as a means to gain insight into and fully understand the nature of
unimolecular reactions. Experiments to measure energy loss of activated molecules by collisions
with bath molecules have been performed using a variety of spectroscopic methods, such as
time-resolved IR fluorescence (IRF),” ® UV absorption (UVA),” and kinetically controlled
selective ionization (KCSI).>* These studies have measured the average energy transferred
from donor to acceptor molecules. KCSI studies further allow for the calculation of the energy
transfer probability distribution for collision complexes. In contrast, an approach to measure
state-specific vibrational, rotational, and translational energy gain of bath molecules in collisions
with activated donors was developed by Flynn and coworkers.™*> Since the time that Flynn
group developed the high-resolution (0.0003 cm™) IR laser probing approach to obtain state-
specific bath energy gain information in single collision energy transfer events, the Mullin*®*
and Sevy groups®*“*? have used this approach to understand the dynamics and kinetics of

collisional energy transfer by investigating the effect of donor and bath physical properties on



collision energy transfer. In this study, we show that state-specific energy gain information
obtained from experiments can be converted to the average energy gain amount and the pattern
of energy gain results is correlated not only with donor but also with bath physical properties.
Furthermore, we can calculate the energy transfer probability distribution function, P(E,E’), by
resorting state-specific energy gain results to total energy transfer (AE)-indexed values.

1533 which describes the

The energy transfer probability distribution function, P(E,E’),
probability that a donor molecule with the initial energy E’ undergoes a collision process with a
bath molecule and ends up with the final energy E (= E'-AE) after transferring an amount of
energy AE to the bath molecule is a key tool in comparing collision energy transfer efficiency
between various collision systems. P(E,E") can also be applied to master equation calculations to
obtain accurate unimolecular reaction rates.* This study uses P(E,E’) to study the effect of
donor (the first and second chapters) and bath physical properties (the third and fourth chapters)
on collisional energy transfer efficiency.

The strength of the bath-probing technique to obtain state-specific bath energy gain
information originates from using a IR diode laser with high-resolution (0.0003 cm™) capable of
measuring state-specific rotational and translational energy gain of bath molecules in collisions
with hot donors. Details of V—>RT energy transfer (energy transfer from vibration in donors to
rotation and translation in bath molecules) are explored by obtaining state-specific bath energy
gain information and measuring the energy transfer probability distribution function, P(E,E’). In
the first chapter, experiments of collision energy transfer between highly-vibrationally excited
monofluorobenzene (MFB) and CO, are described. The experimental P(E,E’) obtained from
state-specific bath energy gain results was fit to a bi-exponential function to extract weak and

strong collision parameters for simple comparison. The bi-exponential fit parameters are plotted



as the energy dependence of donor state density and discussed with the relationship with the
shape of P(E,E’). Finally, the donor fluorination effect on supercollision energy transfer
efficiency is discussed by assigning motions of low frequency vibrational modes of MFB and
calculating low frequency mode efficiency in the strong collision energy transfer region, AE =
2,000-8,000 cm™.

The second chapter is focused on all fluorobenzene—CO; collision systems, which
investigates the excess excitation vibrational energy dependence of donors on supercollision
energy transfer efficiency as well as completes the study of the donor fluorination effect on
supercollision energy transfer. Fluorinated benzenes (CsHs.nFyr), in this chapter, are used to
elucidate how the fluorination of donor molecules affects collision energy transfer. UV

44, 45

absorption spectroscopy** *° and photophysical*® * studies have been performed for

fluorobenzenes and showed that CsHg.nF,, with n=1-4 have a different spectroscopic absorption

1.8 also observed two different fluorescence

pattern from C¢Hs.,Fn with n=5—6. Zgierski et a
features for C¢Hs.nFn with n=1-4 and n=5-6. In this chapter, we observed that supercollision
energy transfer efficiency is shown with two different patterns, CsHg.nFn with n=1-4 and n=5-6.
The similarity between energy transfer efficiency and spectroscopic absorption features for
fluorobenzenes provided the motivation to investigate the nature of the excited electronic states
of the fluorobenzenes as well as the relationship between supercollision energy transfer
efficiency and the electronic excited state features of the fluorobenzene donors. Furthermore, the
vibrational mode assignment for all fluorobenzenes provides insight into how the donor
fluorination affects supercollision energy transfer efficiency.

The third chapter is dedicated to how physical properties of bath molecules affect

supercollision energy transfer. There are a number of studies previously performed measuring



energy loss of donors or energy gain of bath molecules to investigate the physical property
effects of bath molecules on collision energy transfer. Through comparison with previous
studies, we discuss which bath physical properties play a significant role in governing collision
energy transfer. In this chapter, we measured state-specific energy gain amounts of N,O bath in
collisions with hot pyrazine and could elucidate the effect of bath physical properties on
supercollision energy transfer by comparing N,O energy gain results with H,0,* DCI,** and
CO," energy gain results obtained in previous studies.

The last chapter presents the results of extending the measurement range of energy gain
by bath molecules to lower J states of ground vibrational level. Recently, Mullin group have
shown that the energy transfer probability distribution function obtained by extrapolating the
energy gain results of only the high J states is improved by measuring energy gain of bath
molecules for the whole J range.?® **** They reported fully measured energy transfer probability
distribution without any extrapolation of energy gain data. This chapter is aimed at extending
the energy gain measurements of N,O molecules scattered by single collisions with highly
vibrationally excited pyrazine (E’ = ~41,000 cm™) to the mid J range (J = 37-57) by employing
short (200 and 100 cm) collision cells. We found that the energy transfer probability distribution
obtained from J = 37—75 data for collisions between pyrazine and N,O is not very different from
that obtained using only J = 59-75 data; that is, P(E,E’) obtained from only the high J data is
reliable even though the results of lower J states are an extrapolation of the high J data.
However, we suggest that the energy gain measurements for the low J states must be performed
to obtain an accurate collision rate constant as well as measure complete P(E,E’) without any

extrapolation.
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Chapter 1

High Resolution IR Diode Laser Study of Collisional Energy Transfer between Highly
Vibrationally Excited Monofluorobenzene and CO;: the Effect of Donor

Fluorination on Strong Collision Energy Transfer



I. Introduction

To obtain better efficiency in combustion, reduce pollutants released into the
environment, and understand nature’s phenomena occurring through a variety of chemical
reactions, it is necessary to investigate chemical reaction mechanisms, which may consist of a
number of elementary reactions.” > Overall chemical reaction rates are often affected by only a
few unimolecular or recombination reactions rather than all elementary reactions.® That is,
enhancing or limiting rate-determining reactions can alter overall performance of chemical
reactions. On the other hand, unimolecular reactions compete with collisional relaxation
processes and the fate of reactant molecules poised to undergo chemical reactions is determined
by collisional energy transfer processes. For several decades collisional energy transfer studies
have been performed as an indirect way to understand unimolecular reactions, in contrast to a
direct detection of unimolecular reactions.* As a result, a number of collisional energy transfer
studies have given insight into the kinetics and dynamics of chemical reaction mechanisms. Of
greater interest has been the understanding of gas phase collisional energy transfer processes as
rate-limiting steps in the overall unimolecuar reaction, since controlling gas pressure provides an
easy way to vary the rate of collisions that decide the fate of unimolecular reactions. For
example at 20 mTorr and 300 K, the mean gas kinetic collision time is about ~4 zs.

Recently, collision energy transfer studies have been focused on obtaining the energy
transfer probability distribution function, P(E,E’),> ° which describes the probability that a
molecule with initial energy E" undergoes a collision process with a bath molecule and ends up
with the final energy E (= E'-AE) after transferring an amount of energy AE to the bath molecule.

The function, P(E,E’), is a key tool in comparing collision energy transfer efficiencies between

10



various collision systems. P(E,E’) is also critical in master equation calculations to obtain
accurate unimolecular reaction rates.”’

Energy loss measurement techniques, such as UV absorption (UVA),? IR fluorescence
(IRF),”*? and Kinetically Controlled Selective lonization (KCSI),"**° have been used to measure
average energy transfer amounts and in some limited cases information about P(E,E’).
Alternatively a diode laser probe technique, to obtain state-specific information for energy gain
of bath molecules developed by Flynn and coworkers,* > *"*? has focused on understanding
collision energy transfer processes by calculating P(E,E") from state-specific information. The
probe technique has been used in both the Mullin group?®* and our lab.?*?® The strength of the
probe technique to obtain accurate bath energy gain information originates from using a narrow
frequency (0.0003 cm™) IR diode laser capable of state-specific probing of rotationally and
translationally excited bath molecules following collisions with hot donor molecules. Details of
V—RT energy transfer (energy transfer from vibration in donors to rotation and translation in
bath molecules) can be revealed by obtaining state-specific bath energy gain information and
measuring the energy transfer probability distribution function, P(E,E’), in the AE = 2,000-7,000
cm™ region.

Our previous studies on collisions of pyrimidine,? pyridine,?” and difluorobenzene
(DFB) isomers®® with CO; indicate that the type and frequency of donor vibrational modes
correlate with the shape of P(E,E’). Those studies concluded that low frequency, out-of-plane
vibrational modes (less than 500 cm™) are primarily responsible for strong collision energy
transfer and determine the shape of P(E,E’) in the high AE tail region, which is represented by
the bi-exponential fit parameters (1/yand 1/). This conclusion is in good agreement with

Fermi’s Golden Rule’ given that the shape of P(E,E) is linearly proportional to the shape of the
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donor state density (the energy dependence of donor state density). Studies of Clary and

coworkers®® %

using Vibrational Close-Coupling and Infinite-Order-Sudden Approximation
(VCC-10SA) Calculations and Classical Trajectory Calculations (CTC) were performed to
understand the strong collision mechanism between highly vibrationally excited benzene-like
molecules and atoms. They suggested that low frequency donor vibrational modes with out-of-
plane motion govern strong collision energy transfer events because the low frequency out-of-
plane modes have larger cross sections in vibrational excitation and relaxation than do high
frequency modes with in-plane motion. Lendvay®" investigated CS,~CO collisions using CTC
and noticed that the efficiency of collisional energy transfer is strongly influenced by these donor
vibrational mode properties: low frequency, bending, and out-of-plane motions. That is, out-of-
plane bending modes with lower frequency are most effective on collisional energy transfer in
comparison with in-plane, stretching, and higher frequency modes. This study displays that low

frequency donor vibratoinal modes with bending motion play a dominant role in governing

strong collision energy transfer. Thus, this work is in good agreement with previous studies in

b26—28 |.29, 30

our la as well as the studies of Clary et a and Lendvay.*

In this study, collision energy transfer experiments between highly-vibrationally excited
monofluorobenzene (MFB) and CO; in the vibrational ground level have been performed to
measure the energy transfer probability distribution function, P(E,E’). MFB as a donor has been
chosen to compare with the previous studies on collisions of DFB isomers®® and CgFs™’ with
COs. Results are used to distinguish correct donor fluorination effect from other physical
properties. Additionally these studies allow us to investigate the connection between the density

of states, low frequency bending modes, and the increase of fluorine atoms in the donor, as well

as the effect of donor fluorination on P(E,E’) in the high AE tail (AE = 2,000-7,000 cm™).
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Experimentally obtained P(E,E’) is fit to a bi-exponential function to clarify the relationship
between the physical properties of donor molecules and the nature of P(E,E’); bi-exponential fit
parameters are composed of three characteristic parameters that describe a strong collision
energy transfer magnitude (), a weak collision energy transfer magnitude («), and the relative
contribution between strong and weak collisions (x). Previous studies using pyrimidine,*®
pyridine,?” and DFB isomers® in collisions with CO, performed in our lab suggested that the bi-
exponential parameters (1/yand 1/q) is correlated with the final state density of donor molecules
and showed that 1/yand 1/« have linear proportionality to the energy dependence of donor’s
final state density. The bi-exponential fit parameters obtained from this work and previous
studies on DFB isomers—CO,”® and hexafluorobenzene—CO," systems are plotted versus the
energy dependence of donor state density. The relationship between P(E,E’) shape and the donor
state density energy dependence is explained using Fermi’s Golden Rule. Finally, the effect of
the donor fluorination is discussed by assigning the motions of low frequency vibrational modes
in MFB and calculating low frequency mode efficiencies in strong collision energy transfer
region, AE = 2,000-8,000 cm™. Energy transfer efficiency of fluorobenzenes according to the
increase of donor initial energy E’ is also discussed in this study.

In short, the purpose of this work is to elucidate how P(E,E’) is different in various
fluorobenzenes—CO; collision systems, how the increase of fluorine atoms in the donor is related
with the shape and magnitude of P(E,E’), and which vibrational modes in MFB play the most

effective role in the strong collision energy transfer.
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Il. Experimental

The present experiment using a UV pump/IR probe technique to study collision energy
transfer processes of a MFB—CO, system has been presented in detail elsewhere;*’ thus, only a
brief description is given here. 10.0 mTorr of gas phase MFB and 10.0 mTorr of CO, flow
simultaneously through a 300 cm long Pyrex collision cell with a total pressure of 20.0 mTorr.
Pulsed 248 nm UV light generated from a KrF excimer laser (Lamda Physik Complex 201) is
passed into the cell to excite MFB molecules via the S1<—Sg electronic transition, followed by
rapid radiationless internal conversion (IC) to the electronic ground state, Sg*«S;.°%* UV
intensity is maintained at ~40 mJ/cm? to ensure no multi-photon absorption.

Rotationally and translationally excited CO, molecules produced by collisions with
highly-vibrationally excited MFB were probed using a tunable high-resolution (0.0003 cm™) IR
diode laser (Laser Components). The IR diode laser light (~4.3 um) is collinearly propagated
with 248 nm UV light through the collision cell. The IR beam is then passed into a single
grating monochromator (Acton Spectra pro 500i) to select a single diode laser mode and focused
onto a 77 K-cooled InSh detector (Judson Technologies). The rise time of the detector and the
pre-amplifier (Perry Amplifier) is about 400 ns, shorter than mean single gas kinetic collision
time at 20.0 mTorr, 4 5. The signal is recorded with two channels (AC and DC) using a digital
oscilloscope (Lecroy LT364 Waverunner, 500 MHz). This dual channel technique is used to
collect the transient absorption signals while reducing the fluctuation in the incident IR diode
laser intensity, 1o."® The IR transient absorption signal is obtained by dividing the AC signal (Al)
by the DC signal (lo-Al). The transient signals are then averaged over 100 UV shots by the

oscilloscope and transferred to a computer for further analysis.
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Approximately 4% of the IR laser light is split off and transmitted through a 100 cm
reference cell filled with CO,. This reference beam passes through a monochromator (Acton
Spectra pro 300i) and is focused onto a second liquid-nitrogen-cooled InSb detector. This
reference signal is then transferred to a lock-in amplifier (Stanford Research Systems), which
corrects for drifts of the IR diode laser frequency by locking the laser frequency to the peak of a
CO, (00°0;J—00°1;J+1) transition.

Doppler-broadened full widths at half maximum (FWHM) for the individual rotational
states of CO,(00°0;J) were obtained by locking the diode laser frequency to a fringe peak of a
scanning Fabry-Perot etalon (Free spectral range = 289 MHz) used in place of the reference cell.
IR transient absorption signals of CO,(00°0;J) were collected at a series of 40 distinct
frequencies evenly distributed over the absorption line and averaged over 100 excimer laser
shots at each frequency. Doppler-broadened linewidths were then calibrated by scanning the
etalon distance between two well-known CO, rovibrational transition peaks.

To correct for the underestimation of energy transfer rate constants due to UV divergence
over the 300 cm long collision cell, additional 8 cm short-cell measurement using a MFB—CO,
pair and long-cell reference measurements using a pyrazine—CO; pair were performed in this
study and described in detail elsewhere.?® These additional reference measurements allow us to
determine the corrected absolute energy transfer rate constants and scattering probabilities as
well as compare with different donor—CO; collision energy transfer studies.

MFB (Aldrich, 99% purity) was degassed using 3 freeze(77 K)-pump-thaw cycles prior
to use. Carbon dioxide (Intermountain Airgas Inc, 99.999% purity) was used without further

purification.
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I11. Results

A. IR transient absorption measurements for the CO, (00°1;J+1«00°0;J) transition

IR transient absorption signals for CO, scattered into the J = 58—80 states of the 00°0
vibrational level, averaged over 100 excimer laser pulses, were measured as a function of time
(us scale) to determine the nascent CO, rotational and translational energy distribution. IR
transient absorption signals measured at 1 x5 following 248 nm UV laser pulse were employed to
calculate the population density of post-collision CO, excited into the 00°0;J = 58—80 states by a
single collision with hot MFB. At 20 mTorr and 300 K, the mean gas kinetic collision time is ~4
15.” %% Thus measurements at 1 zs consist of almost entirely single collision events. State-
specific population density of CO, (00°0;J = 58-80) in single collisions with hot MFB is
obtained using the absorption line strengths obtained from the HITRAN®® spectroscopic

database, along with the measured IR transient absorption signals and Doppler broadened

linewidths.

B. Rotational energy gain of CO, by single collisions with MFB

The nascent rotational Boltzmann distribution for CO, scattered into 00°0;J = 58—80 by
single collisions with highly vibrationally excited MFB is plotted in Figure 1-1 as a function of
final CO, rotational energy (Er.t= BJ(J+1)), where B is the rotational constant for CO,. A single
rotational temperature, representing the Boltzmann distribution for the scattered CO; in single
collisions with hot MFB, is obtained from the slope of the Boltzmann plot. The use of a
rotational temperature provides a convenient way to compare average rotational energy gain of

CO; in single collisions with different donors because rotational temperature can describe the
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Figure 1-1. The nascent rotational Boltzmann distribution for CO, (00°0;J = 58—80) scattered by single
collisions with various fluorobenzene molecules, measured at 1 xs following UV excitation of
fluorobenzene donors. Symbols represent the Boltzmann population measured over J = 58—80 of the final
CO, (00%); circles, squares, diamonds, and triangles represent post-collision CO, populations following
single collisions with MFB, 12-DFB, 13-DFB, and 14-DFB, respectively. Data for collisions with DFB
isomers with CO, were obtained from Ref. %°. The lines indicate the best linear least squares fit to the
measured data. The rotational temperature of post-collision CO, molecules, T, was obtained from the
slope (-1/kgT.o) Of these linear fits, where kg is the Boltzmann constant and T, is the rotational

temperature. T, for CO, scattered by single collisions with MFB is 1030 + 60 K. T,y for CO, scattered
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by single collisions with DFB isomers was obtained from Ref. 28 (Tyot for 12-, 13-, and 14-DFB are 1020 +
80 K, 970 + 80 K, and 930 + 80 K, respectively). The population of post-collision CO, following
collisions with MFB is smaller than the post-collision CO, population for the DFB isomers, while the
rotational temperature of the scattered CO, in collisions with MFB is larger than the rotational

temperatures for the DFB isomer—CO, systems.
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average rotational energy of molecules, (E, ) ,=kpT,

" » Where kg is the Boltzmann constant and
Trot IS the rotational temperature. The rotational temperature of vibrational ground state CO,
scattered into the high J states (J = 58—80) by single collisions with vibrationally hot MFB is Tt
=1030 + 60 K. This indicates that a significant amount of vibrational energy in hot MFB is
transferred to cold CO, during the collisions. Rotational temperatures obtained from the
previous study of the DFB isomer—CO, systems? are also plotted in Figure 1-1 for comparison;
Trot Of post-collision CO, following collisions with 12-DFB, 13-DFB, and 14-DFB are 930 + 80
K, 970 + 80 K, and 1020 + 80 K, respectively. Figure 1-1 shows that the population of the
scattered CO; in collisions with MFB is smaller than the scattered CO, population following
collisions with DFB isomers, while T, for the MFB—CO; system is larger than T, for the DFB

isomer—CO, systems. For, The rotational temperature for HFB—CO, system,'® another

fluorobenzene—CO, collision system, is T, = 795 K.

C. Translational energy gain of CO, by single collisions with MFB

The distribution of relative recoil velocities for the scattered CO, can be measured from
Doppler-broadened line profiles obtained by probing anti-symmetric ro-vibrational transitions
(00°1;J+1 « 00°0;J) of post-collision CO,. The measured Doppler-broadened IR absorption line
profiles were fit to a Gaussian function to determine the full width at half maximum (FWHM),
AVgps, Which is related to lab frame translational temperature for the scattered CO,. A typical
Doppler-broadened line profile for the CO, ro-vibrational transition (00°1;J=75 « 00°0;J=76)
measured in this work is shown in Figure 1-2, along with a corresponding lab frame translational

temperature. The lab frame translational temperature, Tirans, fOr the final CO, was obtained from
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MFBE + CO, = MFBF2E + C0,(00°0;J=76)

0.005
For MFB-CO, collisions
:8 _ -1
= 0002 k o Av,ps = 0.0099+ 0.0011 cm
2 Tirans = 1630+ 380 K
3 *
5 R
2 0.003 | o eofb
Qo ' -
172} . [ ]
o] » -
< ’ »
'z 0.002 | ’ '
o A %o
= ; '
x o« o .
= 0.001 | ®. .
S ’ .
3] ’ . .
s -’ [ o : ®
L L. .og® ' See -
o ke R e
X
'l 'l 'l 'l 'l
-0.015 -0.01 -0.005 0 0.005 0.01 0.015

Relative Fregeuncy to the center frequency (ci)

Figure 1-2. The nascent Doppler-broadened IR transient absorption line profile for the CO,(00°1;J=75) «
C0,(00°0;J=76) transition, showing the translational distribution for CO, molecules scattered into the
00°0, J=76 state by single collisions with highly vibrationally excited MFB. The Doppler-broadened line
profiles were obtained by measuring fractional IR transient absorption signals distributed across the
center line of the CO,(00°1;J=75) «— CO,(00°0;J=76) transition. Circles indicate the fractional IR
absorbance of C0O,(00°0;J=76) measured 1 s after 248 nm UV excitation of MFB, averaged over 100
excimer laser shots. The dash-dotted line is the best non-linear least squares fit to a Gaussian function.
The full width at half maximum (FWHM) obtained from the Gaussian fit is Av,ps = 0.0099 + 0.0011 cm?
which corresponds to a lab frame CO, translational temperature of Tya,s= 1630 + 380 K. For comparison,

the FWHM for CO, at the same pressure as this work (20 mTorr) and 300 K is 0.0042 cm™.
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o= mc’ [Avobsjz (1)
T 8k, 2\ v, )

where m is the mass of CO», c is the speed of light, kg is the Boltzmann constant, Aveps is the
FWHM for the final CO, measured by fitting Doppler-broadened line profiles to a Gaussian
function, and vy is the center frequency of the absorption line. As shown in Figure 1-2, the
FWHM for the scattered CO, (00°0;J=76) in collisions with MFB is Avgys = 0.0099 + 0.0011 cm’
! the corresponding lab frame translational temperature is Tyans = 1630 + 380 K. In comparison
with the Doppler-broadened linewidth for CO, at 300 K (Avgps = 0.0042 cm'l), AVqps for post-
collision CO, measured in this work indicates that a large amount of vibrational energy in MFB
is imparted into translation of CO, during collisions with MFB. Relative (Center-Of-Mass:
COM) translational temperatures ( 7°"'), which are a more accurate description for the

translational energy gain amount of CO,, were obtained from the measured lab frame

translational temperatures according to

m
]—;51011];4 = ]-;I’KIHS + (ﬂrans_ 71’611 )[&J 118 (2)

dono

where Teeir is the temperature of the collision cell, m,,, is the mass of CO,, and m,,,,, is the

donor
mass of donor (MFB in this study). The measured FWHM s for CO, (00°0;J = 58—80) scattered
by collisions with highly vibrationally excited MFB are listed in Table 1-1, along with lab frame
and center-of-mass translational temperatures.

Figure 1-3 shows the lab frame and COM translational temperatures of the scattered CO,
for various fluorobenzenes as a function of the final CO, rotational state. As shown in Figure 1-

3, We can state that the translational temperature for each collision system increases with the CO,
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Table 1-1. Full width at half maximum (FWHM) for Doppler line broadenings, and lab frame and Center-
Of-Mass (COM) translational temperatures for the scattered CO, (00°0;J = 58—80) following single

collisions with highly vibrationally excited MFBF.

CO, (00%) From single collisions with MFBF ¢
Jinal State AVeps™ (™) T.."(K) TN (K)
58 0.0057 +£0.0011 540 + 210 650 + 300
62 0.0085 + 0.0005 1180 + 150 1580 + 220
66 0.0093 + 0.0006 1410 + 180 1920 + 260
70 0.0097 £ 0.0006 1570 + 180 2150 + 270
76 0.0099 £ 0.0011 1630 £+ 380 2250 + 550
80 0.0112 +0.0010 2110 + 370 2930 + 540

a Full width at half maximum (FWHM) for Doppler line broadenings of the ro-vibrational transitions,
C0,(00°1:J-1) «— CO,(00°:J). This FWHM was obtained from the best non-linear least squares fit of the
fractional IR transient signals, measured at ~40 different frequencies near the center frequency of the
absorption, to a Gaussian function. For comparison, the Doppler broadened linewidth for CO, at 300 K is

0.0042 cm™.

b Lab frame CO, translational temperatures, 7,

frans’

calculated using Equation (1).

¢ Center-Of-Mass (COM) translational temperatures, 7", calculated using Equation (2).

trans !

d The initial energy for MFB excited by 248 nm UV absorption: E' = 40,843 cm'™.
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Figure 1-3. Lab-frame (left Y axis) and Center-Of-Mass (right Y axis) translational temperatures for CO,
molecules scattered into 00°0;J = 58-80 by single collisions with highly vibrationally excited
fluorobenzenes as a function of the final CO, rotational state, J. Data for DFB isomers and HFB were
obtained from Ref. ?® and *°, respectively. Circles, squares, diamonds, up-triangles, and down-triangles
represent CO, translational temperatures following single collisions with MFB, 12-DFB, 13-DFB, 14-
DFB, and HFB, respectively. Lab-frame translational temperatures, Ty.ans, Were directly obtained from the

Doppler-broadened linewidths (FWHM) measured 1 us following a 248 nm excimer laser shot using

Equation (1). Center-Of-Mass translational temperature, 7<°  was obtained using Equation (2) to

trans

determine actual translational energy transfer between fluorobenzene donors and CO,.
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rotational state even though there are odd patterns for 14-DFB (Tirans higher for J = 62 than for J
= 66) and HFB (almost invariant Tans for J = 62—70). This trend suggests that V—>T
(Vibrational to Translational) collision energy transfer events obey classical collision dynamics,
(h/2m)AJ = pAv, b, ; thus, the relative velocity change is proportional to the total rotational
angular momentum change in this range. (h/2z)AJ is the change of total rotational angular
momentum, . is the reduced mass between donor and bath molecules, Av,,, is the change of

relative recoil velocity for the bath to the donor, and bes is the effective impact parameter.”

D. Energy transfer rate constants and scattering probabilities for single collisions between
hot MFB and CO,
The energy transfer process that scatters CO, into the 00°0; J = 5880 states following
collisions with hot MFB is represented according to
MFB* +C0, —5— MFB +C0,(00°0;J =58—80,7"). ©)
In equation (3), E’ is the initial donor energy following the absorption of a 248 nm photon, E (=

E’ - AE) is the final donor energy following single collisions with CO,, and J is the state-

specific energy transfer rate constant. The state-specific energy transfer rate constant, &7, for the
energy transfer process (3) was calculated from the modified rate expression using

i = [€0,(000.J.7)]
[CO,1[MFB™ 1yt

(4)

where [CO,]o is the number density of the initial bulk CO, molecules, [MFB* ], is the number
density of highly vibrationally excited MFB molecules with the energy E’ prior to the collisions
with CO,, and [CO,(00°0;J,V)] is the final state-specific CO, number density obtained from the

IR transient absorption signal at 1 xs (t) following a UV laser pulse. The number density of hot
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MFB with the energy E’ is determined from the number of UV photons absorbed by MFB. UV
laser intensity was maintained at ~40 mJ/cm? to ensure only single photon absorption. For
evidence, UV absorbance of MFB was measured as a function of laser intensity and was found to
be constant from 20 to 50 mJ/cm?. This indicates that UV absorbance in that range occurs by
single photon absorption. Therefore, the number of the absorbed UV photons can be directly
transformed into the number density of highly vibrationally excited MFB molecules.

State-specific energy transfer rate constants, k;, for single collisions between hot MFB
with E’ = 40,843 cm™ and cold CO, are listed in Table 1-2. As described in the Experimental
section, to correct for the divergence of UV laser beam through the 300 cm long collision cell,
the measured k; values were calibrated using two reference experiments.”® k; values for
various fluorobenzene—CO, systems are plotted as a function of the final CO; rotational state for
comparison in Figure 1-4. k; values for DFB isomers—CO, systems in Figure 1-4 were obtained
from our previous study*® and for HFB—CO, system were from the report of Michaels et al.*
Figure 1-4 shows that energy transfer rate constants decrease with the increase in the final CO; J
state. The magnitude of & values at each CO; final rotational state is the largest for HFB and
the smallest for MFB. k7 values are largest for collisions of HFB and smallest for collisions of
MFB with CO, according to the following order, HFB > 14-DFB > 12-DFB > 13-DFB > MFB.

The probability that CO, molecules are scattered into the high J states of the ground
vibrational level in collisions with hot MFB are also listed in Table 1-2 and shown in Figure 1-4.
The scattering probability, P;, is obtained by dividing the state-specific energy transfer rate

constant by the Lenard-Jones collision rate constant,

P =2z )

25



Table 1-2. State-specific energy transfer rate constants, &, and scattering probabilities, P,, for the

process of MFBF + C0O,(00°0) — MFBFF + C0,(00°0:J).

In single collisions with MFB*=
Final CO, J state

k] (102 cm®molecule™s™) P," (10%col)
58 45+04 8.3+0.7
62 41+£03 76+0.6
66 26+0.2 48+0.3
70 2.2+0.2 42+0.3
76 14+0.1 25+0.1
80 1.3+0.1 23101

k=311 P™' =579

a State-specific energy transfer rate constant, &, calculated using Equation (4).

b Scattering probability for the energy transfer process of MFBF + C0O,(00°0) — MFB ™€ + C0,(00°0;J)
obtained from kzj/ku .k, is the Lennard-Jones gas kinetic collision rate constant defined as

ky, = 7el(deg, + d n0) |21 A8k, T/ ()Y, 5, where deo,=45 A d,;, =53 Afor MFB,” k, is the
Boltzmann constant, and 4 is the reduced mass. €2,, is the Lennard-Jones collisional integral given by
the expression Q,, =[0.636+0.567log( k,T/&,)] ", where & is the MFB—CO, well depth given by
§,= m calculated using &,,,; /k,= 435 K* and &, /k,= 195 K.** The Lennard-Jones
collision rate constant, k, j, for collisions between MFB and CO, at 300 K is 5.37x10™'° cm®molecule™s™.
¢ The integrated energy transfer rate constant, k.", obtained by Xk; for J =58-80. k; values are
interpolated based on the measured values.

d The integrated scattering probability, P,", obtained using " /%, .

26



Donor® + CO, = Donor="*® + CO, (00°0;J )
14 0.025

=== \onoFB

rl|(/J

R 12 f

3 \ —a :12-DFB

3 4 002

< . - @ ' 1,3-DFB

E 1w} \ --a*'1,4-DFB 0"
. -

g \ =¥ ' HexaFB 2

P v 4 0015 o

— 8 k @

> N\ 8

o . g

B i o £

c -

Q @

O =

3 4 3

= "

X [92]

g 4 0.005

j -

S 2

)

493

[&]

(9]

0 '] '] '] '] '] '] '] 0

56 60 64 68 72 76 80

Final CO2 Rotational State, J

Figure 1-4. State-specific energy transfer rate constants (kz" ; left Y axis) and scattering probabilities ( P;;

right Y axis) for the process that CO, are excited to 00°0;J = 58—80 states by single collisions with hot
fluorobenzenes, Donor* +C0O, —%— Donor* +C0,(00°0;.J = 58—80), as a function of the final CO,

rotational state. All kzj values were measured 1 s following UV excitation of donors at 248 nm. Data

for DFB isomers and HFB were obtained from Ref. *® and *°, respectively.
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In Figure 1-4, one can see that scattering probabilities for DFB isomer—CO, and HFB—-CO,
systems are larger than scattering probabilities for the MFB—CO, system. This indicates that the
collisional energy transfer efficiency for large AE scattering is lowest for the MFB—CO,

collisions in comparison with DFB isomer—CO, and HFB—CO; collisions.

E. Energy transfer probability distribution function, P(E,E’)

In addition to the detailed energy transfer dynamic information, kinetic information in
terms of the energy transfer probability distribution function, P(E,E’), can be obtained by
resorting the state-resolved probabilities to AE-indexed probabilities. P(E,E’) describes the
probability that donor molecules with the initial energy E’ transfer AE to CO, in single collisions
with CO, and end up with the energy of E (= E' - AE). The procedure to calculate P(E,E’) has
been described in detail elsewhere.” *° Knowledge of both initial and final CO, states is required
to obtain P(E,E") by calculating correct total energy transfer amount. The final CO, rotational
state and recoil velocity distribution are accurately determined in this study; however, the initial
CO;, rotational state and velocity are not determined in this work, but are a distribution of
statistical velocities.”® The average initial velocity, <v;>, can be obtained from a translational
gap law model using the isotropic Boltzmann-Maxwell velocity distribution at room temperature
and the initial CO; rotational state can be determined from temperature-dependent energy
transfer studies and a rotational gap law model.*® For example, previous pyrazine,'® HFB,* and
methylpyrazine® studies have obtained <J;> = 22, 31, and 26.5, respectively, from temperature-
dependent experiments. Previous work in our lab® considered the effect of deviation in <J;> on

P(E,E’) in the large AE region. We concluded that altering the initial J value in the <J;> = 22—-32
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range has very little effect on P(E,E’); it resulted in altering P(E,E’) parameters by at most 5%.
This is because AE, used to calculate P(E,E’) depends on differences in J? according to

AE,, =BJ,(J, +1)=B <J,>(<J,>+1); thus, exact knowledge of the final state is more
important than exact determination of the initial state, as long as final J states are much larger
than the average initial J state. As a result, temperature-dependent experiments have not been
performed for this MFB—CO, study. Instead, P(E,E’) for this system was calculated using <J;> =
28.7; the average <J;> values obtained from the previous pyrazine, HFB, and methylpyrazine
studies.”**®

P(E,E") profiles resulting from single collisions between various highly vibrationally
excited fluorobenzene molecules and CO, are displayed in Figure 1-5; the data for HFB—CO,
and DFB—CO, systems were obtained previously.* *® The experimentally obtained P(E,E’) for
AE = 2,000-7,000 cm™ matches the extrapolated P(E,E’) in this range, since we cannot obtain
accurate AE values for small AJ values due to a spread in initial rotational states. Figure 1-5
shows that P(E,E’) for the MFB—CO, system in AE = 2,000—7,000 cm™ has the lowest
probability and the gentlest slope when compared with P(E,E") for DFB isomer—CO, and
HFB-CO, systems. This indicates that MFB is the least efficient fluorobenzene donor for
energy transfer to CO, when compared with the DFB isomers and HFB in this AE range.
However, even though P(E,E") for MFB—CO collisions is smaller than the other fluorobenzene
donor—CO, systems in this AE range, P(E,E’) for the MFB—CO, system must be greater in other
AE regions because P(E,E") is a normalized function. In other words, the sum of P(E,E’) over the
entire range of AE must be 1 for all systems, and P(E,E") curves must cross at some AE point.

This makes it difficult for
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Figure 1-5. Energy transfer probability distribution function, P(E,E"), for

Donor* +CO, —% s Donor* +C0,(00°0;J = 58—80) plotted against the amount of energy transfer
from 2,000 to 7,000 cm™. The initial energy of all highly vibrationally excited fluorobenzene molecules
is ~41,000 cm™. P(E,E’) for 12-, 13-, and 14-DFB-CO, collision systems were obtained from Ref. 28,

while P(E,E’") for the HFB—CO, collision system was obtained from Ref. 19.
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P(E,E") between different systems to be directly compared. Relative probability can only be
compared at a specific AE or AE range.

One way to facilitate direct comparison between P(E,E’) of different systems is to fit
P(E,E") to a model that allows comparison using only a few parameters for all AE values.
Previously, we used a bi-exponential function to fit the experimentally obtained P(E,E’).”**® The
bi-exponential function includes both weak and strong collision parameters that account for both
weak and strong energy transfer events, making it convenient for P(E,E") to be directly compared
for different systems. The bi-exponential formula for down collisions, when the donor loses

energy, is defined as

P(E,E")= X, CXp {—(E'—E)/a} + X, CXp {—(E'—E)/V} for E/>E AL 42 (6)
’ X (a+P)+x,(y+9) '

In equation (6), x; and X, are the “fractions” of weak and strong collisions, respectively
(x1+x,=1); although collisions are not strictly either strong or weak,” it is convenient to define the
fit parameters as weak and strong terms for comparison. « is defined as the average energy
transfer magnitude for weak collisions and y as the average energy transfer magnitude for strong
collisions when E'>E. g and ¢ are the average energy transfer magnitude for weak and strong
collisions, respectively, when E'<E. «and fas well as yand odare related to each other and can
be described by detailed balance.** ** The experimental P(E,E’) curve of the MFB—CO, system
and the bi-exponential fit line are plotted as a function of energy transfer amount, AE (= E - E'),
in Figure 1-6. The experimental P(E,E") curve for the MFB—CO, system are precisely fit to the
bi-exponential function in the |AE| = 2,000-7,000 cm™ region. It should be noted that the
extrapolated fit of the experimental P(E,E’) to other AE region was uniquely obtained by

requiring that P(E,E") be normalized over the entire AE range and that detailed balance be
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Figure 1-6. The fit of experimentally obtained P(E,E’) (noisy line) for single collisions between
vibrationally excited MFB and CO, to a bi-exponential function. Bi-exponential fit parameters of the
experimental P(E,E’) related to downward collisions were determined as = 299 cm™ (the magnitude of
weak collision energy transfer), y= 1,925 cm™ (the magnitude of strong collision energy transfer), x, =
0.031 (the fraction of strong collisions), and < AE >4= 575 cm™ (the average amount of energy transfer

for downward collisions).
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obeyed. The P(E,E’) bi-exponential parameters for MFB—CO,, DFB—CO,,*® and HFB—CO,"
systems are listed in Table 1-3. Table 1-3 also includes the donor initial energy, the donor state
density at E’, and the number of low frequency vibrational modes < 500 cm™ to examine the

relationship between donor physical properties and P(E,E’).

IV. Discussion

The present work is a benchmark for studying the effect of donor fluorination on strong
collision energy transfer between highly vibrationally excited fluorobenzene donors and CO,
bath molecules; MFB is the fluorobenzene donor possessing the fewest fluorine atoms.
Substituting a fluorine atom for a hydrogen atom in benzene lowers local vibrational frequency
in comparison with the vibrational frequencies of C—H bonds because vibrational frequency is
inversely proportional to the square root of the reduced mass. This study on collision energy
transfer of the MFB—CO, system establishes a basis to investigate the effect of increasing the
number of fluorine atoms in the benzene structure on single collision energy transfer with CO..
To monitor the change of rotational energy gain of CO, with the increase of fluorine atoms in
collisions between fluorobenzene donors and CO,, final CO, rotational temperature, Tyot, Was
obtained using a Boltzmann distribution plot. Using equipartition theory, the average final CO;
rotational energy for CO, molecules scattered into the high J tail can be determined from

<Er0t>f = kBTot; <E

”

), for MFB (Tro = 1030 K), 12-DFB (Tror = 930 K), 13-DFB (Tror = 970 K),

rot
14-DFB (Tyot = 1020 K), and HFB (T, = 795 K) are 716, 647, 675, 709, and 553 cm™,
respectively. The average rotational energy gain of CO, in collisions with hot fluorobenzene

molecules, (AE,,,), can be obtained by subtracting (E,,,), from (£, , where
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Table 1-3. Bi-exponential fit parameters (¥, &, x,°, and <AE>dd) obtained by fitting the energy transfer probability distribution function, P(E,E"),

to Equation (6) for various fluorobenzene—CO, collision systems, the initial energy (E’)°, the pre-collision anharmonic state density (o(E’))", and

the number of low frequency vibrational modes < 500 cm™ (s)° for the fluorobenzene donor.

143

Donor 7 (em™) o’ (cm™) x," (#/col) (AE) “(cm™) E (cm™) AE") 9 (<500 cm™)

MFB 1925 298 0.03 575 40,843 2.0 x 10% 4
1,2-DFB" 1850 343 0.06 739 41,025 4.3 x 107 5
1,3-DFB" 2061 295 0.03 638 41,011 7.6 x 10 5
1,4-DFB" 2408 294 0.03 713 41,019 8.0 x 10" 6

HFB" 1411 620 0.15 847 41,822 3.0 x 105 13




Table 1-3. Continued.

a Average magnitude of strong collision energy transfer determined from the bi-exponential fit of the
experimental P(E,E’) data.

b Average magnitude of weak collision energy transfer determined from the bi-exponential fit of the
experimental P(E,E") data.

c Fraction of strong collisions determined from the bi-exponential fit of the experimental P(E,E’) data.
d Average energy transfer amount determined according to <AE >,= (ale + yfzxz)/ (cx, + yx,), where

x, +x, =1. x, and x, are weak collision and strong collision fractions, respectively.

e The initial energy E’ of fluorobenzene donor molecules following absorption of 248 nm UV light.

f The anharmonic state density for fluorobenzenes with the initial energy E’ following the absorption of a
248 nm laser photon, obtained from Wang-Landau Random Walk Algorithm.”***> The anharmonic
density of vibrational states for molecules with more than 4 atoms is calculated using ADENSUM code,
MultiWell-2010 program.”® The anharmonicity for various fluorobenzenes were calculated at the DFT
(B3-LYP) level of theory using a cc-pvqz basis set in Gaussian03 program.”’ Geometry optimization
were performed using NWChem at the B3-LYP level of theory and a cc-pvqz basis set.

g The number of low frequency vibratonal modes with < 500 cm™ for fluorobenzene donor molecules.
Vibrational mode frequencies are obtained from Refs. 48-52 for MFB, 30, 48, 53-56 for DFB isomers,
and 48, 57-60 for HFB.

h DFB parameters are obtained from Ref. 28 while HFB parameters are obtained from Ref. 19,

35



(E,,.). =kyT,; =209 cm™ (Tcay is 300 K). Therefore, (AE, ) for CO; resulting from collisions

with MFB, 12-DFB, 13-DFB, 14-DFB, and HFB are 507, 438, 466, 500, and 344 cm™,
respectively. As one can see, an increase in the number of donor fluorine atoms decreases the
amount of rotational energy gain of CO, in collisions with fluorobenzene donors. This decrease
of rotational energy gain for post-collision CO, appears to be related to the number of fluorine
atoms, which decreases the local vibrational frequencies of fluorobezene donors, as well as the
matching effect of the masses of donor and bath molecules. Classically when a donor mass is
similar to an acceptor mass, the energy transfer is most efficient. The increase of donor fluorine
atoms is oppositely proportional to the mass matching effect and may result in a decrease in the
average energy gain.

The pattern for the decrease of average CO, rotational energy gain according to the
increase in the number of donor fluorine atoms also seems to appear in the average translational
energy gain, (AE

>. <AE > for MFB—, 12-DFB—, 13-DFB—, 14-DFB—, and HFB—CO,

trans, trans,

systems are 1450, 1680, 1640, 1670, and 860 cm™, respectively. <AE > was obtained from the

trans,

following equations

AEtJmns = E kB Zfaorl[}vl - é kB 71’6” (7)
2 2
80 80
<AEzrans> = ZPJAEtJmns ZPJ 1 (8)
58 58
where AE?  is the state-specific translational energy gain of CO, and P; is the state-specific

scattering probability in the J = 58—80 range. According to classical collision theory, there is a
relationship between the angular momentum change and the relative velocity change of bath

molecules given by, (h/27)AJ=puAv, b, ,.° Since rotational angular momentum change of CO,

in collisions with various fluorobenzenes is the same for each CO, final state (because the initial
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CO; state is same for all donors and the measured final CO, state is also same for all donors), the
relative velocity change (Av,,,) for each J state is then inversely proportional to the reduced
mass between the donor and CO; given that the effective impact parameter is a constant. To

simplify the relation between Av,, and x, we set (h/27)AJ equal to a constant C due to its

rel

invariance at each final CO, J state for different fluorobenzenes. Then, since the reduced mass
between donors and CO, are different for various fluorobenzene donors, we can use Ay between

different donors, instead of a constant x. The equation finally becomes as the following formula

C
El :Aurelbejf' (9)

Note that Av,,, is the state-specific relative velocity change and C is different for each J state but
same for various fluorobenzenes in each J state. be; for MFB, 12-DFB, 13-DFB, 14-DFB, and
HFB are ~2.13, ~1.60, ~1.65, ~1.72, and ~2.44 A, respectively, in the J = 58—80 range.

In other words, as the donor—CO, reduced mass increases with the number of fluorine atoms, the
relative velocity change decreases and hence the translational energy gain of CO, decreases. The
=~1650 cm™ is because b for MFB is

reason that (AE,,,) = 1450 cm™ < (AE

MFB/CO, truns> DFBs/CO,
larger than those for DFB isomers. If we assume that be is same for all donors, the relative

velocity of CO, for MFB is largest and for DFB isomers are second largest while Ao, , for HFB

rel

is smallest. Thatis, (AE, ) for the HFB—CO, system with the largest reduced mass is smallest

while (AE for the MFB—CO, system becomes largest and for DFB isomers—CO, systems

trans>
becomes second largest in this comparison after counting the b factor. Therefore, CO,
translational velocity decreases with the increase of the reduced mass of a collision complex, as

shown in equation (9). To further investigate the relationship between the reduced mass and
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(AE,,..), collision energy transfer experiments of trifluorobenzene isomers—, tetrafluorobenzene

ans)
isomers—, and pentafluorobenzene—CO, systems are planned to be performed.

One way to simply compare the energy transfer efficiency of various donors for
scattering CO, into J=58-80 is to compare the integrated scattering probability, P, defined as

PM =k, =2k [k, (10)

which corresponds to the ratio of the summation of all state-specific energy transfer rate
constants for the high J tail to the Lennard-Jones collision rate constant (k.;).”” ** Note that this
is only the sum of the rate constants for the J = 58—80 range of the scattered CO,; the sum of the
rate constants for all J states must be close to k. ; if V—RT energy transfer collision is
predominant and V—V energy transfer collision is negligible in single collisions and if ki ; is an
accurate collision rate constant. k" for MFB—, 12-DFB-, 13-DFB-, 14-DFB—, and HFB-CO,
systems is 31.1x10™2, 38.5x10™, 34.0x10™"?, 43.7x10*?, and 64.6x10™ cm®*molecule™sec™,
respectively. P," for MFB-, 12-DFB—, 13-DFB-, 14-DFB-, and HFB—CO; systems is obtained
with 57.9x1073, 62.3x1073, 55.4x10°®, 71.0x10, and 129.1x107 /collision, respectively.
According to these values, HFB is the most efficient donor for scattering CO, into the high J tail.

The energy transfer probability distribution function, P(E,E’), is a primary measure in
evaluating the total collision energy transfer efficiency as well as comparing the energy transfer
results obtained from different collision systems. The main purpose of this study using
experimentally obtained P(E,E’) is to verify (i) how P(E,E") relates to donor physical properties
in various fluorobenzene—CO; collision systems, (ii) how increasing the number of fluorine
atoms influences strong energy transfer efficiency, and (iii) which vibrational modes in MFB are

the most effective at transferring large amounts of energy corresponding to the large AE range,
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2,000-7,000 cm™. We explore comparison of the experimental P(E,E’) between various
collision systems to resolve these questions.

To help examine the relationship between P(E,E") and donor physical properties, Table 1-
3 lists various donor physical properties (the initial energy E’, the anharmonic state density at E’,
and the number of low frequency vibrational modes) and bi-exponential fit parameters obtained
from the experimental P(E,E’) for MFB—, the DFB isomer—,* and HFB—CO," systems (strong
and weak collision energy transfer magnitude: yand ¢, strong collision fraction: x,, and average
energy transfer amount for downward collision: <AE>d). Investigation of donor physical
property effect on collision energy transfer can be performed by examining relationships
between a variety of bi-exponential fit parameters and donor physical property parameters
because the bi-exponential fit parameters can represent P(E,E’) over the entire AE range. For
example, downward average energy transfer amount, <AE> ,» Is ordered as HFB (847 cm™) > 12-
DFB (739 cm™) > 14-DFB (713 cm™) > 13-DFB (638 cm™) > MFB (575 cm™). It is interesting

that this order for (AE)  is consistent with the orders of the initial energy E’, the anharmonic

state density p(E’), and the number of low frequency vibrational modes; see Table 1-3. A
trajectory calculation study of Lenzer et al.®* on collisions between excited benzene or
hexafluorobenzene and helium, argon, or xenon displayed that the increase of donor mass
increases average energy transfer amounts, —<AE> and <AE%1?, They suggested that the
fluorination drops the vibrational frequencies and increases the number of low frequencies in
donors, resulting in the greater average energy transfer magnitudes. Their suggestion is in good

agreement with our results as can be seen in the average energy transfer amount, <AE>d The

study of Lendvay et al.*” on the SO,—Ar collision system shows that the average amount of
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energy transferred, <AE>, relates to the initial energy of the donor, in particular the proximity to
the dissociation threshold. They concluded that energy transfer efficiency is much higher near
the dissociation threshold of donor than at low energy; <AE> increases linearly at low energies
and grows quadratically near the dissociation energy of the donor. Even though <AE> measured

in their study is different from <AE>d in this study (<AE> includes upward and downward
collision energy transferred, while <AE>d does only include downward collision energy
transferred), the <AE ) , pattern in this study agree with the study of Lendvay et al.®” given that

<AE> increases with the initial energy of the donor. That is, the donor initial energy plays a
positive role in transferring energy to bath molecules. The initial anharmonic state density also

shows an increasing pattern with the rise of <AE> ,- Based on these patterns, we conclude that

the initial energy E’ and the pre-collision anharmonic state density of donor molecules directly
influence energy transfer efficiency in collisions with CO..

With the other bi-exponential fit parameters (3, «, and x,), it is hard to determine a
relationship between donor physical properties due to the irregular pattern of those parameters
between MFB and DFB isomers as listed in Table 1-3. To make a simple comparison of bi-
exponential fit parameters based on only the number of donor fluorine atoms, we can use the
average of bi-exponential fit parameters for three DFB—CO, systems. The average values of «,

% Xz, and (AE) for DFB isomers are 311 cm™, 2106 cm™, 0.04, and 697 cm™, respectively. The

order of weak collision energy transfer magnitude: o (HFB; 620 > DFB; 311 > MFB; 299 cm™)
and strong collision fraction: x, (HFB; 0.15 > DFB; 0.04 > MFB; 0.03) exactly have the same

order as <AE>d initial energy, the initial state density, and the number of low frequency

vibrational modes for donors. However, the magnitude of strong collision energy transfer,
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does not follow this trend. yfor HFB is the smallest. This result seems to be the same as the

pattern for (AE, ) and (AE, ) giventhat (AE, ) and (AE, ) are largest for MFB-CO, and

rans) rans)
smallest for HFB—CO, system. Although we are beginning to see small trends in the energy
transfer parameters for these fluorobenzene donors, drawing too many mechanisms is difficult
without the results of the remaining fluorobenzene donors. Results from the remainders will
enable us to make additional observations related to energy transfer and molecular properties.

Using Vibrational Close-Coupling, Infinite-Order-Sudden Approximation computations
(VCC-10SA) and Classical Trajectory Calculations (CTC) of benzene-He collisions, Clary and
coworkers®® reported that low frequency vibrational modes with out-of-plane motion has large
cross-section for vibrational relaxation in strong collisions. They suggested that low frequency
modes play a significant role in supercollision energy transfer. We believe that the relationship
between low frequency modes and strong collision energy transfer is due to multi-quanta
relaxation via the low frequency modes during the collision. For example, if benzene is excited
into highly vibrational states, a vibrational mode (vi6) with low frequency (398 cm™) and out-of-
plane motion is excited to a higher quantum state (or has larger state density). For a given
energy transfer amount, a low frequency mode must undergo a larger change in quantum
number. In other words, the vi¢ mode in benzene is very efficient to transfer large amounts of
energy to the acceptor molecule. Therefore, we expect that as a donor has more low frequency
modes, the probability of strong collision energy transfer increases. In this study, the number of
low frequency vibrational modes < 500 cm™ is 4, 5~6, and 13 for MFB, DFB isomers,” and
HFB," respectively. This result is in good agreement with the increasing pattern of the fraction
of strong collisions (x, = 0.03, 0.04: averaged fraction, and 0.15 per collision for MFB, DFB

isomers, and HFB, respectively). This finding is consistent with previous work in our lab,?’
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given that methylpyrazine with more low frequency modes (4) has the largest fraction of strong
collisions in comparison with pyrazine (2), pyrimidine (2), and pyridine (2). This comparison
between the strong collision fraction and the number of low frequency donor vibrational modes
implies that the low frequency modes in donor governs the strong collision energy transfer. Our
previous DFB isomer—CO, study”® indicates that this relationship between the fraction of strong
collisions and the number of low frequency vibrational modes is an over-simplification because
although 14-DFB has the largest number of low vibrational modes <500 cm™ (6), its strong
collision fraction (0.03/collision) is smaller than that of 12-DFB (0.06/collision) and the same as
that of 13-DFB (0.03/collision). However, if only the number of fluorine atoms in the donor is
concerned, using average values for DFB isomers may give us a simple comparison to better
understand the relationship between the strong collision fraction and the number of low
frequency modes. This is in good agreement with our previous studies as well as the study of
Clary et al.”

The relationship between the donor anharmonic state density and P(E,E’) can be found by
plotting the energy dependence of P(E,E’) versus the energy dependence of donor final state
density. For example, the anharmonic state density in this study is 3.01x10% for HFB at 41,822
cm™ which is greater than ~6.62x10"" for the DFB isomers at ~41,000 cm™ which is in turns
greater than 1.97x10% for MFB at 40,843 cm™. The energy dependence of the final state
density, obtained from the slope of a plot of In(o(E’-AE)) vs. AE,* ?* %% s 6.37x10™/cm™ for
HFB," ~5.26x10™/cm™ for the DFB isomers,” and 5.04x10™*/cm™ for MFB. As shown in the

previous studies,”?* ?>?® Fermi’s Golden Rule can be used to explain the relationship between

P(E,E’) and the donor state density according to

P(E,EY |V, p(E)AE), (11)
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where p(E") and p(E) are the density of states at the initial energy E" and the final energy E,
respectively, and Vs is the matrix element, <i|H|f>, that describes the transition between the
initial and final states. Note that o(E’) is a constant for the donor molecule. This model
indicates that the shape of P(E,E’) resembles the energy dependence of the donor final state
density (p(E)). Our previous studies have shown that the shape of P(E,E"), representing the
energy dependence of P(E,E’) on AE, can be displayed by the reciprocal weak and strong
collision magnitude: 1/yand 1/a.**** Figure 1-7 shows that the shape of P(E,E’) obtained using
1/yand 1/« mimics the energy dependence of o(E) for MFB, the DFB isomers, and HFB; that is,
the shape of P(E,E’) is linearly proportional to the energy dependence of o(E). It is remarkable
how accurate this relationship is especially when we consider that « is obtained entirely by
extrapolation of the experimentally measured energy transfer. This linearity indicates that
energy transfer in these systems can be characterized by Fermi’s Golden Rule.

To investigate how donor fluorination influences strong collision energy transfer
efficiency, low frequency vibrational modes with < 500 cm™ for MFB,**>? 12-DFB,*>% ** 13-
DFB,*® >*>> 14-DFB,** *® 3% and HFB*® °"*° are assigned using Wilson notation® ® in Table

1-4 since each mode has the same motion in this assignment. Clary*® %

reported that the strong
collision energy transfer is governed by low frequency donor vibrational modes, which have
larger energy transfer cross sections in vibrational relaxation than do high frequency modes. The
fact that substituting hydrogen atom with fluorine atom decreases the frequency of local

vibrational modes can be explained by a simple Hooke’s law model, v =(1/27)/k/u, where v is

the local vibrational frequency, k is the force constant, and x is the reduced mass. According to
the study of Clary and general knowledge of the effect of fluorine atom substitution, motions of

only the low frequency modes are assigned. Low frequency modes are then considered with
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Relationship between P(E,E") and Donor's State Density
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Figure 1-7. Relationship between the shape of P(E,E") and the energy dependence of donor final state
density. The X axis is the slope obtained from the plot of In(po(E’-AE)) versus AE and represents the
energy dependence of the state density of donor molecules on AE, while the Y axis is the shape of
P(E,E’), given by the reciprocal strong collision () and weak collision energy transfer (¢) magnitudes;
see Ref. 26-28. Squares and circles, shown with 10 % error bar, represent 1/« and 1/y values,
respectively. The shape of the strong collision P(E,E"), 1/y, is linearly increasing with the energy
dependence of donor final state density, while the shape of the weak collision P(E,E’), 1/ ¢, is linearly

decreasing with the energy dependence of donor final state density.
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Table 1-4. Wilson notation assignment of low frequency vibrational modes < 500 cm™ for various

fluorobenzene donors.

Mode® MFB” 1,2-DFB° 1,3-DFB° 1,4-DFB° HFB’
4 249 -0, o
6a 451 —y 264 —v
6b 264 —y
%a 330 443 -
9 440 - B 440 - B 443 -

10a 275-0,p 251-0,p 370-o0, B
10b 198 -0, B 2300, B 375-0,P 370-0,p
11 249° -0, B 162 -0, B 215-0,p
15 287 - 478 - 349 - 208 — 3
16a 414 — o0, o 422 —0, o 175-0, a
16b 498 -0, a 450 -0, a 458 -0, a 175-0, a
18b  400-B

20a 315-
20b 3158

Tot. # 4 5 5 6 13

0 : out-of-plane mode

o : C—C ring bending (or deformation) mode
[ : C—F bending (wagging, boating, or twisting) mode
v : C—F stretching mode

a Wilson notation expression for fundamental vibrational modes of the benzene molecule obtained from

Refs. 63, and 64.
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b Frequencies of vibrational modes < 500 cm™ for MFB obtained from Refs. 48-52.

¢ Frequencies of vibrational modes < 500 cm for 12-DFB, 13-DFB, and 14-DFB obtained from Refs. 28,
30, 48, 51, 53-56.

d Frequencies of vibrational modes < 500 cm™ for HFB obtained from Refs. 48, 57-60.

e The unit of all vibratoinal mode frequencies is cm™.
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P(E,E’) to investigate the effect of the increase of donor fluorine atoms on strong collision
energy transfer, since P(E,E’) measured in the high AE region (2,000-7,000 cm™) represents
strong collision energy transfer probability.

For MFB, there are four low frequency modes: two C—F bending modes (249 cm™ for vy
out-of-plane and 400 cm™ for vig, in-plane modes) and two ring out-of-plane bending modes
(414 cm™ for vy, and 498 cm™ for vigy).* %% For HFB, there are thirteen low frequency
modes: eight C—F bending (five in-plane and three out-of-plane modes), three ring out-of-plane
bending, and two C—F stretching modes.””*® For DFB isomers, 12-DFB and 13-DFB have five
low frequency modes (two C—F in-plane bending, two out-of-plane C—F bending, and one ring

28, 53, 59, 60

out-of-plane bending modes), while 14-DFB has six low frequency modes (two in-plane

C—-F bending, two C—F out-of-plane bending, one ring out-of-plane bending, and one C-F

stretching modes).”® **** It is

interesting that one of low frequency modes in 14-DFB (Vs,) is not
a bending, but a C—F stretching mode. The p-DFB—-He collision study of Clary*® displayed that
the C—F low frequency stretching mode (vgs) in 14-DFB has the smallest cross section in
vibrational relaxation, resulting in smallest rate constant, in comparison with the other five low
frequency bending modes. As a result, we believe that the vg; mode in 14-DFB is not effective in
strong collision energy transfer processes and conclude that the effective low frequency modes
on strong collision energy transfer are only five bending modes in each DFB.

From this mode analysis, we recognize two surprising points as considering with the
results of the strong collision fraction, x,, obtained from the fit of P(E,E’) to a bi-exponential
function: 0.15 for HFB > 0.04 for DFB > 0.03 for MFB. The first is that the low frequency

vibrational modes with less than 500 cm™ are composed mainly of bending modes (wagging,

boating, or twisting) except for one C—F stretching mode in 14-DFB (vs,) and two C—F stretching
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modes in HFB (vs, and vep). The second is that the number of bending type, low frequency
vibrational modes increases with the number of C—F bonds in the donor. These points allow us
to conclude that bending type, low frequency modes play an important role in the strong collision
energy transfer and affect the strong collision fraction for P(E,E’) of the high AE region.
Lendvay’s study on CS,—CO energy transfer.* reported that large amounts of energy leak out of
these low frequency, bending type modes, which have been labeled gateway modes for strong
collision energy transfer. He suggested that the lower frequency bending mode has a greater
efficiency in energy transfer than the higher frequency stretching mode. As agreed with the
study of Lendvay, most low frequency modes in Table 1-4 include C—F bending type motions.
In other words, since C—F bonds result in lower vibrational frequency than C—H and C—C bonds,
when the donor is vibrationally excited to a specific energy level, low frequency bending modes
with C—F bond have a greater value in the minimum vibrational quantum number

(v,,, =AE/hv,) for transferring a given amount of vibrational energy. Therefore, the larger
quantum number in C—F vibrational modes results in the larger change of state density, which
affects the shape of P(E,E"); this corresponds to Fermi’s Golden Rule.

Finally, the mode efficiency on strong collision P(E,E’) is evaluated by comparing the
fraction of molecules that have at least a certain amount of energy (AE = vhv,) in different
vibrational modes. If an energy transfer event occurs by leaking AE out through lower frequency
modes as suggested by Clary® and Lendvay,*" the fraction of molecules with at least AE in a
given mode, fi, can be a useful tool to compare the mode efficiency in energy transfer. This

fraction is calculated using

2" p(E'-vhv)
ﬁ _ Gl« U min ,27, 65 (12)
D p(EY
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where G; is the degeneracy of the mode, and p (E') and p, ,(E'-vhv,) are the density of states
for all s oscillators at the energy E’ and for all oscillators except for the mode of interest at an
energy E'—vhv,, respectively. v, is the frequency of the mode and v is the vibrational quantum
number of that mode. v, ;. can be obtained by AE/hv,, which corresponds to the minimum
vibrational quantum number needed to excite the mode of interest with a certain amount of
energy, AE. For vy1, the lowest frequency mode in MFB (E’ = 40,843 cm™), with a frequency of
249 cm™, v =AE/hv, is 9 when AE is 2,000 cm™; v,; =17 and 33 for AE = 4,000 cm™ and
8,000 cm™, respectively. The maximum v, is obtained by E'/hv.; v, forvi; in MFB is 164
in this study. Figure 1-8 shows the fractions of MFB molecules that possess low frequency
modes (V11, Viga, Vasb, and Vagp) With at least (a) 2,000 cm™, (b) 4,000 cm™, or (c) 8,000 cm™ for
E’ = 40,843 cm™. At any value of AE, the fraction for vig, mode is the largest in comparison
with other modes, given that the fractional population of vig, mirrors the trend in the high J tail
of P(E,E) relative to other modes.

Based on this mode fraction analysis, we conclude that vig, (C—F in-plane bending) mode
of MFB plays an important role in P(E,E’) shape in the high J tail (AE = 2,000-8,000 cm™). On
the other hand, the fraction for vi; mode relatively increases with the energy transfer amount AE
in comparison with the other two modes except for vig,, While the fraction for vig, mode
decreases with AE relative to the other modes. This result allows us to predict that as the amount
of energy transfer from MFB increases, vi1 (C—F out-of-plane bending) mode becomes more
effective, but vie, (ring out-of-plane bending) mode becomes less effective. vig, (ring out of-
plane bending) mode seems to be play the smallest role in the strong collision energy transfer

process. This interpretation is in good agreement with our previous study on DFB isomers—CO,
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Figure 1-8. Fraction of MFB molecules that have a low frequency mode with at least AE (AE = (a) 2,000
cm™, (b) 4,000 cm™, and (c) 8,000 cm™) when MFB molecules are given with energy E’ = 40,843 cm™.
The fraction for vig, mode is the highest in any AE value in comparison with fractions for other low
frequency modes. The fraction for v,5, mode decreases relative to the other two modes (vq; and vig,) When
AE increases, while the fraction for v, mode increases relative to the other modes. The fraction for vigp

mode is the lowest in any AE value.
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collision systems”® that the fraction for C—F bending modes (v1, for 12-DFB and 13-DFB, and
vy1 for 14-DFB) increase relative to yields of other excited modes with the energy transfer
amount AE and the fraction for ring bending modes (vi¢p for 12-DFB and 13-DFB, and vig, for
14-DFB) decrease with AE; see Figure 1-9 in Ref. ® In other words, C—F bending modes
strongly influence the strong collision energy transfer. Thus, we conclude that the number of
fluorine atoms (C—F bonds) increases with the number of low frequency, bending modes, which

plays a significant role in the shape of P(E,E’) in the high J tail.

V. Conclusion

We have performed experiments to investigate collision energy transfer between highly
vibrationally excited MFB and vibrational ground level CO, to obtain state-specific kinetic
information. An high-resolution (0.0003 cm™) IR diode laser was used to measure the state-
specific rotational and translational energy gain by CO; in single collisions with hot MFB. The
measured state-specific CO, energy gain information was compared with the previous
investigations on collisional relaxations between the DFB isomers®® or HFB'® and CO,. This
comparison showed that rotational and translational energy gain of CO, decreases with an
increase in the number of fluorine atoms in the fluorobenzene donors. Collisional energy
transfer rate constants and scattering probabilities were calculated using state-specific energy
transfer information, then, the energy transfer probability distribution function, P(E,E’), was
obtained by rearranging the scattering probabilities for individual rotational states to the

probability of a certain amount of energy transfer, AE. P(E,E’) for various fluorobenzene—CO,

collision systems was compared to understand the relationship between P(E,E’) and the physical
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properties of donors. Comparison of P(E,E") shows that the shape of P(E,E’) are proportional to
the initial energy, the anharmonic vibrational state density, the number of low frequency modes
<500 cm™, and the number of fluorine atoms for fluorobenzene donors. To test the correlation
between P(E,E’), state density, and the number of low frequency modes, previous studies were
reviewed and compared with this present study; low frequency modes in donors have larger
vibrational relaxation cross sections and affect the shape and magnitude of strong collision
P(E,E").** " In addition, to study the effect of the number of fluorine atoms on P(E,E’), low
frequency donor vibrational modes were assigned by characteristic motion using Wilson
notation.®® ® Since most low frequency modes in fluorobenzene donors contain C—F bending
modes, it can imply that the fluorination of donor molecules essentially affects P(E,E’) in the
large energy transfer region. Finally, the calculation of mode fraction with a specific energy
amount AE gives insight into which vibrational mode plays an important role in strong collision
energy transfer. We noticed that the low frequency C—F bending motion modes (vig, and vi; in
MFB) are primarily responsible for strong collision energy transfer.

This study provides a benchmark to be compared with further studies of additional
fluorinated donor—CO; systems. The studies on single collisions of trifluorobenzene isomers,
tetrafluorobenzene isomers, and pentafluorobenzene with CO, will be performed to complete the

investigation of donor fluorination effect on strong collisional energy transfer.
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Chapter 2

Super-collision Energy Transfer Study in Fluorobenzene—CO, Systems using
a High-Resolution (0.0003 cm™) IR Diode Laser: Excess Excitation Energy

Dependence of Super-collision Energy Transfer
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I. Introduction

Collisions between highly vibrationally excited benzene-like donors and small bath
molecules at room temperature have been studied for many years to understand the nature of
collision energy transfer events. Flynn and coworkers™™ developed a high-resolution (0.0003
cm'™) bath-probing technique to obtain state-specific bath energy gain information in single
collision energy transfer events that Mullin and coworkers,®?* and our group**® have used to
study the dynamics of collision energy transfer. The strength of this probing technique is that it
provides state-specific vibrational, rotational, and translational energy gain information of bath
molecules in single collisions with highly excited donors. State-resolved data can be resorted to
obtain the energy transfer probability distribution function, P(E,E’). In addition, we can measure
average energy gain for bath molecules allowing us to compare with the results of donor energy
loss measurement studies.

Fluorinated benzenes (CgHe.nFn) have been studied to elucidate how the fluorination of
molecules affects properties such as absorption, emission, photodissociation, and so on. For

example, UV absorption spectroscopy?” * and photochemistry™ *

studies have been performed

for fluorobenzenes and found that C¢Hs.,F, with n=1—4 have a different spectroscopic absorption
pattern than CgHe.nFr with n=5-6. Absorption spectra for CgHg.nF,, with n=1-4 are composed of
many sharp peaks for S;<—Sg absorption at ~5 eV, while C¢Hg.,F, with n=5-6 have smooth

1.** on fluorinated benzenes using jet-

structureless absorption spectra. The study of Zgierski et a
cooled fluorescence spectroscopy and time-dependent density function theory calculations found
that pentafluorobenzene (PFB) and hexafluorobenzene (HFB) have small fluorescence yields and

short fluorescence lifetimes, while CsHg-nFn With n=1-4 have strong fluorescence and high

fluorescence yields. They suggested that the weak fluorescence for PFB and HFB results from
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S1(6*)—>Sp(w) emission while the strong fluorescence for fluorobenzenes with 1-4 fluorine
atoms is due to S;(n*)—Sp(r) emission; electron promotion from = to o* results from the
electronegativity of C—F bond orbitals, while promotion from = to t* is related to the benzene
ring orbitals. That is, they concluded that absorption and emission are strongly dependent on the
number of fluorine atoms. Present work shows that super-collision energy transfer efficiency for
fluorobenzenes has the same pattern as fluorobenzene spectroscopic features. Based on this
result, we discuss how the excited electronic state is related to collisional energy transfer events
using experimentally measured P(E,E").

The energy transfer probability distribution function, P(E,E’), represents the probability
that a molecule with initial energy E’ undergoes a collision process with a bath molecule and
ends up with the final energy E (= E’-AE) after transferring an amount of energy AE to the bath
molecule. P(E,E’) measured using the state-specific energy gain information is fit to a bi-
exponential function for simple comparison with other collision systems. The fit parameters of
P(E,E") curves can describe both weak and strong collision energy transfer. Our previous studies
on pyrimidine,”® pyridine,* the di-fluorobenzene (DFB) isomers,”> and monofluorobenzene
(MFB)”® with CO, showed that the fit parameters (1/yand 1/c), which represent the shape of
P(E,E") and are defined as the energy dependence of P(E,E’), are linearly proportional to the
energy dependence of donor state density. The fit parameters, in this work, are also used to
compare super-collision energy transfer efficiency between various fluorobenzene—CO; collision
systems. From this comparison, we verify that super-collision energy transfer efficiency
correlates with donor state density at the initial energy E’ (o(E")) through the shape of P(E,E’).

This study is aimed at investigating excess excitation energy dependence of super-

collision energy transfer as well as donor fluorination effect on collision energy transfer
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efficiency as a continued study of our previous MFB study.”® Here we present out study of
collisional energy transfer between excited PFB and CO, and compare with previous studies of
collisional relaxation of other fluorobenzene molecules with CO, to investigate how fluorination
of aromatic molecules influences energy transfer in single collisions with CO,. In particular we
are interested in how the substitution of fluorine atoms for hydrogen atoms affects the energy
transfer probability distribution function, P(E,E"). Our previous studies are in good agreement

1.** and Lendvay® suggesting that bending motion

with the computational studies of Clary et a
modes with low frequency strongly influence collisional energy transfer efficiency. Ina
continuation of previous studies, we analyze the vibrational mode assignment for all
fluorobenzene donors and verify our previous observation that the number of donor fluorine
atoms is proportional to the number of bending modes with low frequency. Furthermore, the

relationship between excess excitation energy and super-collision energy transfer efficiency for

the fluorobenzenes is discussed.

Il. Experimental

The experiments presented here to collect data for single collisions between highly
vibrationally excited PFB and vibrational ground state CO, at 300 K have been described in
detail in previous studies;*° therefore, only a brief description is presented here. A 1:120.0
mTorr mixture of gas phase PFB and CO; flows through a 300 cm collision cell at 300 K. 248
nm UV light generated from a KrF excimer laser (Lamda Physik Complex 201) at a rate of 1 Hz
is propagated into the collision cell to excite PFB molecules via the S;<—Sy electronic transition,

S1(1Byy: * with partial 6*) «— So(XAyg: ).** ***° Rapid radiationless internal conversion into

the vibrationally excited states of the electronic ground level, S;—Sy*, follows the UV excitation
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of PFB. UV power density was maintained at ~40 mJ/cm? to ensure single photon absorption. A
tunable CW IR diode laser (Laser Components) (Av = 0.0003 cm™ and 4 = ~4.3 um), passed
through the cell collinearly with the UV beam, was used to probe the rovibrational transition
(00°1<-00°0) of CO, rotationally and translationally excited by single collisions with hot PFB.
The IR beam is then directed into a single grating monochromator (Acton Research Corporation,
SpectraPro 500i) to select a single laser mode and focused onto a liquid-nitrogen-cooled (77 K)
InSb diode detector (Judson Technologies). The response time of the detector and a pre-
amplifier (Perry Amplifer, 100 ns rise time) is ~400 ns, shorter than 1 s when IR transient
absorption signals of post-collision CO, are measured. This early time ensures that we are
measuring results for single collision events given that the mean gas kinetic collision time at 20
mTorr gas pressure and 300 K is ~4 15.*® Signals converted from the detector are amplified and
recorded on a digital oscilloscope (LeCroy LT364, 500 MHz) via two channels (AC and DC).
The IR transient absorption signals we collect at 1 s after UV excitation are obtained from the
ratio of AC (= Al) to DC (= lp-Al) signals, Al/(lo-Al). The measured IR transient absorption
signal at early time (1 xs) is used to calculate the post-collision number density; the IR
absorption signal corresponds to Al/lg (=1-exp(—apl)), where « is the absorption coefficient, p
is the density of the probed molecule, and I is the collision cell length. This dual-channel method
is also useful to stabilize short-term drifts in overall IR light intensity (l).> Transient absorption
signals are averaged over ~100 UV pulses with the oscilloscope and transferred to a computer
for further analysis.

About 4 % of the IR diode laser light is directed into a 100 cm reference cell. This
reference beam passes through a second monochromator and is focused onto a second liquid-

nitrogen-cooled (77 K) InSb detector. The reference signal from the second detector is sent to a
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lock-in amplifier (Standard Research Systems) to correct for long-term drifts of the IR diode
laser frequency by locking the laser frequency to the rovibrational transition center peak of the
scattered CO,, while the transient absorption signal is being measured.

The population of CO, scattered by single collisions with PFB is determined using the
transient absorption signal and a Doppler-broadened linewidth of each final rotational state of the
scattered CO,. The Doppler-broadened full width at half maximum (FWHM) is obtained by
locking the IR diode laser frequency to a fringe of a scanning Fabry-Perot etalon (Laser
Components, free spectral range=289 MHz) in place of the reference cell and measuring
transient absorption signals at 40 frequencies evenly distributed over the center of the probed
CO; rovibrational transition. Each measured absorption signal at the 40 frequencies is also
averaged for 100 UV pulses.

Divergence of UV laser light over the 300 cm collision cell produces errors in the
measured energy transfer rate constants. Two methods to calibrate for the UV divergence have

been discussed in previous studies;** %°

the ratio of scattering results obtained from present
PFB—CO, and pyrazine—CO, experiments to the previously published pyrazine—CO, scattering®
values under the same conditions is applied as a scaling factor to calculate absolute energy
transfer rate constants for the present PFB—CO, system.

Pentafluorobenzene (Aldrich, 99+ % purity) and pyrazine (Aldrich, 99+ % purity) were

purified using 3 freeze-pump-thaw cycles prior to use, while CO, gas (Intermountain Airgas Inc.,

99.999+ % purity) was used without any purification.

66



I11. Results and Discussion

A. IR transient absorption signal of scattered CO, (00°0;J = 58-80)

The number density of post-collision CO;, excited into 00°0;J = 5880 states by collisions
with highly vibrationally excited PFB was obtained from IR transient absorption signals
measured at 1 us following UV excitation of PFB at 248 nm. Frequency of the measured IR
transient absorption signals corresponds to the center frequency of ro-vibrational (00°1;J-1 «
00°0;J) transitions for CO,. Figure 2-1 displays IR fractional transient absorption signals (Al/lo)
for post-collision CO; transitions of 00°1;J-1 «— 00°0;J = 58—80, which result from the
mathematical re-expression of raw IR transient absorption signals, Al/(lo-Al). The absorption
measurement at 1 4 after a UV excitation pulse provides information regarding the rotational
population increase of CO, (00°0;J = 58-80) scattered by single collisions with excited PFB.
The fractional IR absorption signals in early time, as shown in Figure 2-1, become larger for
lower J state. This indicates that CO, molecules are more likely scattered into lower J states in
single collisions with hot PFB. Doppler-broadened full widths at half maximum (FWHM) were
measured for each transition of the high J states and used with IR transient absorption signals to
calculate the number density of post-collision CO, using absorption line strengths for CO, from

the HITRAN database.®’

B. Rotational and translational energy gain of CO; by single collisions with hot PFB
Nascent rotational distributions of CO, (00°0) scattered from single collisions with
excited PFB were measured for the J=58-80 states using the measured fractional IR transition

absorption signals at early time (1 us). Figure 2-2 shows a Boltzmann plot of the nascent
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Figure 2-1. Fractional IR transient absorption signals for the CO, rovibrational transitions of (00°1;J-1) «
(00°0;J = 58-80) as a function of time after a 248 nm UV pulse. The linearity of fractional IR absorption
in early time (< 1 xs) indicates that population increase of CO, at this time results from single collisions

between CO, and highly vibrationally excited PFB.
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Figure 2-2. Boltzmann plot of the nascent rotational distribution for the scattered CO, at 00°0;J = 58—80
in collisions with highly vibrationally excited PFB, obtained from fractional IR absorption signals at 1 xs
following UV excitation of PFB. Squares are the experimentally measured nascent density of the
scattered CO,. The solid line is the best linear least squares fit line obtained from the plot of
In(Ny/(2J+1)) versus a function of post-collision CO, rotational energy (E,. = BJ(J+1)). The slope

corresponds to —1/k, T, with T, of 860 + 70 K for CO, scattered from a single collision with hot PFB.

ot
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rotational distribution for J=58—-80 of CO, (00°0) scattered by single collisions with excited PFB.
A single rotational temperature, Ty, = 860 £ 70 K, representing the rotational distribution of post-
collision CO, (00°0;J=58-80) in collisions with hot PFB, was obtained from the slope of the
Boltzmann plot as shown in Figure 2-2. As discussed elsewhere,”® the post-collision rotational
temperature represents the average rotational energy of scattered CO, in collisions with
vibrationally excited donors. Therefore, the average rotational energy gain of CO, can be

determined according to (AE, ) =(E,,) —(E,,).,where (AE, ) is the average rotational energy

’

gain of COz and (E,,,) , and (E,,,). are the average rotational energy of the scattered and the

rot

initial CO,, respectively. <Et> ; is calculated from the post-collision rotational temperature of

the scattered COz ((E,,,), =k,7,,) and (E,,), =209 cm™ prior to collisions was obtained from

rot i

k, T, where k, is the Boltzmann constant and 7, = 300 K.

cell

The average rotational energy gain of CO; in collisions with various excited

fluorobenzene donors are listed in Table 2-1, along with T, and <Emt>,»- Figure 2-3 displays a

plot of (AE, ) as a function of the fluorine-atom number in fluorobenzene donors. Note that the
rotational temperatures of CO, in collisions with DFB isomers, tri-fluorobenzene isomers,*’
and tetra-fluorobenzene isomers®® are the average value for the isomers with the same number of
fluorine atoms. It is worth noting that as the number of fluorine atoms in the fluorobenzene
donors increases, the average rotational energy gain of CO, decreases, as seen in Figure 2-3.

The decrease of (AE, ,) with increasing fluorine-atom number may result from the number of

low frequency modes. Our previous MFB—CO, study?® explored the relationship between the
average CO, rotational energy gain and the number of donor fluorine atoms by comparing results

of MFB—, DFB isomer—,?> and HFB—CO," collision energy transfer and suggested that the
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Table 2-1. Rotational temperature (7

rot

)," average final rotational energy ((E,,,) f),b and average

rotational energy gain (<AEW>) ¢ of CO, scattered into 00°0;J = 58—80 by single collisions with various

excited fluorobenzene donors with energy E’ (= ~41,000 cm™).

Donor T, (K) (E,.)," (cm™) (AE,,)° (cm™)
MFB® 1030 + 60 716 509
12-DFB" 930 + 80 646 439
13-DFB* 970 + 80 674 467
14-DFB* 1020 + 80 709 502
123-TFB* 950 + 40 661 446
124-TFB® 920 + 90 640 431
135-TFB* 910 + 100 633 428
1234-TFB® 940 + 110 654 446
1235-TFB 920 + 70 640 432
1245-TFB® 870 + 110 605 400
PFB 860 + 70 598 388
HFB® 795 553 345

a Rotational temperature of CO, scattered into 00°0;J = 58—80 states in single collisions with various
excited fluorobenzene donors, obtained from a Boltzmann distribution plot of In(N,/(2J+1)) as a function
of state-specific rotational energy, £, , = BJ(J+1), where B (= 0.394 cm™) is the rotational constant of
CO, and J is the final rotational state of CO, scattered by collisions with excited fluorobenzene donors.
b Average final rotational energy of CO, scattered by collisions with excited fluorobenzene donors,

determined using (E,,,) = k,T,

rot?

where k, is the Boltzmann constant.
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¢ Average rotational energy gain of post-collision CO; in collisions with excited fluorobenzene donors,

determined from (AE, ) =(E,,), —(E.,,) (E,,), is average initial rotational energy of CO, obtained

from k,T,

" (=209 cm™), where T, is the collision cell temperature (= 300 K).

d Data for MFB, DFB isomers, Tri-FB isomers, Tetra-FB isomers, and HFB are obtained from Refs. 26,

25, 27, 28, and 4, respectively.
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Figure 2-3. Average rotational energy gain, <AEM>, of the scattered CO, in collisions with a variety of

vibrationally excited fluorobenzene donors. (AE,,,) is calculated from (AE, ) =(E,,) —(E,,,).,

where <Em,> / and <E >i are average rotational energy of the scattered and the initial CO,, respectively.

rot

The values of (AE, ) for all fluorobenzene—CO; collisions are listed in Table 2-1 and shown here with
10 % error bar. For DFB, Tri-FB, and Tetra-FB isomers, <AEM> is averaged for each isomer group.

<AEW> decreases with the increase of fluorine-atom number in fluorobenzene donors.
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increase of fluorine-atom number results in an increase of low frequency modes, which decreases
average CO, rotational energy gain, but increases strong collision fraction. In this study, we
compare energy gain results for all fluorobenzenevCO; collision systems versus the fluorine-
atom number of the donor. The donor fluorination effect on the average CO; energy gain change
is discussed in detail in section D, along with bi-exponential parameters obtained from the
energy transfer probability distribution function, P(E,E").

The moment of inertia for a donor—bath complex can be considered as a factor that affects the
average rotational energy gain according to the number of donor fluorine atoms. When an excited donor
collides with CO,, a certain amount of vibrational energy in the donor is imparted into the rotational states
of CO,. During the moment of the energy conversion from vibration to rotation, the moment of inertia of
the donor—CO, complex is governed by the reduced mass of the complex. That is, the moment of inertia
of the complex may affect the rotation of the recoiled CO, after the complex splits because the moment of
inertia is a main component determining rotational energy. Therefore, average rotational energy gain of
CO, from vibrationally excited donors may decrease according to the increase of the reduced mass
between donors and CO,. Alternatively, based on classical collision thought we believe that the match
between donor mass and acceptor mass enhances energy transfer. For example, on plane of a billiard one
ball transfers most energy into the other ball with similar mass when they collide. In this study, the
increase of donor fluorine atoms results in more non-matching of the masses of donor and bath. As a
result, the increase of donor fluorine atoms decreases the energy gain of CO, in collisions with donors.

1. on the

This suggestion is in good agreement with the results obtained from the study of Park et a
methylation effects on donor quenching in collisions with CO,. Their results show that as methyl groups
are added to pyridine, the average rotational energy gain of CO, decreases; <AEW> of CO, for pyrazine,
pyridine, 2-methylpyridine, and 2,6-dimethylpyridine are 606, 373, 221, and 160 cm™, respectively.
Doppler broadened linewidths for CO, rovibrational transitions (00°1;J-1 «<— 00°0;J), due to

collisions with vibrationally excited PFB, were measured for J = 58—80 to obtain state-specific
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translational energy gain of CO,. The measured linewidths for each J state can be converted to lab-frame

translational temperature, Tyans, fOr the scattered CO, using the relationship

o= mc’ [Avobsjz (1)
T 8k, 2\ v, )’

where m is the mass of CO,, ¢ is the speed of light, kg is the Boltzmann constant, Avps is the full
width at half maximum for the final CO, measured by fitting a set of transient absorption signals
near the center peak to a Gaussian function, and vy is the center frequency of the absorption line.
Figure 2-4 displays the transient absorption signals distributed over the center of the absorption
line fit to a Gaussian function, along with a lab-frame translational temperature, Tians, for CO,
scattered into J = 70 (A vgps = 0.0079 + 0.0007 cm™: Tyrans = 1020 + 210 K). For comparison, the
CO; linewidth at 300 K corresponds to A vyps = 0.0042 cm™. Measured Doppler-broadened full
widths at half maximum (A veps) for the ro-vibrational transitions of CO, scattered into J=58—80
are listed in Table 2-2, along with equivalent lab-frame translational temperatures, center-of-

mass translational temperatures (7<°""), and the amount of J-specific translational energy gain

trans

(AE? ). TS is used to calculate AE?

trans trans trans

for CO,, following collisions with vibrationally hot

PFB and is obtained by

Tﬁff = ]—;rans(l T Meo, / M ppp )_ T (mco2 / M ppp ]’ (2)

J
trans

where m,, and m,; are the mass of CO, and PFB, respectively. AE; , is calculated from

J
AEtra ns

=3/2x k(T2 —T.,,) and employed to calculate average CO, translational energy gain.

trans

In general, Avops, Terans, 70, and AE?

trans trans

increase with the final CO, J state; although J = 62 is
off from the trend in this results, the trend works within experimental error. This trend is in good

agreement with AL = (h/zﬁ)A]:yAu,d<beﬂ>,2 which describes the relationship between the
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CO; (00°0;J=70) + hv (4.3 pm) = CO, (00°1;J=69)

0.010 |- AVeps = 0.0079+ 0.0007 cm™
Ttrans = 102()i 210 K

0.008 =

Aveps = 0.0042 cm*

0.006 Ttrans = 300 K

0.004

0.002

IR Transient Absorption Signals (Al/lo)

0.000

-0.015 -0.010 -0.005 0.000 0.005 0.010 0.015

Relative Frequency to the Center Frequency (cr)

Figure 2-4. Doppler-broadened line profile for the ro-vibrational absorption transition ((00°1;J=69) «
(00°0;J=70)) of scattered CO,, obtained from fitting fractional IR absorption signals distributed over the
center frequency of the absorption line to a Gaussian function. Fractional IR absorption signals (circles)
were collected over approximately 100 shots at 1 xs following a UV pulse and then averaged. The solid
line is the best non-linear least squares fit to a Gaussian function. The full width at half maximum (A vyys)
obtained from this fit is 0.0079 + 0.0007 cm™ corresponding to a lab-frame translational temperature,

Tirans, OF 1020 + 210 K. The dashed line represents Avyps = 0.0042 cm™ at 300 K for comparison.
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Table 2-2. Full width at half maximum (FWHM) for Doppler-broadened line shapes (Avips), * lab-frame

translational temperature (7, ),” center-of-mass translational temperature (

energy gain (AE

J
trans

excited PFB (E'= 41,611 cm™).

TC OM

trans

),¢ and translational

) for the final CO, (00°0;J = 58-80) following single collisions with vibrationally

CO; (00°%) PFBF + CO, (00°0) — PFBF™F + CO, (00°0;J)
Jina State Avips” (™) vans” () T © (K) AE,,, (cm”)
58 0.0071 + 0.0006 820 + 100 960 + 120 690
62 0.0063 + 0.0006 660 + 80 760 + 100 480
70 0.0079 + 0.0006 1020 + 100 1210 + 120 950
76 0.0085 + 0.0006 1200 + 110 1430 + 140 1180
80 0.0098 + 0.0006 1610 + 120 2000 + 160 1720

a Full width at half maximum (FWHM) for a Doppler-broadened line shape, measured by fitting IR
absorption signals for the transition of CO,(00°1;J-1) <~ C0,(00°0;J) at 1 s following 248 nm UV
excitation of PFB to a Gaussian function. IR absorption signals, distributed evenly near the center
frequency of the absorption, were collected and averaged over 100 shots. For comparison, the Doppler-
broadened full width at half maximum for CO, at 300 K is 0.0042 cm™.

b Lab-frame translational temperatures determined using Equation (1).

¢ Center-of-mass translational temperatures determined according to Equation (2).

d State-specific translational energy gain of the scattered CO, calculated from the formula

AE] =3/2xk(TY —T

trans trans cell) '
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recoil velocity change and the total angular momentum change in collisional energy transfer. In
this relationship, AL is the change of total angular momentum, AJ is the change of rotational
quantum number, Auvy is the change of relative velocity between pre- and post-collisions in

donor—bath center of mass coordinates, h is Plank’s constant, x is the reduced mass of donor and

bath, and <b > is the average effective impact parameter for collisions that populate in J =

e

58-80. That is to say, as AJ increases, Auvrg increases, which is observed as an increase in A vyps,

TM ‘and AE”.

trans ! trans

as shown in Table 2-2.

C. State-resolved energy transfer rate constants and scattering probabilities
The collisional energy transfer reaction between vibrationally excited PFB and CO is

represented by

PFB* + CO,—% > PFB* + C0,(00°0;J = 58 —80, ). ©)
In this reaction, E’ and AE are the initial donor energy following 248 nm UV absorption and the
amount of energy transferred to CO, in the collision, respectively. J is the final CO, rotational
state, V is the final recoil velocity of CO,, and k; is the state-resolved energy transfer rate
constant. The state-resolved energy transfer rate constant can be calculated using

o _ [CO, (00°0;J =58-80,V)],
? [CO,],[PFB® 15t

: (4)

where [CO,(00°0;J = 58 —80,1)], is the state-specific CO, density at 1 s (t) following a UV
laser pulse, [CO, ], is the initial bulk CO, number density, and [PFB" '], is the concentration of
vibrationally excited PFB molecules with the energy E’ prior to the collision, determined by the

number of absorbed UV photons. [CO,(00°0;.J,V)], is determined from the fractional IR
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transient signal at 1 zs (t) following a UV laser pulse. Energy transfer rate constants, &;, have
been calculated assuming that collisions between CO, (00°0) and PFBF are the dominant event
at early times. Other processes including diffusion of CO; out of the IR laser probe beam axis,
self-quenching of vibrationally excited donors, and other collisions processes are negligible
under these experimental conditions.®® The linearity of the early-time IR transient signals further
confirms that the effect of these other events can be neglected.” ®*® State-specific energy
transfer rate constants, k;, for single collisions between vibrationally excited PFB (E’ = 41,611
cm™) and CO, at 300 K are listed in Table 2-3. Figure 2-5 displays k; values for various
fluorobenzene—CO; collision systems as a function of the final CO, rotational state to explore the
dependence of &; on donor fluorination. Note that in this study &J values were obtained from
the fractional IR transient absorption signals at early times using Equation (4) as described
above. As can be seen in Figure 2-5, the increase in donor fluorination leads to larger &; values
with the exception of 135-TFB, which has the smallest & values. The exception of 135-TFB
will be discussed later.

State-specific scattering probabilities for collisions between PFBF and CO, are obtained
from the ratio of the state-specific absolute energy transfer rate constant to the Lennard-Jones
rate constant, P, = k; /k,,, and are listed in Table 2-3. The Lennard-Jones collision rate
constant, ky j, rather than the hard sphere collision rate constant, kyp, was used in calculating
scattering probabilities to compare with all previously obtained data using this technique. k;; for
collisions between PFB®’ and CO, at 300 K is 5.37x10™° cm®molecule™s™. Scattering
probabilities can be used to determine the average amount of translational energy gain of all

collisions that excite CO; into the J = 58—80 range according to
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Table 2-3. State-resolved energy transfer rate constants (kzj )* and scattering probabilities (PJ)b for the

process of PFBF + CO,(00°0) — PFBF™F + C0,(00°0;J,V).

CO, (00°0) PFBF + C0,(00°) — PFBEF + C0O,(00°0;J,V)
Jfinal State k;* (10" cm®molecule’s™) P’ (10

58 104+1.1 205+2.2

62 6.5+0.7 129+14

66 52+0.6 103+1.1

70 3.9+05 7.7+0.9

76 2.3+0.3 45+0.6

80 1.8+0.2 3.6+04

k) (10" cm®molecules™s™) 56.9

a State-resolved energy transfer rate constant, k7, obtained according to Equation (3).

b Scattering probability obtained by P, = k; / k,,. k,, isthe Lennard-Jones gas kinetic collision rate
constant defined as k,, = 7[(dco, + dypp0))/ 212[(8k, T/ (7)€, ,, where deo,=45A> d,,,,=53A
for PFB, k, is the Boltzmann constant, and x is the reduced mass of CO, and PFB. €, is the Lennard-
Jones well depth integral determined from Q,, =[0.636+0.567log( k,T/&,)]",* where the well depth
potential, &1, is obtained from &, = m Eprp [ ky = 435 K is obtained from

Epps [y =1.15x T, ,** where Ty is the boiling temperature of PFB, and &, /k,= 195 K is obtained
from Ref. 39. The Lennard-Jones collision rate constant, k, ;, at 300 K is 5.37x10™* cm®molecule™s™ for a
PFB—CO; pair.

¢ The integrated rate constant calculated by Sk, when J =58-80. k; values for J states not measured in

this study were obtained from the interpolation.
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Figure 2-5. State-specific energy transfer rate constants, k;, for collisions between various highly
vibrationally excited fluorobenzenes and CO, as a function of the scattered CO, rotational state. kzj for

all donor—CO;, collision systems were obtained according to Equation (3). Rate constants for other
fluorobenzene systems were obtained from Refs. 26, 25, 27, 28, and 4 for MFB, DFB isomers, Tri-FB

isomers, Tetra-FB isomers, and HFB, respectively.
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80 80
<AEtranS> = Z'P-/AE;’GIIS ZPJ : (5)

J=58 J=58
Figure 2-6 shows average translational energy gain of CO, in collisions with the various fluorobenzene

donors. (AE for MFB, DFB isomers, and 124-TFB is 1,450-1,650 cm™ while (AE, ) for the

tran. s>

remaining fluorobenzenes, except for 1245-TFB, is ~850 cm™. <AE for 1245-TFB is ~600 cm™. As

tmns>
can be seen in Figure 2-6, we can say that in general the increase in the number of fluorine atoms results
in a decrease in the average translational energy gain of CO..

If the change of average translational energy gain is related to the angular momentum
change in collision events, the relationship between the reduced mass of donor-CO; and
(AE,,,.) can be explained. The correlation between rotational angular momentum change and

translational energy change in collisions can be described classically according to

(h/27r)AJ=,uAuM<be_[f>. The rotational angular momentum change for CO, following collisions

with various fluorobenzenes are the same for the various fluorobenzene—CO, systems because
the same final states are included in each study and the average initial state, (,), is the same;
therefore, (h/27)AJ is a constant C for all the fluorobenzenes. However, the reduced mass
between fluorobenzene donors and CO, changes with the number of donor fluorine atoms. Thus

in order to account for the change in g, either <b or Auvres must change for collisions in the

e}7>
different fluorobenzene—CO, systems. We have calculated the impact parameter for various

fluorobenzene—CO, systems using (h/ 2m)AJ = ,uAuM<b

eff>; the impact parameters from MFB to

HFB with CO, range from 1.6 x 10 to 2.5 x 10™° m for collisions that result in population of

CO; in the high J tail. Note for each collision system <b¢”,> is nearly constant, ~2 x 10 m.
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Figure 2-6. Average translational energy gain of CO; in single collisions with vibrationally excited

fluorobenzene donors. <AE > for MFB, DFB isomers, 124-TFB is 1,450 — 1,650 cm™ and for the other

trans,

fluorobenzenes, except for (AE, ) of 1245-TFB, is ~850 cm™. For 1245-TFB (AE, ) is ~600 cm™.

trans trans,

The increase of donor fluorine atoms results in a decrease in <AEWS>.
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Assuming that the impact parameter is constant, the relationship between the change in the

reduced mass of donor—CO, and the change of Ao, can result in

rel
- = Azurel<b€ff> = ©)

where A? represents the difference of difference. According to equation (6), the increase of the

donor—CO, reduced mass results in a decrease in the relative velocity change (Av, ) during

rel

energy transfer collisions and hence a decrease of <AE This consideration is in good

agreement with the studies of Park et al."* and Liu et al."” Park and coworkers'* showed that
methylation of pyridine (considered as an increase of donor—CO, reduced mass) decreases total
average energy gain of CO, in V—RT collision energy transfer events; both rotational and
translational energy gain decrease with the methylation of pyridine. The study of Liu etal."” on

alkylation effect on strong collisions obtained similar results when considering the relationship

; T<%for pyridine is the highest (1,500-3,500

trans> trans

between donor-CO; reduced mass and (AE

K) and 75" for 2-methylpyridine, 2-ethylpyridine, and 2-propylpyridine are smaller and similar

trans

to each other (700-1,100 K).

D. Normalized energy transfer probability distribution function, P(E,E")

The energy transfer probability distribution function, P(E,E’), can be obtained from the
state-resolved rotational and translational energy gain information and absolute energy transfer
rate constants measured in these experiments, as described elsewhere.”® To convert
experimentally measured state-specific rotational and translational energy gain information to
total energy transfer amount (AE) employed in P(E,E’), the initial and final rotational states and

relative velocities for CO; are required. While the final rotational state and velocity distributions
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in this study are measured exactly, the initial rotational state and velocity can only be described
by a room temperature distribution. In some previous studies, a temperature dependence along
with an experimental gap law model was used to determine the average initial state and
velocity.” Because previous studies® have shown that the initial state is essentially constant
and that the change of that state has little effect on the total energy transfer within a small
uncertainty, we have used an average initial rotational state (<J;> ~ 28.7) obtained from our
previous studies.”?> The average initial velocity is still obtained using a velocity gap law model
with a Tee = 300 K initial velocity distribution. The energy transfer probability distribution
function, P(E,E’), can then be determined by resorting the state-indexed probabilities measured
in this experiment to the AE-indexed probabilities. Figure 2-7 displays P(E,E’) curves for
various fluorobenzene—CO; collision pairs. The areas under P(E,E’) curves for |AE| =
4,000-7,000 cm™ are slightly different for each pair, even though the total area is normalized for
all AE. The area for |AE| = 2,000—4,000 cm™ range is greatest for HFB, followed by PFB, while
the integrated probability for |AE| = 2,000-4,000 cm™ range is smallest for 135-TFB and second
smallest for MFB. This indicates that total energy transfer probability for |AE| = 2,000—7,000
cm™ is greatest for collisions with HFB and smallest for 135-TFB. Direct comparison of P(E,E’)
curves is difficult since we must specify a specific AE or range of AE to compare. Hence, the
total area for each system must be the same which requires that the probability in other AE
ranges for MFB or 135-TFB must be larger than the probability for HFB or PFB, making direct
comparison of P(E,E’) for various systems difficult.

To provide a means of direct comparison of P(E,E’), for different fluorobeznene donors

P(E,E") curves were fit to a bi-exponential function** *°
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Energy Transfer Probability, P(E,E") (1/crri1)
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(b)

Energy Transfer Probability, P(E,E’) (1/crﬁ1)

PFBF + CO, (00°0;J,) = PFBE"4F + CO, (00°0;J))

1x107°

1x10™*

1x10°

1x10®

Bi-exp. Fit

N\

Exp. P(EE") Data

N\

-7,000

-6,000 -5,000 -4,000 -3,000 -2,000 -1,000 0 1,000

Total Energy Transfer Amount, AE (cm'l)

Figure 2-7. (a) Experimentally measured energy transfer probability distribution functions, P(E,E"), for
energy transfer between various excited fluorobenzenes® (E' = ~41,000 cm™) and CO,. (b) The fit of the
energy transfer probability distribution function, P(E,E’), for collisions between excited PFBF and CO, to
a bi-exponential function. The noisy line is the experimentally measured P(E,E’) data and the solid line is
the best fit to a bi-exponential function. Experimental data and the best fit line agree over the range of

experimentally obtained data, AE = -2,000 — -7,000 cm™,
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P(E,E) :%{(1— f)-exp(—(Ea;E)j+ f -exp(—(E;yE)ﬂ forE'>E (7)

where « and yis the average “weak™ and ““strong (super)” energy transfer magnitude for
downward collisions, respectively, and f is defined as the strong collision fraction, when E' > E.
The experimentally obtained P(E,E") curves in this study cannot be accurately fit to a single
exponential function while maintaining normalization and detailed balance, as was the case for
previous fluorobenzene studies.” **® Figure 2-7b shows the evidence that P(E,E’) for AE = -
2,000 — -7,000 cm™ obtained from the present PFB—CO, experiments is accurately described by
a normalized bi-exponential function. The fit of the experimental P(E,E’) to a bi-exponential
function indicates that collisions between PFB and CO; can be described as consisting of two
types of collisions, strong (super) collisions, corresponding to large AE, and weak collisions,
corresponding to small energy transfer events. In this study the bi-exponential fitting of P(E,E’)
is used to (i) extract strong and weak collision energy transfer parameters from P(E,E") data, (ii)
directly compare super-collision energy transfer efficiency for various fluorobenzenevCO,
collision systems, and (iii) understand dynamics of donor fluorination effect on super-collision
energy transfer efficiency via the shape of P(E,E’). Parameters obtained from fitting the
experimental P(E,E") data to equation (7) for collisions between the fluorobenzene donors and
CO, are listed in Table 2-4, along with the donor initial anharmonic state density and the number
of low frequency vibrational modes < 500 cm™. Note that the parameters in Table 2-4 are only
for downward collisions.

Direct comparison of P(E,E’) for different donor molecules can be the performed using

the bi-exponential fit parameters for downward collisions (¢, y, and f). As seen in Table 2-4, as
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Table 2-4. Downward collision bi-exponential fit parameters (7, o, f ¢, and » x f ) for experimental data, the pre-collision anharmonic state

density (p(E’)),° and the number of low frequency vibrational modes < 500 cm™ (s)" for various fluorinated benzene donors.

Donor yiem™) o’ (em?) fe yx £ (cm?) AE")° s'<500 cm™
MFB?® 1924 298 0.03 59.7 2.0 x 10% 4
12-DFB* 1850 343 0.06 111.0 4.3 x 10" 5
13-DFB? 2061 295 0.03 61.8 7.6 x 10" 5
14-DFB? 2408 294 0.03 72.2 8.0 x 10" 6
123-TFB* 1821 377 0.051 92.9 1.3 x 10" 7
124-TFB° 1727 349 0.047 81.2 2.6 x 10" 7
135-TFB* 2056 341 0.014 28.8 1.4 x 10%° 7
1234-TFB? 1796 391 0.055 98.8 4.1 x 10% 8
1235-TFB? 1886 376 0.046 86.8 1.2 x 10% 8
1245-TFB? 1617 380 0.047 76.0 3.5 x 10% 10
PFB 1504 487 0.115 173.0 1.9 x 10% 11

HFBY 1411 620 0.150 211.7 3.0 x 10% 13




Table 2-4. Continued.

a Average strong energy transfer amount determined from the bi-exponential fit of the experimental
P(E,E’) data for downward collisions between donors and CO,.

b Average weak energy transfer amount determined from the bi- exponential fit of the experimental
P(E,E") data for downward collisions between donors and CO,.

c Strong collision fraction determined from the bi- exponential fit of the experimental P(E,E") data for
downward collisions between donors and CO..

d Super-collision energy transfer efficiency determined from y x f.

e The anharmonic vibrational state density for the fluorobenzenes with the initial energy E’ following 248
nm photon absorption, obtained from Wang-Landau Random Walk Algorithm.**“® The anharmonic
vibrational state density for molecules with more than 4 atoms was calculated using ADENSUM code,
MultiWell-2010 program.”® The anharmonicity for various fluorobenzenes was calculated using B3-LYP
DFT and a cc-pvqz basis set in Gaussian03 program.” Geometry optimization was performed prior to the
vibratioinal calculations using NWChem, B3-LYP and a cc-pvqz basis set.

f The number of low frequency vibrational modes < 500 cm™ for fluorobenzenes.

g Data for MFB, DFB isomers, Tri-FB isomers, Tetra-FB isomers, and HFB are obtained from Refs. 26,

25, 27, 28, and 43, respectively.
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the number of fluorine atoms in fluorobenzene donors increases, y decreases while « and f
increase except between MFB and some DFB molecules. The decrease of (AE, ) and (AE, ),
described previously, with the increasing number of fluorine atoms correlates with y, which can
be thought of as strong collision energy transfer amount parameter, because these both yand
average energy transfer changes ((AE,,,) and (AE,,) ) are directly obtained from strong
collision energy transfer measurements in this work.

The decreasing pattern of strong (super) collision energy transfer amount () must be
considered with strong collision fraction (f) for energy transfer efficiency. As can be seen in
Figure 2-7 and Table 2-4, the P(E,E’) curves with the largest value of ydo not necessary have the
largest value of average energy transfer, <AE> due to a small probability of strong collisions

indicated by f. Thus, a large ywith small f or a large f with small »does not translate to a large
value of super-collision energy transfer or a large super-collision energy transfer efficiency.
More fluorine atoms in the fluorobenzene donors generally result in a decrease of vibrational

frequency of the molecule’s local modes since C—F bond motion has a smaller frequency than
C—H motion (v=1/2x-/k/u where vis the vibrational frequency, k is the force constant, and u

is the reduced mass). The studies of Clary et al.,** ** Lendvay et al,* >* and our previous

studies®*%°

indicated that lower frequency donor modes strongly affect energy transfer efficiency
since it appears that energy transferred in collisions leaks out of a few low frequency donor
modes in collisions with the bath. These studies also suggested that the increase in the number
of low frequency modes leads to an increase of super-collision energy transfer efficiency. In

other words, we suggest that the donor fluorination correlates to super-collision energy transfer

efficiency.
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As discussed in our previous MFB study,?® the average energy gain amount, <AE>, can
be obtained by summing the product of the state-specific probability (P;) and change in energy
(AE;), such as ZAE;P;. Using this concept, average super-collision energy transfer amount can be
estimated by multiplying strong collision magnitude () with strong collision fraction (f) because
the measurements of this work were performed in strong collision energy transfer region (AE =
2,000-7,000 cm™). The previous studies of MFB—CO; collisions® and Lenzer et al.>* on
benzene— or HFB—atom collisions showed that the donor fluorination increases the average
energy transfer amount in collisions and the average energy transfer amount is correlated with
energy transfer efficiency. That is, the average super-collision energy transfer amount (= y x f)
can be used in this study to represent the super-collision energy transfer efficiency.

Super-collision energy transfer efficiency (y x f) is also listed in Table 2-4. Figure 2-8
shows that as the number of fluorine atoms in the donor increases, the super-collision energy
transfer efficiency also increases, except for the 12-DFB and 135-TFB systems. This trend
corresponds to the quantum scattering and classical trajectory studies of Clary et al.** ** and

Lendvay et al.*> >

in that the substitution of hydrogen atoms to fluorine atoms in the donor
results in the increase in the number of low frequency modes, which leads to larger energy
transfer cross section and thus greater efficiency for collisional energy transfer. As seen in
Figure 2-8, the increasing energy transfer efficiency as a function of the number of fluorine
atoms in the donor has two regimes; one gradually increasing (MFB to TetraFB) and the other
steeply rising (PFB to HFB). The two different growing patterns seem to relate with the

electronic excited state (S;) characteristics for fluorobenzene group that will be discussed in

section E.
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Donor® + CO, (00°0) = Donor®** + CO, (00°0;J=58~80)
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Figure 2-8. Super-collision energy transfer efficiency (y x f) plotted as a function of the number of
fluorine atoms in the fluorobenzenes. This efficiency, obtained from the average super-collision energy
transfer magnitude, , and the “fraction” of strong collision, f, shows a gradual increase from MFB to the
Tetra-FBs and a steep rise from PFB to HFB. Only the results for 12-DFB and 135-TFB data do not lie in

the trend line.
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The correlation between P(E,E’) shape (the energy dependence of P(E,E’)) and donor
fluorination can also be investigated using the bi-exponential fit parameters. We have
investigated the relationship between the shape of P(E,E’) and donor physical property
parameters in our previous studies.”*® We observed that energy dependence of the donor state
density is linearly related to the shape of P(E,E’), defined by 1/yand 1/« in our previous studies.
This relationship is also shown in this work as displayed in Figure 2-9 and verifies that our
fluorobenzene—CO; collision energy transfer studies satisfy Fermi’s Golden Rule of collisional

energy transfer following as

. 2
P(EE) = (v Ay )| PE)P(ED. ®)

where p(E") and po(E) are the density of states at the initial energy E' and the final energy E,

respectively, H is the perturbation operator governing collisional energy transfer in aspect of

donor molecules, and <z,//f ‘I—] ‘z//i> is the matrix element that describes the transition between the

initial and final states. In other words, the linearity of the data displayed in Figure 2-9 indicates
that the change of donor state density with AE is correlated to the change of P(E,E’) with the
amount of energy transferred, AE.

Furthermore, to elucidate the effect of donor fluorination on P(E,E"), Figure 2-10 displays
the plots of (a) the number of low frequency modes and (b) the donor state density versus the
number of fluorine atoms in the donor. Figure 2-10 shows that the number of fluorine atoms in
the fluorobenzenes is linearly proportional to the number of low frequency normal modes and
exponentially proportional to the donor state density. In the MFB—CO, collision study,”® we
suggested that the low frequency, bending motion modes govern super-collision energy transfer

because the increase of fluorine atoms results in an increase of the number of low frequency
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Relationship between Donor's State Density Shape
and P(E,E") Shape
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Figure 2-9. Correlation between donor state density and P(E,E’) using the energy dependence.
Relationship between the shape of P(E,E’) (determined as 1/« and 1/y) and energy dependence of donor
state density for fluorobenzene—CO, systems is linear. Thus, the energy dependence of P(E,E’) on energy
transfer amount (AE) resembles the energy dependence of the donor state density on AE, according to
Equation (8). Squares and circles represent the reciprocal weak and strong collision energy transfer

magnitudes, respectively, obtained from the fit of P(E,E") to a bi-exponential function.
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Figure 2-10. The plot of (a) the number of low frequency normal modes (< 500 cm™) in each
fluorobenzene donor and (b) the donor initial state density (o(E")) as a function of the number of fluorine
atoms in the fluorobenzene donors. Circles in (a) represent the number of low frequency normal modes
with frequency < 500 cm™ for each fluorobenzene. Circles and squares in (b) represent the donor initial
density of states and the logarithm-scaled initial state density, respectively. In (a) we can see that the
number of low frequency modes increases linearly with the number of fluorine atoms, while in (b) we
observe that the donor initial density of states at energy E’ exponentially increases with the number of

fluorine atoms.
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modes followed by the rise in donor state density, which influences on the shape of P(E,E’).
This notion is supported with the results obtained from all the fluorobenzene donors from MFB
to HFB in single collisions with CO, as shown in Figure 2-8, 2-9, and 2-10: the increase in the
number of fluorine atoms leads to an increase in the number of low frequency normal modes,
which in turn leads to the exponential-increase of the donor state density, resulting in the
exponential-increase of super-collision energy transfer efficiency. Simply, the fluorination of

donors results in the exponential-increase of super-collision energy transfer efficiency.

E. Excess excitation energy dependence of S;—Sg* IC and connection with super-collision

energy transfer efficiency
The plot of super-collision energy transfer efficiency shown in Figure 2-8 has a similar
exponential shape to the plot of donor initial state density as the number of donor fluorine atoms
seen in Figure 2-10b: namely a gradually increasing shape from MFB to Tetra-FB and a steeply
increasing shape from PFB to HFB). This result may be related to the nature of electronic states

for the fluorobenzenes. The study of Zgierski et al.**

suggested and verified that the first
electronically excited state (S;) of fluorobenzenes with 1-4 fluorine atoms has ©* character (7*
<« m), while the S; state for PFB and HFB has o* character (c* <— «). The different S; character
originates from large electronegativity of the fluorine atoms, which causes electron density to be
localized around the F atoms. In other words, during the S;<—Sy transition, electrons are more
likely to be promoted to the o* orbitals localized on C—F bonds in donors with more fluorine
atoms, rather than to the t* orbitals of the benzene ring. Their study seems to be related to

super-collision energy transfer efficiency, which changes slowly for the fluorobenzenes with 1-4

fluorine atoms and change rapidly for donors with 5 or 6 fluorine atoms. If these results are
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related, how are the first electronic excited states (S;) of fluorobenzenes connected to super-
collision energy transfer efficiency in single collisions with CO,? From the viewpoint of
collisions, it is known that CO, bath molecules collide with highly-vibrationally excited
fluorobenzenes in Sp* (the vibrationally excited electronic ground state), provided by rapid
internal conversion (IC) from S; to S¢*, tic = ~10™'s. Meanwhile, single collisions between
CO; and fluorobenzenes in Sp* have a mean gas kinetic collision time of ~4 us at 20 mTorr and
300 K. The short lifetime of the S; state and long the x5 scale collision time do not seem to be
connected.

To investigate the connection between S; state of fluorobenzenes and collisions with
CO,, the rate constant, k¢, for internal conversion (IC) from S; to Sp* of aromatic molecules is
obtained from Fermi’s Golden Rule of time-dependent perturbation theory according to

47
ke =——

I
h 1°0

2

Cp(E) 9)

(20

where h is Plank’s constant, ¥ _ is the electronic matrix element for IC from S; to So* state,

< X ;(SD> is the vibrational overlap integral between S; and Sy* states, whose square is the Frank-

Condon factor, and p(E’) is the density of states in the So* state. In equation (9), the IC rate
constant is directly proportional to the density of states (o(E')) for aromatic molecules in Sy*, the
same as the initial state of the donor in single collisions between vibrationally excited donors and
CO; at 300 K. Based on the similarity of the exponential shapes of super-collision energy
transfer efficiency (Figure 2-8) and the donor initial state density (Figure 2-10b), as well as the
use of Fermi’s Golden Rule (equation (8) and (9)) for both properties, we expect that S;—Sp* IC
rates are connected to super-collision energy transfer efficiency through the donor Sp* state

density.
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Before investigating the connection between S;—Sp* IC and super-collision energy
transfer efficiency, we must consider the possibility of collisions between CO, and
fluorobenzenes in states different from Sp*. The donor state prior to collision with CO, may be
S1, T (the first triplet electronic excited state), or Sy (the electronic ground state after
fluorescence) other than Sg*. In considering collisions between CO, and donors in various
electronic states, keep in mind that that our measurements are performed at 1 x5 (a single
collision time scale) following a UV pulse. For the S; state, most fluorobenzenes in S; can be
ignored at 1 xs because of rapid IC and ISC (intersystem crossing from S; to T;) that occur at
~10™ sand ~107 s, respectively; thus, collisions between fluorobenzene in S; and CO, can be
ignored at 1 5. Although collisions between CO, and fluorobenzenes in Ty occur, collision
energy transfer from T, of fluorobenzenes to CO, can be neglected due to the small T,
population. For Sy state produced by fluorescence (~107 s lifetime), significant amounts of
energy from donors to CO, cannot be transferred because the fluorescence quantum yield for the
fluorobenzenes is negligible compared with the IC quantum yield from S; to Sp*. In addition,
CO; can collide with photodissociated products following donor UV absorption. Collisions
between fluorobenzene photoproducts and CO, do not affect our measurements because it is
known that fluorobenzene photodissociation lifetime at 248 nm is much greater than 1 s and the
photoproduct quantum yield is very small.® However, the sum of all possible collisions between
fluorobenzenes in states other than Sp* and CO, can decrease super-collision energy transfer
efficiency between donors and CO,. As a result, we conclude that as the S;—Sp* IC efficiency
relating with the donor state density increases, the super-collision energy transfer efficiency also

increases.
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Based on the relationship between S;—Sp* IC rates and the donor initial state density
influence of super-collision energy transfer efficiency, we suggest that the larger the S;—Sp* IC
efficiency, the greater the super-collision energy transfer efficiency. According to the studies of
Lim,>* Hsieh et al.,”® °” and Huang et al.,>® IC rates exponentially or abruptly rise with increasing
excess vibrational excitation energy. In studies on a number of aromatic hydrocarbons including
fluorene, naphthalene, and phenanthrene, Hsieh et al.”” and Huang et al.”® verified that excess
vibrational excitation energy dependence of IC (=dInk,./dE , ) rate is linearly related to the
S1¢<-Sp excitation energy; in these, the S;—Sp* IC rate is exponentially proportional to excess
vibratoinal excitation energy (or excitation energy of the S;<—Sy transition: E"). Therefore, we
propose that excess vibrational excitation energy in S; affects S;—Sp* IC efficiency, which
correlates with the density of states in Sp* according to Fermi’s Golden Rule (equation (9)).

To examine the connection between excess vibrational excitation energy (AEyip), S1—So*
IC efficiency, and super-collision energy transfer efficiency for fluorobenzene—CO, pairs, UV
excitation energy of S;,0 «— S,0 transitions for various fluorobenzenes (AEy.o) is listed in Table
2-5, along with oscillator strength (&), UV excitation energy at 248 nm (E’), and excess
vibrational excitation energy at 248 nm (AE,i, = E' — AEq.o). UV excitation energies of
S1,0¢-S,,0 transitions for various fluorobenzenes (AEq.o) were obtained from the report of Philis
et al.*” through UV absorption measurements. UV excitation energy at 248 nm (E’) was obtained

by summing thermal energy per vibrational mode (= Z V,/(e)q)(vi/kT)—l)) at room

temperature and 248 nm photon energy (40,323 cm™). In this equation, v; is the vibrational
frequency for the i mode. Figure 2-11 shows the plots of super-collision energy transfer

efficiency and excess vibrational excitation energy as a function of the number of fluororine
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Table 2-5. UV excitation energy (AEq)® from the ground vibrational level of the electronic ground state (S,0) to the ground vibrational level of
the first electronically excited state (S;,0), oscillator strengths (g)” of the lowest singlet—singlet transitions (Bau—Ayg: m*¢m), UV excitation

energy at 248 nm (E’)," and excess vibrational excitation energy (AE.;,)" for various fluorobenzenes.

¢0T

S0,0—S,,0 Transition UV Excitation Energy Excess Vibrational Excitation Energy
Donor
AEoo" (cm™) e E’° at 248 nm (cm™) AE.i” (cm™)
MFB 37,819 0.007 40,843 3,024
12-DFB 37,827 0.008 41,025 3,198
13-DFB 37,908 0.007 41,011 3,103
14-DFB 36,835 0.020 41,019 4,184
123-TFB 41,276
124-TFB 37,126 0.018 41,200 4,074
135-TFB 38,529 0.0017 41,192 2,664
1234-TFB 41,274
1235-TFB 37,965 0.0093 41,403 3,438
1245-TFB 36,601 0.023 41,395 4,794
PFB 36,295 0.0075 41,611 5,316

HFB 34,521 0.0022 41,822 7,301




Table 2-5. Continued.

a UV excitation energy of Sy,0—S1,0 transitions for various fluorobenzenes obtained from Ref. 30.
Measurements for UV excitation energy of Sy,0—S1,0 transitions for various fluorobenzenes were
performed using a UV absorption spectrometer with a hydrogen light source.

b Oscillator strength for the lowest singlet—singlet transition ( S1(Bau)<—So(A1g): m*«—n ), obtained from
Ref. 30.

¢ UV excitation energy (E') at 248 nm employed in this study, determined by adding the thermal energy

(= Z v, /(exp(v,/kT)—1)) at room temperature and the 248 nm photon energy (40,323 cm™) for

=1
various fluorobenzenes.

d Excess vibrational excitation energy obtained by subtracting UV excitation energy of the Sy,0—S,,0

transitions (AEq.q) from UV excitation energy at 248 nm (E") for fluorobenzene donors, AE,i, = E' — AEq..
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The shapes of Super-Collision Energy Transfer Efficiency
and Excess Excitation Vibrational Energy at 248 nm
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Figure 2-11. Relationship between super-collision energy transfer efficiency and excess vibrational
excitation energy, and the number of fluorine atoms in the fluorobenzenes. Squares are excess vibrational
excitation energy at 248 nm (AE,;,) and diamonds are super-collision energy transfer efficiency (y x f) for
fluorobenzene donors in collisions with CO,. The dashed line is the fit of both squares and diamonds to
an exponential function. The shape of both super-collision energy transfer efficiency and excess
vibratioanal excitation energy versus the number of fluorine atoms in donors mirrors one another. Energy

transfer collisions in the 135-TFB—CO, system have the smallest super-collision energy transfer

efficiency (v x f) as well as the smallest amount of excess vibrational excitation energy at 248 nm (AE, ;).
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atoms in fluorobenzene donors. Both plots in Figure 2-11 seem to have an exponentially rising
shape with the increasing number of fluorine atoms. The similar results of these two plots
support the correlation between super-collision energy transfer efficiency and IC rate efficiency
through excess vibrational excitation energy. Therefore, excess vibrational excitation energy
correlates with super- collision energy transfer efficiency measured in this work. In addition, the
reason why super-collision energy transfer efficiency for 135-TFB is smallest of the
fluorobenzenes as seen in Figure 2-8 can be explained by the fact that it has the smallest amount
of excess vibrational excitation energy, as shown in Figure 2-11 and Table 2-5. The small excess
vibrational excitation energy for 135-TFB results in the smallest IC efficiency, which is
correlated to the smallest donor state density in So* of the fluorobenzenes. This correlation
between excess vibrational excitation energy and super-collision energy transfer efficiency
allows us to conclude that excess vibrational excitation energy affects S;—Sp* 1C efficiency and
the donor state density, hence excess vibrational excitation energy finally influences super-
collision energy transfer efficiency which is dependent on the density of states. This result
suggests that the first singlet electronic excited state, Sy, of fluorobenzenes is in fact connected to
super-collision energy transfer events via S;—Se* IC efficiency and the Sy* state density. Our
conclusion in this study can be used to explain the results of the study of Lendvay et al. on a

SO,—Ar collision system.>® They showed that energy transfer efficiency, represented by the
average energy transfer amount (<AE> ), increases linearly when the donor has low energy and

quadratically when the donor possesses energy close to the dissociation threshold. In other

words, as the AE,;, increases, the <AE> increases much more than linear. Briefly, the influence

of electronically excited states (S1) on super-collision energy transfer efficiency can be explained
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as follows: excess vibrational excitation energy leads to an increase of S;—Sy* IC rate that is

related to the density of states, which influences super-collision energy transfer efficiency.

F. The effect of bending modes with low frequency on super-collision energy transfer

We have suggested that the increase in the number of fluorine atoms results in an
increase of super-collision energy transfer efficiency via the density of states due to an increase
in the number of low frequency modes and the IC rate. In addition, in the MFB study?® we
suggested that the modes with bending type character (in addition to the low frequency) play a
significant role in super-collision energy transfer. In Table 2-6, all normal modes with a
frequency < 500 cm™ for all the fluorobenzenes are listed using Wilson notation.”® Table 2-6
also contains the total number of bending motion modes with low frequency. The total number
of bending motion modes with low frequency follows the order of HFB (11) > PFB (10) >>
TetraFBs (6.7) > TriFBs (6) > DFBs (5) > MFB (4). This pattern is similar to super-collision
energy transfer efficiency and the excess vibrational excitation energy in Figure 2-11: a steady
increasing shape for MFB—TetraFBs and a suddenly increasing shape for PFB to HFB. Based on
these similarities, we suggest that low frequency, bending motion modes are strongly correlated
to super-collision energy transfer. The study of Lendvay™ on collision relaxation of highly
vibrationally excited CS; indicated that the bending mode of CS; has a higher collisional energy
transfer efficiency than the stretching modes. Our observation relative to the low frequency
bending mode effect in this present study is in good agreement with Lendvay’s study35 and our

previous study related to energy transfer and photochemistry of pyrazine.®
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L0T

Table 2-6. Fundamental low frequency vibrational modes with v< 500 cm™ along with a motion assignment for low frequency modes for various

fluorobenzenes.

The number of the fluorine-atom position in fluorobenzenes

ot 1° 12° 13° 14°° 123° 124° 135° 1234 1235 12457 12345°  123456"
4 (00) 169 158 249

5 (0B) 205

6a (7) 451 480 500 459 458 485 275 264

6b (7) 500 487 438 264

9%a (B) 330 310 358 326 310 280 470 443

9 (B) 440 440 441 326 291 334 431 443
10a (0f3) 275 251 210 358 250 374 258 417 391 370
10b (0p) 198 230 375 280 259 250 276 368 295 323 370
11 (op) 249 162 206 194 215

12 () 279

15 (B) 287 478 349 280 261 258 299 275 208
16a (001) 414 422 142 175
16b (001) 498 450 458 455 456 206 175



80T

17a (0B) 156 140

17b (0B) 140 139

18a (B) 350 325 346

18b (B) 400

20a (B) 327 315

20b (B) 304 315
Tot. bending # 4 5 5 5 6 7 5 7 8 10 11

Tot. # 4 5 5 6 7 7 8 8 10 11 13

: out-of-plane motion

: C—F bending (or deformation) motion

- Wilson notation*® expression for fundamental vibrational modes.
: Vibrational frequencies for MFB obtained from Refs. 61-65.
: Vibrational frequencies for DFB isomers obtained from Refs. 62-66.

: Vibrational frequencies for 14-DFB obtained from Ref. 51.

vy : C—F stretching motion

: Vibrational frequencies for TriFB isomers obtained from Refs. 62-65.

: Vibrational frequencies for TetraFB isomers obtained from Refs. 62-65, 67-70.

- Vibrational frequencies for PFB obtained from Refs. 62-65, 70-72.

: Vibrational frequencies for HFB obtained from Refs. 62-65, 73, 74.

o : C—C ring bending (or deformation) motion



IV. Conclusion

The study of collisions between highly vibrationally excited PFB and CO, has been
performed here to understand the effect of donor fluorination on collisional energy transfer.
Fractional IR transient signals measured using a high-resolution (Av= 0.0003 cm™) CW IRdiode
laser were employed to obtain state-specific rotational populations and translational temperatures
of CO, scattered into 00°0;J = 58—80 states by single collisions with hot PFB. The average
rotational energy gain of CO,, <AE,> was obtained from a Boltzmann distribution plotof
rotational population for the scattered CO; in the J=58-80 states. (AE,,,) decreases with
increasing the number of fluorine atoms for all fluorobenzenes. Doppler-broadened full widths
at half maximum (FWHM) for each final CO, rotational state were measured to calculate
translational energy gain of post-collision CO,. Large post-collision CO; translation
temperatures for J = 58-80, obtained from FWHM measurements, indicate that CO, gains a large
amount of translational energy in single collisions with hot PFB. The average translational

energy gain of CO;, ((AE,,,.)), obtained from state-specific translational temperatures and

ans)
scattering probabilities, also has a decreasing trend with the increase in the number of the
fluorine atoms. We suggest that this decreasing pattern of (AE) (=(AE,,,)+(AE,,,.)) originates
from the increase in the number of low frequency vibrational modes in the donors and the
reduced mass of a donor—bath system. The number of low frequency vibrational modes in the
donors is directly correlated with the increase of fluorine-atom number and the reduced mass

may affect rotations and translations of bath molecules after collisions according to

AL =(h/27)AJ = uAv,,(b,,). In contrast, we observed that overall super-collision energy

transfer efficiency increases with increasing the number of fluorine atoms. The energy transfer
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probability distribution function, P(E,E’), was determined by resorting state-indexed probabilities
to AE dependent probabilities. P(E,E") curves were fit to a bi-exponential function to extract
weak and strong collision energy transfer parameters. We found that donor state density
correlates to super-collision energy transfer efficiency by using Fermi’s Golden Rule related to
the shape of P(E,E’) and the S;—Sp* IC rate. We also observed that excess vibrational excitation
energy in S; for fluorobenzenes is closely related to super-collision energy transfer efficiency by
the S;—So* IC rate.

Therefore, we propose that the electronic excited state (S;) for fluorobenzenes plays an
important role in super-collision energy transfer via the S;—Sy* IC rate related to the density of
states. Furthermore, we observed that fluorobenzene bending modes with low frequency
influence super-collision energy transfer efficiency by increasing the average super-collision
energy transfer amount, (¥ x f). As a result, the flow diagram of the donor fluorination effect on
super-collision energy transfer efficiency is suggested in Figure 2-12. Figure 2-12 shows that
increasing the number of fluorine atoms in the donor increases the number of low frequency
bending modes as well as the S;—Sy* IC rate, which result in increasing donor state density in
So* and hence, the increase in the number of fluorine atoms finally leads to an increase of super-

collision energy transfer efficiency.
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Figure 2-12. Flow Diagram of donor fluorination effect on super-collision energy transfer efficiency.
This diagram shows that donor fluorination influences super-collision energy transfer efficiency by
increasing excess vibrational excitation energy and decreasing local vibrational frequency, resulting in the

increase of donor state density (o(E')) at So* state.
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Chapter 3

Vibrational Relaxation Dynamics of Highly Vibrationally Exited Pyrazine in Single
Collisions with N,O: I. Rotational and Translational Energy

Gain of N,O in the High J Tail (J=59-75)
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I. Introduction

Highly activated molecules undergoing chemical reactions have long been a focus in
combustion, environmental, surface, and biological chemistry due to their impact on reaction
mechanisms and product yield efficiency. Activated molecules have also been of interest in the
study of collisional energy transfer processes since the 1920’s when Lindemann and
Hinschelwood recognized that collisional processes could account for activation and deactivation
of species undergoing unimolecular chemical reactions." > Experiments designed to measure
energy loss of activated molecules in collisions with bath molecules have been performed using a
variety of spectroscopic methods including time-resolved IR fluorescence (IRF),** UV
absorption (UVA),” and kinetically controlled selective ionization (KCSI).”® While these studies
provide the average amount of energy transfer and the energy transfer probability distribution
function, P(E,E’), using KCSI, state-specific vibrational, rotational, and translational energy
transfer information is required to understand the collisional energy transfer mechanism.

Recently, our group®™® and the Mullin group®** have studied collisional energy transfer
between a variety of highly vibrationally excited donors and room temperature CO, bath
molecules by measuring bath energy gain using the transient high-resolution IR probing
technique developed by Flynn and coworkers.”* In these bath energy gain studies we have
found that physical properties of donor molecules, such as mass, permanent dipole moment, state
density, the number of low frequency vibrational modes, and excess excitation energy in an
electronically excited state, strongly influence bath energy gain efficiency in collisional energy
transfer.

In addition, there has been interest in understanding how the properties of bath molecules

in collisions with hot donors influence the kinetics and dynamics of energy transfer. A number
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of theoretical and experimental studies have been performed and compared to investigate the

1.>" have

effect of bath physical properties on collisional energy transfer. For example, Li et a
studied collisional relaxation of highly vibrationally excited pyrazine by CO; using classical
trajectory calculations (CTC). They observed that moment of inertia of the bath molecule
strongly governs energy partitioning into bath rotations and translations. Through simulation for
collisions of pseudo-linear H,0O, -linear HOO, and CO; with pyrazine, they proposed that
translational energy gain of bath increases with the increase of moment of inertia for bath.
Zalesskaya and coworkers™ have experimentally studied the effect of the reduced mass of a
collision complex on collisional energy transfer using a time-resolved IRF method. They
reported that increasing the reduced mass of the collision complex decreases collision energy
transfer probability. They also noticed that the complexity and mass of bath molecules have
negative effect on V—T energy transfer by comparing results of collision systems composed of
various donors (acetophenone, benzophenone, and anthraquinone) and bath molecules (Ar, CoHy,
SFs, CCly, and CsHyo). Miller and Barker® have experimentally studied collisional deactivation
of excited pyrazine in collisions with various bath molecules (19 bath gases) by measuring

energy loss of pyrazine. In contrast to Zalesskaya’s work, they observed that increasing bath
mass increases the average energy transfer amount, <AE> ,» inagreement with the calculations of
Li et al.”” As noted previously, donor loss studies do not provide detailed information about the
dynamics of energy transfer and may not provide the detailed information necessary to
sufficiently correlate bath molecule properties with energy transfer efficiency.

Mullin and coworkers, measuring state-specific bath energy gain, have reported
experimental results on vibrational relaxation of pyrazine (E’ = 38,900 cm™) in collisions with

H,0? and DCI,* and have compared these results with the results obtained from the study of
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CO, energy gain in collisions with pyrazine.'® In the H,O—pyrazine study, Fraelich et al.*’
discussed the attractive interaction between the electron-rich-n-cloud of pyrazine and the large
permanent dipole moment of water and how the rotation frequency per collision affects V—>T
energy transfer amount. They suggested that the increase of attractive interaction between donor
and bath decreases the V—T energy transfer amount resulting in the overall decrease of overall
V—RT energy transfer, while the increase of rotation frequency due to bath moment of inertia
results in more contact of hydrogen atoms with pyrazine and leading to probable rotational
energy gain of H,O. In the DCl—pyrazine study, Li et al.>” explored the effect of angular
momentum and electrostatic attraction between donor and bath on collision energy transfer.
Using the results of CO,—, H,O—, and DCl—pyrazine systems, they concluded that two factors are
most responsible for collision energy transfer efficiency. First, they found that bath moment of
inertia relating to mass affects bath angular momentum change (AJpan) and ends up with
governing relative velocity change (Auvre). Second, they suggested that collisional dynamics,
including relative rotational motion, long-range attractive interaction, and availability of reaction
pathways, strongly correlates with energy partitioning into bath molecules.

In this study, we explore a variety of bath physical properties that potentially influence
translational and rotational energy gain of N,O in vibrational relaxation of hot pyrazine and
elucidate the effect of bath physical properties on energy transfer in particular P(E,E) by
comparison with bath energy gain results of previous CO,—,** H,0—,%° and DCl—pyrazine®
studies. While Li et al.*® have compared the energy gain results of CO,, DCI, and H,0 with a
pyrazine donor, those three bath molecules have very different physical properties, including
mass, structure, moment of inertia, the number of vibrational modes, and so on, which make it

difficult to interpret which property is more responsible for influencing collision energy transfer
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both in terms of amount and probability. The choice of N,O in this work gives us a good
standard to discuss the dominant bath physical factors that govern collision energy transfer
efficiency because N,O and CO; have many similar properties (isoelectronic configuration, same
mass, same structure, same number of vibrational modes) with slight differences (different
permanent dipole moment: N,O = 0.166 D while CO, = 0 D). This study is mainly aimed to
investigate the effect of each bath physical property on rotational and translational energy gain
results of bath molecules and determine which physical property is more significant in

supercollision energy transfer efficiency.

Il. Experimental

The experiments presented here to study the vibrational relaxation of highly vibrationally
excited pyrazine in single collisions with N,O in the vibtationally ground state have been
described in detail elsewhere;® therefore, only a brief description is presented here. A 1:1
mixture of gas phase pyrazine and N,O with a total pressure of 20.0 mTorr flows through a 300
cm collision cell at 300 K. 248 nm UV light (1 Hz pulse) generated from a KrF excimer laser
(Lamda Physik Complex 201) is propagated collinearly with a IR probe beam into the collision
cell to excite pyrazine molecules via the S,<—S, electronic transition followed by rapid
radiationless internal conversion into vibrationally excited states of the electronic ground level,
Se*<S,. UV power density to excite pyrazine was maintained at 4~6 mJ/cm? to ensure single
photon absorption.** A tunable CW IR diode laser (Laser Components) with 0.0003 cm™
resolution, which generates photons at 4 = ~4.6 pm, was used to probe the anti-symmetric
stretching ro-vibrational transition (00°1;J+1 « 00°0;J = 59-75) of N,O scattered by collisions

with hot pyrazine (E’' = ~41,000 cm™). After passing through the collision cell the IR beam is
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focused into a single grating monochromator (Acton Research Corporation, SpectraPro 500i) to
select a single laser mode and onto a liquid-nitrogen-cooled (77 K) InSb diode detector (Judson
Technologies). The combined rise time of the detector and pre-amplifier (Perry Amplifer, 100 ns
rise time) is ~400 ns, shorter than mean gas collision time, 4 xs. The IR signal is amplified and
recorded by a digital oscilloscope (LeCroy LT364, 500 MHz) using a dual channel technique.”*
The IR transient absorption signal, collected at 1 x5 (1/4 the mean gas kinetic collision time)
after every UV pulse, is obtained from a ratio of AC (Al) to DC (lo-Al) signals, Al/(lo-Al); the
fractional IR transient absorption signal for calculating the scattered N,O number density
corresponds to Al/ly (=1—exp(—apl)), where « is the absorption coefficient, p is the density of

the probed molecule, and | is the collision cell length. This dual-channel method is also useful to
stabilize short-term drifts in IR light intensity (lo).*> ** Transient absorption signals are averaged
over ~100 UV pulses by the oscilloscope and then transferred to a computer for further analysis.
About 4 % of the IR diode laser light is split off and directed to a 100 cm long reference
cell. This reference beam passes through a second monochromator and is focused onto a second
liquid-nitrogen-cooled (77 K) InSb detector and pre-amplifier. The reference signal from the
second detector is sent to a lock-in amplifier (Standard Research Systems) to correct for long-
term drifts of the IR diode laser frequency by locking the laser frequency to the rovibrational
transition center peak of the scattered N,O, while the transient absorption signal is measured.
The population of N,O scattered by single collisions with hot pyrazine was determined
using the transient absorption signal and a Doppler-broadened linewidth at each final rotational
state of the scattered N,O. The Doppler-broadened full width at half maximum (FWHM) was
obtained by locking the IR diode laser frequency to a fringe of a scanning Fabry-Perot etalon

(Laser Components, free spectral range=289 MHz) in place of the reference cell and measuring
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transient absorption signals at 40 frequencies evenly distributed over the rovibrational transition
peaks of the scattered N,O, averaged over 100 UV shots at each frequency.

The divergence of the UV laser over the 300 cm collision cell produces errors in
calculating the collision rate constants; therefore, a calibration method to correct the UV
divergence was used.” The pyrazine—N,O scattering results obtained using a 20 cm cell under
the same condition as employed with the 300 cm cell was used to obtain a scaling factor applied
to determine an absolute energy transfer rate constant.

Pyrazine (Aldrich, 99+ % purity) was purified using 3 freeze-pump-thaw cycles prior to use.

N0 gas (Intermountain Airgas Inc., 99.9999+ % purity) was used without any purification.

I11. Results

A. Detection of N,O excited by single collisions with vibrationally hot pyrazine

N,O molecules excited into the high J states of the ground level (00°0) by single
collisions with highly vibrationally hot pyrazine (E’ = ~41,000 cm™) were detected as a function
of time (us scale) by probing the anti-symmetric stretch transition of N,O (00°1;J+1 « 00°0;J =
59-75). The transient IR absorption signal for the N,O transition (00°1;J=63 < 00°0:;J=64) at v,
=2156.4020 cm™, averaged over 100 shots during the detection, is shown in Figure 3-1. The
state-specific transient IR absorption signal following UV pulse in Figure 3-1 was obtained using
a high-resolution (Av = 0.0003 cm™) solid state IR diode laser. N,O molecules that are scattered
into the excited rotational state of 00°0 by single collisions with vibrationally hot pyrazine can be
represented by the growth of transient absorption signals at early times. That is, the linear

growth of the transient absorption signal up to ~4 us characterizes the increase of N,O molecules
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N,O (00°0;J=64) + hv (4.6 um) = N,O (00°1;J=63)

0.020

0.015

0.010 4 ps (mean collision time)

1 us (for single collision)
0.005

Transient IR Absorption Signal for Scattered NO, Al / |,

0.000

Time (us)

Figure 3-1. Transient IR absorption signal of N,O scattered into the J = 64 state of the vibrational ground
state (00°0) by single collisions with highly vibrationally excited pyrazine (E’ = ~41,000 cm™) on the us
scale. The signals were measured by probing the N,O transition (00°1;J=63 < 00°0;J=64). The signals
obtained at 1 s following UV pulse were used to calculate the number density of the scattered N,O into
the 00°0;J=64 state in order to count only the population change by a single collision with hot pyrazine. 1

L6 is 1/4 the mean gas kinetic collision time of ~4 ws at 20 mTorr and 300 K.
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scattered into a specific J state by single collisions with hot donors at 20 mTorr and 300 K.**
The absorption cross section obtained from the HITRAN database® for N,O anti-symmetric
stretch transition was also employed with the transient signal at the transition center and Doppler
broadened full width at half maximum (A vyys) to determine the state-specific post-collision N,O

population.

B. Rotational energy gain of N,O from single collisions with hot pyrazine

State-specific population for N,O scattered by single collisions with vibrationally hot
pyrazine were measured for J=59—75 of the vibrational ground state (00°0). IR absorption
signals at 1 s after UV excitation of pyrazine at 248 nm were directly converted to the number
density of scattered N,O. The obtained state-specific populations were used to obtain a
Boltzmann distribution of post-collision N,O scattered by collisions with hot pyrazine. Figure 3-
2 displays a plot of In(N;/(2J+1)) vs. Ert, Where N; is the number density of post-collision N,O
molecules in the J state and E, is the final N,O rotational energy. The slope obtained from the
plot shown in Figure 3-2 was used to determine a single rotational temperature; Tyt = 930 + 50
K. As seen in previous diode probe energy transfer studies, a single rotational temperature
describes the rotational energy distribution of post-collision NoO molecules in the J=59-75
range. This large post-collision rotational temperature indicates that N,O gains a large amount
of rotational energy in single collisions with vibrationally hot pyrazine, compared to the initial

temperature of pre-collision N,O distribution (300 K).
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Pyr® + N,O = Pyr-™¢ + N,O (00°0;J,V)
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Figure 3-2. Boltzmann plot for the state-specific rotational population distribution of N,O scattered into
the J = 59-75 of the ground vibrational level (00°0) in single collisions with hot pyrazine. The line is the
best linear least squares fit of the data. The slope corresponds to T, = 930 £ 50 K, which is related to the

average final rotational energy (< E

rot

> ) of N,O in the range of 00°0;J=59-75.
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C. Translational energy gain of N,O from single collisions with hot pyrazine

Doppler broadened line profiles of the transient IR absorption signals at 1 xs following a
248 nm UV pulse were measured for J=59-75 states to determine the translational energy gain of
N0 scattered by single collisions with vibrationally hot pyrazine. Figure 3-3 shows a Doppler
broadened line profiles for the N,O transition (00°1;J=72 < 00°0;J=73). The solid dots in Figure
3-3 represent the fractional IR absorption, averaged over 100 shots at near frequencies from the
line center. The solid line was obtained by fitting the measured transient absorption signals to a
Gaussian function. The full width at half maximum (FWHM) for the N,O transition determined
from the Gaussian fit is AVos = 0.0104 + 0.0010 cm™, which corresponds to a lab-frame
translational temperature of Tyans = 2020 £+ 160 K. The linewidths (FWHM) for the ro-
vibrational transitions of N,O scattered into 00°0,J=59—75 are listed in Table 3-1, along with
N,O rotational energy, lab-frame translational temperature (Tirans), and center-of-mass

translational temperature (Tcom) calculated according to

m
N,O
trans T;ell{ ]’ (1)
mpyrazine

7-&'OM = T;mns+ (T

where T is the cell temperature (300 K) and m, , /m is the ratio of N,O—pyrazine mass.

pyrazine
Figure 3-4 displays translational temperature for each measured state in both lab-frame and
center-of-mass frame as a function of the final N,O rotational state. In Figure 3-4, translational
temperature increases linearly with the final N,O rotational state. This relationship between the
translational temperature and bath rotational state agrees with the classical collision viewpoint
that the angular momentum change correlates with the change in relative recoil velocity,

(h/27)AJ = pAv, b, and indicates that the impact parameter (b) of the collisions is small and

constant in the J = 59-75 range.
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N,O (00°0;J=73) + hv (4.6 pm) = N,O (00°1;J=72)
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Figure 3-3. State-specific Doppler broadened line profiles for the transient absorption signals of the N,O
transition (00°1;J=72 « 00°0;J=73) measured at 1 s after UV excitation of pyrazine. Solid dots are the
absorption signals collected and averaged over 100 shots at 40 positions evenly distributed near the center
frequency of the 00°1;J=72 « 00°0;J=73 transition (v, = 2144.7320 cm™). The solid line is the best non-
linear least squares fit of the absorption signals to a Gaussian function and the dashed line is the Gaussian
fit for Doppler broadening at 300 K. The solid line fit results in Avg,s = 0.0104 + 0.0010 cm?
corresponding to Tyans = 2040 + 160 K and Teom = 2990 + 240 K. For comparison, Avgps at 300 K is

0.0040 cm™.
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Table 3-1. State-specific full width at half maximum (FWHM) for Doppler-broadened line shapes,” lab-
frame translational temperatures® and center-of-mass translational temperatures® for N,O scattered into J =

59-75 at 00°0 by single collisions with highly vibrationally excited pyrazine (E' = ~41,000 cm™).

N,O (00°0) Pyrazine® + N,O (00°0)—Pyrazine® ™ + N,O (00°0;J)

J state Eror (cm™)° AVgps (CM™)? o (K Teon (K)
59 1483.260 0.0086 = 0.0006 1360 + 120 1940 + 160
61 1584.658 0.0096 + 0.0008 1710 + 150 2490 £ 190
62 1636.614 0.0099 + 0.0006 1820 + 120 2650+ 170
64 1743.040 0.0102 + 0.0007 1910 +£ 130 2800+ 190
66 1852.818 0.0098 + 0.0005 1780 + 100 2600 + 150
68 1965.948 0.0104 + 0.0008 2000 + 160 2940 + 240
69 2023.770 0.0106 + 0.0008 2090 + 160 3070 + 240
73 2263.438 0.0104 + 0.0008 2040 + 160 2990 + 240
74 2325.450 0.0108 + 0.0008 2160+ 170 3180 + 260
75 2388.300 0.0118 +0.0008 2610 + 210 3880 + 310

a Full width at half maximum (FWHM) for Doppler-broadened line shapes, which were measured by

fitting transient IR absorption signals for the N,O (00°1;J-1 < 00°0;J) transition to a Gaussian function.
Transient IR absorption signals at 1 s following UV excitation of pyrazine at 248 nm, distributed evenly

around the center of the absorption line, were collected and averaged over 100 shots.
b Lab-frame translational temperature determined from 7, = (mNzoc2 / 8k, 1112XAV0,,S/ v0)2, where
My o is the mass of N,O, c is the speed of light, kg is the Boltzmann constant, v; is the frequency at the

center of the absorption line, and Avqy is the experimentally measured Doppler-broadened full width at
half maximum (FWHM).

c Center-of-mass (COM) translational temperature determined using Equation (1).
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d Rotational energy of N,O scattered into J=59—75 at the vibraionally ground state by single collisions
with hot pyrazine. E,q is obtained from E, , = BJ(J+1), where B is the rotational constant for N,O in

this study; B = 0.419 cm™.
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Figure 3-4. State-specific lab-frame and center-of-mass translational temperatures as a function of the
final rotational state of scattered N,O (00°0) in the J = 59—75 range. Lab-frame translational
temperatures, Tyans, (I€Ft Y axis) were directly obtained from Av,,s and center-of-mass translational
temperatures, Tcowm, (light Y axis) were calculated according to Equation (1). The approximately linear

increase of translational temperature with final J state (J=59—75) for the scattered N,O indicates that

N,O—pyrazine collisions in this study have a constant impact parameter.
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D. State-specific V—>RT energy transfer rate constants of collisions between hot pyrazine
and N,O

Rotational state-specific V—>RT energy transfer rate constants were measured using the
rotational and translational energy gain information of scattered N,O for the V—>RT energy
transfer process

Pyrazine® + N,0(00°0)——>Pyrazine”* + N,0(00°0;J,), (2)
where E’ (= ~41,000 cm™) is the initial pyrazine energy, AE is the energy transferred in a single
collision, N>O(00°0;J,V) represents N,O molecules that gain energy AE and are scattered into the
rotational state (J) with recoil velocity V, and ; is the state-specific energy transfer rate
constant. At early times (1 xs) compared to the mean gas kinetic collision time (~4 .5), the rate
constant described by equation (2) can be calculated according to

K = [NZO(OOOO;J,V)]t
> 7N, Ol, [ pyrazine® ]t

@)

where [N,O]o and [pyrazine®]o are the initial number density of N,O (00°0) and pyrazine (E’ =
~41,000 cm™) prior to collisions, respectively, tis 1 zs, and [N20(00°0;J,V)]; is the post-collision
number density of N,O scattered into 00°0;J with velocity V determined from the IR absorption
signals at 1 zs. [N2O]o is obtained from the initial pressure in the collision cell and [pyrazine® o
is obtained from the number of UV photons absorbed by pyrazine at t = 0. The state-specific
energy transfer rate constants, &, for scattering into a range of final rotational states, J=59-75,
are listed in Table 3-2, along with the scattering probabilities that are obtained by dividing &J by

the Lennard-Jones collision rate constant, Py = k7 /k,,. The Lennard-Jones collision rate
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Table 3-2. State-specific energy transfer rate constants (k{ )* and scattering probabilities (P,)” for the

processes of pyrazine® + N,0(00°0) — pyrazine®F + N,0(00°0:J,V).

N,O (00°0) pyrazine® + N,O(00°0)—pyrazine®* + N,0(00°0;J,V)
J state ky * (10" cm®molecule™s™) P,° (10
59 26+0.3 50+ 0.6
61 1.9+0.2 3.7+04
62 1.8+0.2 34403
64 17402 3.3+0.3
66 1.7+0.2 32403
68 14+03 2.8+0.5
69 14402 2.6+0.3
73 1.3+0.3 24405
74 1.1+0.2 21404
75 0.9+0.2 1.7+04

a State-specific energy transfer rate constant, &, for the process of pyrazine® + N,0(00°0)—>pyrazine® ¢
+ N,0(00°0;J,V) determined using Equation (3).
b The scattering probability obtained from P; = kzj/ku . k,, is the Lennard-Jones gas kinetic collision

rate constant defined as k,, = z[(dy o + d,,,.,..,) |21\ (8k, T/ (7)<, where dy ;=42 R* d, . =

5.27 A, k, is the Boltzmann constant, and x is the reduced mass of N,O and pyrazine. €, is the

Lennard-Jones well depth collisional integral determined from €, =[0.636+0.567log(k,T/,)]",”

where the well depth potential, &z, IS &, =&, wnén,o - Epprazine Kp= 412 Kand &y , /k,= 210 Kiis

obtained from Refs. 38 and 39. The Lennard-Jones well depth collision rate constant, k;, at 300 K is

5.19x10™"° cm®molecule™s™ for the pyrazine and N,O pair.
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constant, k,j, for collisions between pyrazine (E’ = ~41,000 cm™) and N,O at 300 K is 5.19x10™°

cm®molecule®s™,

IV. Discussion

The use of N,O gas as a bath for collisions with pyrazine at 248 nm in the present work is
aimed at understanding the effect of bath physical properties on V—>RT energy transfer by
comparing previous studies of pyrazine—CO,,** -DCI,* and —H,0? collision systems and the
current pyrazine—N,O results. In these previous studies, Mullin and coworkers suggested that
some bath physical properties (i.e. mass, moment of inertia, and angular momentum) are
correlated to V—>RT energy transfer efficiency through the direct comparison of the results.
However, the physical properties of CO,, DCI, and H,O are very different and may make it
difficult to find simple correlations between V—RT energy transfer efficiency and bath physical
properties. In this study, we chose N,O as a bath molecule to investigate bath physical properties
and V—RT energy transfer results because N,O and CO, are isoelectronic and have the same
mass, structure, and number of vibrational modes, but different dipole moments (N,O has 0.166
D dipole moment and CO; has no dipole moment). In this investigation of the effect of bath
physical properties on V—RT energy transfer we compare the rotational and translational energy
gain and V—RT energy transfer probability distribution function (P(E,E’)) for N,O and CO,, as
well as DCI and H,0.

It should be noted that this study on the pyrazine—N,O collision pair was performed at
248 nm excited as was the pyrazine—CO, study of Flynn and coworkers,”* while the H,0* and

DCI*° studies were performed at 266 nm. We also noticed that energy transfer is not dependent
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on the change of donor internal energy in the range of E’ = 36,000-41,000 cm™: 271248 nm.
Wall et al.* reported the UV energy dependent study for collisions between vibrationally excited
pyrazine and CO, and observed that rotational and translational energy gain amounts for CO,
scattered into the high J states of the ground vibrational level (00°0) have no UV energy
dependence as UV excitation energy is altered from ~36,000 to ~41,000 cm™. However, they
have shown that the energy transfer rate constant applied to calculate energy transfer probability
distribution, P(E,E’), changes with donor internal energy; thus, P(E,E") will separately be
discussed from the energy gain amounts. From their results, we could assume that rotational and
translational energy gain amounts of H,O and DCI by collisions with pyrazine have no UV
energy dependence in the UV energy range. Based on this assumption, we can directly compare
V—RT energy gain information of DCI*” and H,0* at 266 nm with the energy gain results from
this present N,O study and previous CO,** study at 248 nm to investigate the effect of bath

physical properties on collision energy transfer.

A. Comparison of translational energy gain for bath molecules by collisions with pyrazine

State-specific translational energy gain of N,O scattered into J=59—75 of the ground
vibrational state by collisions with vibrationally hot pyrazine is compared with the results of
pyrazine—CO,,%* -H,0,?° and —DCI* by plotting the center-of-mass translational temperature
(17,,,) in Figure 3-5, as a function of the final rotational energy of the bath molecules. Final
rotational energy was used instead of the final J state so that the translational energy gain of bath
molecules can be directly compared. Figure 3-5 shows that CO, gains the largest and H,O gains
the smallest amount of translational energy per single collision with hot pyrazine, with N,O

slightly smaller than CO, and HClI slightly greater than H,O in the Eo:= 1,000-3,000 cm™ range.
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Pyr® + Bath (J ,V) = Pyr- ** + Bath (J. V)
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Figure 3-5. Comparison of center-of-mass translational temperatures for N,O, CO,, DCI, and H,O in
collisions with hot pyrazine vs. the final rotational energy for bath molecules. Triangles represents N,O
data measured in this study, while diamonds, circles, and squares represent data for CO, (Ref. 24), DCI

(Ref. 30) and H,O (Ref. 29), respectively. The dotted line is a best linear least squares fit of N,O data.
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It is interesting to note that the translational energies for CO, and N,O increase steeply with the
increase of E,q;, while those of DCI and H,O have a little or no E,. dependence (i.e. no J
dependence). This feature indicates that the translation energy gain of CO, and N0 is strongly
related to E,o, while those of DCI and H,O have a little or no relation to E,.. The correlation (or
lack thereof) between translational energy gain and rotational excitation must be related to
physical properties of bath molecules. Some of the bath physical properties potentially
responsible for this behavior are listed in Table 3-3 and discussed in the following sections.
Table 3-3 also includes other parameters of the collision results between pyrazine and bath
molecules, such as the rotational temperature (T,o), average change of rotational states (< AJ>),
>) in the

average translational energy gain (< AE, ___>), and average total energy gain (< AE

trans total

high J tail measured for V—>RT pathway.

1. Mass/size effect on VT energy transfer

The mass/size of bath molecules is one of the most important physical property factors
influencing velocity of a particle after collisions. In general, a heavier/bigger molecule moves
slower than a lighter/smaller one at the same energy. To make both heavier and lighter
molecules move at the same speed following a collision, it is necessary to give more energy to
the heavier/bigger molecule than to the lighter/smaller molecule. As classically considered in
terms of mass/size for bath molecules, if the mass/size is large, bath molecules move slowly and
the collision duration time increases. Zalesskaya and coworkers™ studied the efficiency of
vibrational energy transfer in collisions through time-resolved delayed fluorescence experiments
for various collision systems. They reported that the vibrational energy transfer duration time

increases with the mass of bath molecules. An other study performed by Miller and Barker® on
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Table 3-3. Comparison of physical properties (mass, rotational constant,” dipole moment, and structure),

rotational temperatures,” average change of rotational angular momentum (< AJ >),° average amount of

translational energy gain (< AE

trans

- . " J . "
molecules in the pyrazine™ + Bath —=— pyrazine® ™ + Bath"" process.

>)," and average amount of total energy gain (< AE,,,, >°) for bath

" J "
pyrazine® + Bath —~— pyrazine® * + Bath**

H,0' DCI° N,O co,"
Mass (g/mol) 18.0 375 44.0 44.0
B* (cm™) 27,14, 9 5.39 0.419 0.394
Dipole moment (D) 1.85 1.05 0.166 0

Structure
Trot' (K)
<AJ>°
<AE, >°

trans

<AE . >°

total

Bent tri-atomic

920 + 100

~5

340

990

Linear di-atomic

755+ 90

~7

490

810

Linear tri-atomic

930 +40

~32

2410

2850

Linear tri-atomic

1300 + 100

~37

2890

3590

a Rotational constant, B.

b Rotational temperature obtained from the slope of the plot of In(N/(2J+1)) vs. E;, where N; is the

number density of bath molecules scattered into the J state at the vibrationless level, E,; is the final

rotational energy of the scattered bath molecules, and (2J+1) is the rotational degeneracy for linear bath

molecules in this study; for H,O (bent tri-atomic), the rotational degeneracy is (2J+1)

¢ The average rotational quantum number change obtained from <AJ > = \/< J; > —< J, > (Ref. 30),

where <J, > and <J, > are the average initial and final rotational state, respectively, obtained using

rotational and cell temperatures of the collision complex for simple comparison. <.J, > for N,O, DCI,

and H,0 were determined from <.J, > ~/(N/2x kT,,)/B when < E, > = N/2 KT =

B<J;>(<J;>+1) =B<J, >* while <J,> for CO, is ~28. <.J, > was determined from
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<J, >z\/(N/2><k7; )/B when <E, >, = N/2xkTq= B<J,>(<J, >+1) =B<J, >’ Inthese

ot
equations, k is the Boltzmann constant, B is the rotational constant, T is the collision cell temperature (=

300 K), and N is the degrees of rotational freedom for bath molecules. N = 3 for H,O and N = 2 for DClI,

N,O, and CO,. For H,0, the average rotational constant obtained from B, = (ABC)V >=~15cm? (Ref.

41) was used to calculate the average initial rotational state, <./, >.

d The average translational energy gain obtained from <AE, >:Z(< AE]. > xkj/ku)/Zkzj/kU

trans

when <AE’ >=FE/ _<F

trans trans trans >l

(Ref. 30), where < E, > =3/2xkTey and E”

trans 1 trans

= 3/2xkTcom.

For <AE, >, J=59-75 for N,O, J = 58-82 for CO,, J = 1521 for DCI, and J = 7-10 for H,0.

trans

e The average total energy gain of bath molecules, scattered in the high J states of the ground vibrational

state (00°0) by single collisions with hot pyrazine (E’ = ~41,000 cm™), obtained from < AE, > =

<AE,,. >+ <AE, >when <AE, >= N/2xk(T,—T,).

trans
f Experimental values for H,O are obtained from Ref. 29.
g Experimental values for DCI are obtained from Ref. 30.

h Experimental values for CO, are obtained from Ref. 24.
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pyrazine and various bath molecules displayed that average energy loss of donors, <<AE>>,
increases when the size and mass of bath molecules increase. In a pyrazine—CO, classical
trajectory calculation (CTC) study, Li and coworkers®’ also showed that chattering collision time
increases with the mass of bath molecules. They concluded that multiple chattering collisions,
defined as the multiple contacts between vibrationally hot donor and bath molecules resulting
from flick motions, are responsible for ~50 % of V—RT supercollision energy transfer while
short-range repulsive collisions are responsible for the rest. They suggested that the increase of
multiple chattering collisions increases the efficiency of V—RT supercollision energy transfer.
It is well known that V—T energy transfer is dominant in a V—RT energy transfer
process;** *** thus, the increase of chattering collisions must be correlated with the V—T

energy transfer efficiency. In a benzene—Ar collision CTC study, Clary et al.*?

reported that
supercollision energy transfer in donor vibrational relaxation occurs through a “flick” motion (a
40~60 fs period) within the collision duration (a few ps). In an azulene—Xe collision study,
Clarke et al.** suggested that the large AE collision energy transfer events occur through multiple
chattering collisions composed of a number of flick motions. These previous studies are in good
agreement with the results of this study given that the chattering collisions increases with the
mass/size of bath molecules, resulting in an increase of V—T energy transfer amounts. Figure 3-
5 shows that the heavier/bigger bath molecules gain more translational energy in collisions with

hot pyrazine; the average translational energy gain, <AE, >, decreases with an order of CO, >

trans

N,O > DCI > H,0 as listed in Table 3-3. Even though the masses of CO, and N,O are the same,

the reason that <AE, > is bigger for CO, than for N,O may be a result of the size given that

trans

the hard sphere diameter of CO, (= 0.45 nm) is bigger than that of N,O (= 0.42 nm). Therefore,
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we conclude that the mass/size factor of bath molecules positively affects the amount of V—>T

energy transfer.

2. Angular momentum change effect on VT energy transfer
The angular momentum change, AJ, for a collision complex may also be an important
factor related to V—T energy transfer because AJ is directly related to the relative velocity

change (Aure) according to classical collision theory, (4/27)AJ = ubAv,,,, where h is Plank’s

rel?

constant, x is the reduced mass of the collision complex, and b is the impact parameter. Prior to

discussing the correlation between AJ and <AE, >, we consider the moment of inertia which

trans

is directly related to the bath mass and size. As the moment of inertia increases, B decreases.
The decrease of B indicates that if the same amount of energy is transferred in a collision, the
bath must be excited to higher rotational state. Thus, because the energy gap between rotational

states (AJ, ., =2B) of a bath with a larger moment of inertia decreases, AJ gets larger for a

constant energy change. Larger AJ also increases Auye, resulting in an increase of <AE

trans >’

since <AE, > isrelated to 1/24(Av,,)*. The results of <AE, > in this study verify that the

trans trans

angular momentum change (AJ) is affected by the moment of inertia. As seen in Table 3-3,

<AE. > isordered as CO, > N,O >> DCI > H,0, the same as the moment of inertia, which is

trans

inversely proportional to the rotational constant, B. In this study, for simple comparison of bath

molecules we use the average angular momentum change, < AJ > ~ \/< J; >t —<J >? ** instead

of AJ, where <J, > and <.J, > are the average initial and final rotational states, respectively,

obtained using rotational and cell temperatures of the collision complex; for CO,, <J, > =~28
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was employed according to the study of Mullin et al.”* < AJ > for the different bath molecules

are also listed in Table 3-3. The increasing pattern of < AJ > exactly matches that of <AE, = >:

trans = *°

CO; > N0 >> DCI > H,0O. From these same patterns, we could conclude that < AJ > is one of
important physical parameters influencing V—T energy transfer.
However, it is interesting that although the mass/size and the moment of inertia factors of

N,O and CO; are very similar, CO, has somewhat larger <AE, > than does N,O (by about

trans
500 cm™). This indicates that other physical properties may have a greater effect on V—T
energy transfer than do the mass/size and the moment of inertia. Li et al.”’ suggested that the
moment of inertia may have a larger effect on the energy partitioning in a V—>RT energy transfer
process than the mass alone based on a comparison of H,O, DCI, and CO, results. In this work,
we also found that the moment of inertia cannot be the dominant property for the V—T energy
transfer because the amount of translational energy gain for CO; is quite a bit larger even though
the moment of inertia of N,O and CO is similar. This suggests that the angular momentum
change (< AJ >) may have a larger effect on V—T energy transfer than do the mass/size and the

moment of inertia because the <AE, > difference between CO, and N,O (~500 cm™) can be

trans

explained by the < AJ > difference; N,O has < AJ > = ~32 while CO; has < AJ > = ~37.

3. Dipole moment effect on VT energy transfer

This present work was performed by measuring V—RT energy transfer from
vibrationally hot pyrazine to vibrational ground state N,O molecules. It is well known that
V—RT energy transfer originates from short-range impulsive collisions, while V—V energy

transfer is due to long-range attractive collisions.”” However, we must consider the efficiency of
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V-V relaxation since an increased V—V efficiency leads to a reduction in V—>RT collision
energy transfer events. Wall and coworkers™® investigated the influence of a donor permanent
dipole moment on vibrational relaxation through pyridine—CO, collision experiments. They
observed that V—V energy transfer probability is considerably enhanced for pyridine, which has
a large dipole moment (2.2 D) when compared to pyrazine with no dipole moment, in collisions
with CO,. They suggested that the V—V energy transfer enhancement in pyridine—CO,
collisions results from the dipole coupling between the donor permanent dipole moment and a
large change of dipole in the anti-symmetric stretching vibrational motion of CO, (00°1). They
also showed that the population of scattered CO, in the high J states of 00°1 is almost negligible;
therefore, vibrationally excited (00°1) CO, molecules in collisions with hot pyridine have almost
no translational and rotational energy gain. They concluded that a large donor dipole moment
increases the relative efficiency of long-range V—V collisions thereby reducing the relative
efficiency of short-range impulsive collisions and decreasing the V—>RT energy transfer
efficiency, which is related to V—T energy transfer efficiency. Because it is known that
vibrational motion can change the dipole moment of non-polar molecules and non-polar
molecules can be dipole-coupled with polar molecules, we wonder how the permanent dipole
moment of bath molecules affects V—V and in turn V5T energy transfer.

Table 3-3 lists the permanent dipole moment of each bath molecule studied; the bath
dipole moment is ordered as H,O (1.85 D) > DCI (1.05 D) > N,O (0.166 D) > CO, (0 D), which
is opposite to translational energy gain amount of those bath molecules. Based on these results,
it appears that a bath permanent dipole moment has a negative effect on the V—>RT energy
transfer by enhancing coupling between the donor vibrational motions (or the = electron cloud on

the donor) and the permanent dipole moment of bath molecules. The large difference of the
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permanent dipole moment between DCI (or H,0) and N,O matches the large difference in VT

energy transfer amount. The difference in <AE, > between N,O and CO, may also result

trans

from coupling between pyrazine’s vibrational motions (or 7 electron cloud) and the bath
permanent dipole moment. We assume that it is easier for CO, to move away after collisions
than N,O due to the lack of dipole coupling between CO; and pyrazine even though the
mass/size and moment of inertia factors are similar for N,O and CO,. For H,0O, the two
hydrogen bondings (positive charge on hydrogens) increase the coupling with pyrazine =
electron cloud (negative charge). Larger coupling between H,O and pyrazine may result in a

larger decease of translational energy gain; <AE, > of H,O is the smallest among bath

trans

molecules, as can be interpreted using this technique.

B. Comparison of rotational energy gain for bath molecules by collisions with pyrazine

In addition to a comparison of translational energy gain, a comparison of the degree of
rotational excitation may also provide insight into the bath properties associated with energy
transfer. A rotational temperature, representing the average rotational energy of bath molecules
scattered into the high J states of vibrationally ground level, is listed in Table 3-3 and may be
used to compare rotational energy gain and explore the effect of bath physical properties. The
rotational temperatures for CO,, N,O, H,0, and DCI are 1300 K, 930 K, 920 K, and 755 K,
respectively. When considering with the effect of mass/size, moment of inertia, and dipole
moment on rotational energy gain of bath molecules investigated in this work, we expect similar
pattern to that observed for translational energy gain. This is because both V—T and V>R
energy transfer result from short-range impulsive interactions. However, for H,O and DCI, the

pattern is not followed. The average rotational energy gain (<AE,, , >) for H,O is larger than
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ot

that for DCI. <AE,,, > for H,0 obtained from 3/2x k(T},,— T,,;,) is 650 cm™ while <AE, , > for

DCl obtained from k(7,,, T, ) is 320 cm™; Teen is 300 K and k is the Boltzmann constant. The
large amount of <AE, > for H,O further results in a larger total V—>RT energy gain

(<AE,  .>) for H,0 (990 cm™) compared to <AE, > for DCI (810 cm™).

total total

Why is <AE, , >n20 bigger than <AE , >pci even though the mass/size, the moment of
inertia, and angular momentum change are larger for DCI than H,O and the permanent dipole
moment is larger for H,O than DCI? Let’s briefly consider factors that influence translational
and rotational energy gain before we answer this question. First of all, the mass/size factor
positively affects the amount of V—>R energy transfer and V—T energy transfer, by increasing
collision duration time and chattering collisions. In addition, the increase of moment of inertia
decreases energy gap between rotational states, resulting in a large < AJ >. A large < AJ > leads
to a large translational energy gain because AJ is proportional to Avr. Finally, the bath
permanent dipole moment reduces V—RT energy transfer due to coupling between pyrazine =
electron cloud and bath dipole moment. These factors (mass/size, moment of inertia, angular
momentum change, and permanent dipole moment) provide some insight into how bath physical
parameters affect V—R energy transfer as well as V—T energy transfer. However, we could not
explain the reason why <AE >0 is larger than <AE , >pc using those bath physical
parameters. Here we consider some bath physical parameters and the influence on V—R energy

transfer in order to unveil the reason why <AFE, >0 is greater than <AE ., >pcl.
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1. Moment of inertia effect on V—R energy transfer

First of all, the reason that <AE, >n0 is larger than <AE, >pci can be investigated
with a detailed consideration of the moment of inertia. A larger moment of inertia decreases the
energy gap between rotational states and it ends up with larger < AJ >. A large < AJ > correlates

to a large rotational energy gain because <AE, , > is proportional to B(<.J, >? — < J, >%); see

Table 3-3. However, one must be cautious since < AJ > and B are both required to determine
<AE,  >. <AJ>for H,O and DCl are ~5 and ~7, respectively, while the rotational constant (B)
for H,O and DCI is ~15** and 5.39 cm™, respectively. B is much larger for H,O than for DCI so
that the larger B for H,O may overwhelm the difference of < AJ > between H,0 and DCI.
Therefore, the reason that <AE  , >noo is larger than <AE . >pc) may result from Buzo >> Bpgy
rather than < AJ >0 > < AJ >pci. As a result, we suggest that the moment of inertia may be the
reason that <AE , >n20 IS larger than <AE, >pci and is one of bath physical factors that affects

V—R energy transfer.

2. Structure effect on V>R energy transfer

In addition to the moment of inertia effect, the structure of bath molecules can also be an
important factor for rotational energy gain in collisions with hot donors. H,O has two light H
atoms on either end of the molecule (oxygen is almost at the center-of-mass) while DCI has only
one light D atom at the edge (CI is almost at the center-of-mass). When hot pyrazine collides
with either bath molecule, it is twice as likely to contact the H atoms on H,O than the D atom on
DCl, if H,0 and DCI rotate with same speed. However, according to the studies of Fraelich et

al.” and Li et al.,*® H,O rotates ~2 times, while DCI rotates ~1 time in ~1 ps collision duration.
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Thus, H atoms on H,0 interact more frequently (about 4 times more often) with pyrazine than D

atom of DCI. This results in more V—R energy transfer to H,O than to DCI.

C. The effect of the number of bath vibrational modes on V—>RT supercollision energy
transfer

The number of vibrational modes of bath molecules may be another physical propery that
influences collisional energy transfer. If the bath molecule has many vibrational modes, the
possibility that vibrational energy in the donor is transferred to the vibrational modes of the bath
will increase. If we assume that the Lennard-Jones collision rate constant (k;) is approximately

same as the total collisional energy transfer rate constant (%, k,_pr +k,_,), 7 the integrated

otal —

scattering probability, & /k,,, in the high J tail measured in this work can be a measure of
V—RT supercollision energy transfer efficiency.

Before examining 4" /k,, for the V>RT supercollision energy transfer efficiency, we
need to note that the measurements of V—>RT energy transfer for the pyrazine—N,O and —-CO,
were performed at 248 nm, while the measurements of the pyrazine—H,O and —DCI were carried
out at 266 nm. The study of Wall et al.*” reported that the energy transfer rate constants of the
pyrazine—CO; collisions measured at 266 nm are about one half of the rate constants obtained at
248 nm; this measurement is only limited for the high J tail (J = 56—76). If we employ their
results to provide a more accurate comparison to the work performed at 248 nm, the energy

30
|

transfer rate constants for the pyrazine—H,0?° and —DCI*° measured at 266 nm should be

~2xk’

2266nm

doubled (&J for the pyrazine—H,0O and —DClI collisions in the high J tail only).

248wm

44
l.

This approach is also in good agreement with the study of Park et al.™ on energy-dependent
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relaxation of the pyridine—CO; collisions at 273-251 nm and our previous study'® on the
pyridine—CO; at 248 nm in that & for the high J tail of CO, at 248 nm is about twice
magnitudes of &J at 266 nm for pyridine—CO, collisions. Figure 3-6 shows the comparison of
scattering probabilities, k] /k, ,, for the pyrazine—CO,, -N,0, —-DCI, and —H,0 collisions as a

function of state-specific total energy gain (AE.  =<AE’ >+<AE’ >) after the above

total trans rot

~2xk!

2266nm

application (43, ) was employed for DCI and H,0. In Figure 3-6, & /k,, values

for CO, and N,O for AE? ,>~5,000 cm™ is larger than & /k,, for DCI, while & /k,, for CO,

total

and N,O for AE? < ~3,000 cm™ is smaller than &/ /k,, for DCI. k] /k,, for H,O is the lowest

total

in the entire AE”’

total

range.

To accurately compare the efficiency of V—>RT supercollision energy transfer for those
collision pairs according to the number of vibrational modes for bath molecules, the integrated
energy transfer rate constant (") and the integrated scattering probability (£ /k, ) are listed in
Table 3-4, along with fundamental vibrational frequencies of bath molecules. Note that k" was
obtained for only the high J states to compare V—RT supercollision energy transfer (above
AE!  =~1,000 cm™). DCI has the largest scattering probability (kM /k,,=0.258) for V5RT
supercollision energy transfer in comparison with CO, (0.095), N,O (0.054), and H,O (0.044).
The reason for the largest 4™ /k,, for DCI could be found in that the existence of only one
vibrational mode decreases the possibility of V—V energy transfer, while CO, and N,O have
four vibrational modes and H,O has three vibrational modes. Thus, we suggest that as the

number of bath vibrational modes increases, V—>RT energy transfer probability decreases and

V=V energy transfer probability increases.
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Figure 3-6. The comparison of scattering probabilities for the process of Pyrazine® + Bath(00°0) —
Pyrazine® € + Bath(00°0;J), where Bath is N,O, CO, (Ref. 24), DCI (Ref. 30), or H,O (Ref. 29). For DCI

and H,0, the energy transfer rate constants for the high J tail at 248 nm were estimated as 2 x k{ as

266nm

described in the text.
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Table 3-4. The integrated energy transfer rate constants (k;'“‘)a and the integrated scattering probabilities

(k;“t/kLJ )® for single collision energy transfer from hot pyrazine to various bath molecules, along with

fundamental vibrational frequencies for each bath molecule.

pyrazine” + Bath AN pyrazine® " + Bath™" at 248 nm

Bath molecule k;ma (x10™2 cm®molecule™s™) kém /ku b Vibrational frequency (cm™)
H,0° 36 0.044 3657, 1595, 3756
DCI 141 0.258 2090
N.O 28 0.054 1285, 589", 2224
CO,° 58 0.095 1388, 667", 2349

a The integrated energy transfer rate constant obtained from Y K 3 where J=59—75 for N,O, J=58—82 for
CO,, J=15-21 for DCI, and J=7-10 for H,0.

b The integrated scattering probability obtained from k;“‘ / k;,.

¢ Values obtained from Ref. 29. Note for comparison to N,O and CO, collected at 248 nm, k)" and

K/ k, , are assumed to be twice the literature values obtained at 266 nm; see the text for full description.
d Values obtained from Ref. 30. Note for comparison to N,O and CO; collected at 248 nm, k" and

k™ [k, , are assumed to be twice the literature values obtained at 266 nm; see the text for full description.
e Values obtained from Ref. 24.

f The fundamental vibrational bending modes for N,O and CO, are doubly degenerated.
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Based on the effect of the bath vibrational mode number, H,O would have the second
largest k" /k,, for V=>RT energy transfer because H,O has 3 vibrational modes while CO, and
N,O have 4 vibrational modes. However, as seen in Table 3-4, H,O has the smallest £ /k,,
among those bath molecules. If we consider this together with the permanent dipole moment
that decreases V—RT energy transfer efficiency by dipole coupling between donors and baths,
the smallest k™ /k,, for the pyrazine—H,O collision energy transfer may be clarified. The
reason that k™ /k,, for CO, is larger than that for N,O could also be explained by the N,O
dipole moment that decreases the V—RT energy transfer efficiency. The another reason that
k™ [k, , for CO, is greater than that for N,O may result from the fact that the vibrational
frequencies of N,O are smaller than those of COy, if lower vibrational frequencies of N,O result
in more probable V—V energy transfer. As a result, we suggest that the number of fundamental
vibrational modes in bath molecules and these frequencies may play a role in the efficiency of

VV—RT supercollision energy transfer.

D. V-RT Energy Transfer Probability Distribution Function, P(E,E’)
Energy Transfer Probability Distribution Function, P(E,E"), calculated from state-

%15 to compare the overall V—>RT

resolved energy transfer data,”® has been used in our group
energy transfer efficiency. To calculate P(E,E') from J-specific energy gain information, the
initial rotational state and velocity are required to obtain the total energy transfer amount, AE.
As discussed elsewhere,’ in the absence of an exact initial state, the average initial state may be

used with only a small error. The average initial rotational state, <J, >, for N2O, H,0, and DCI

was obtained from <Ey>i = N/2xkTeen = B<J, >(<J; >+1), where N is the number of rotational
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degrees of freedom, k is the Boltzmann constant, T is the initial cell temperature (= 300 K),
and B is the rotational constant. The average initial rotational states at 300 K were determined as
<J. >npo=~21, <J. >pci=~5, and <J. >0 = ~4 when Baye oo = (27x14x9)"% = ~15.0." For
CO;, the average initial state, <J, >co, = ~28, was obtained using a gap law model applied to
temperature dependent data.”* The average initial velocity, <v;>, was obtained from a
translational gap law model. The total energy transfer amount, AE, was then determined using
the average initial information and the state-specific final energy gain information. The energy
transfer probability distribution functions for the pyrazine—N,0, —CO,,%* and —DCI** are
compared for AE = 2,000—7,000 cm™ in Figure 3-7. Figure 3-7 shows that energy transfer
probability for collisions with pyrazine is greatest for CO, followed by N,O and then DCI for AE
> 4,500 cm™, while for energy transfer amount < 3,000 cm™ the order of the probability is
reversed. Thus, CO; has the greatest probability of large AE supercollision events. Although the
probability for H,O is not compared in Figure 3-7, H,O has the smallest probability for those
supercollision events according to the study of Li et al.* showing that H,O has the smallest
probability on V—>RT supercollision energy transfer in the entire AE range studied when
compared to CO,, N,O, and DCI.

To more specifically compare V—>RT supercollision energy transfer efficiency in this
study, P(E,E’) was fit to a normalized bi-exponential function suggested by Troe® to separate

strong and weak collisions,

p( gy~ =D (EE) o + [ ep i—(E'EVA ¢ coe @
’ (A=@+ P+ [(r+9) |

Here arand yare the average “weak” and “strong (super)” energy transfer magnitude for

downward collisions, respectively, while gand Jis the average “weak” and “strong” energy
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Pyr® + Bath (00°0;J,) = Pyr=™*F + Bath (00°0;J.)

1x10*
¥
c s
o) *
c f j?
S 5 L
L 8x10 ; -
c * [ 4
S 7 2
+— [ ]
> A %
e * &
= T
B 4 6x10° | p ; o ot
20 yrazine - DCI 3
o § T P
= N—r
g w
8 W 4x10° |
a a .
- Pyrazine - CO,
3
c
© 5
|: 2x10
)
(@]
S
(5]
c
L .
0 Pyrazine - N,O
'] '] ']

-7000 -6000 -5000 -4000 -3000 -2000

Total Energy Transfer Amount, AE (cm™)

Figure 3-7. Comparison of energy transfer probability distribution functions, P(E,E’), for CO,, N,O, and
DCl in single collisions with hot pyraizine. Data used to calculate P(E,E") for CO, and DCI were

obtained from Ref. 24 and 30, respectively.
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transfer magnitudes for upward collisions, respectively, and f is defined as the strong collision
“fraction.” aand g, as well as yand ¢, are related each other and can be described by the
detailed balance.*”*>“° In this study, #and Sare obtained by fitting the data to equation (4) and
extrapolating the fit which requires that the fraction be normalized and detail balance is satisfied.
The bi-exponential fit of P(E,E’) is shown in Figure 3-8, along with the experimentally obtained
P(E,E"). As can be seen in Figure 3-8, the experimental P(E,E’") for the pyrazine—N,O collisions
is in good agreement with the bi-exponential fit for AE >~2,000 cm™. This implies that the
strong collision magnitude (») and fraction (f) obtained from fitting P(E,E") to the bi-exponential
function are reliable; however, the weak collision parameters are only an estimate. Using the
parameters from the bi-exponential fit, we can obtain the average amount of downward energy

transfer, (AE) , according to

<AE>d z(l_f)'az"‘f'?’z 46

. 5
(A=f)-a+f-y ©

The bi-exponential parameters (y, «, and f) and <AE> , for the pyrazine—-N,O, —CO,, and —DCl
are listed in Table 3-5. (AE)  is largest for collisions with DCI and smallest for collisions with

N,O. This ordering is similar to the effect of the number of bath vibrational modes on V—>RT

energy transfer: DCI > CO, > N,O. Therefore, we suggest that <AE> , may represent the V—>RT

energy transfer efficiency for the whole downward AE range.
On the other hand, our previous study™ on the fluorobenzene—CO, systems suggested

that the product of yand f, (AE) , can be defined as a V—RT supercollision energy transfer

efficiency, similar to (AE) . Using the bi-exponential parameters, we obtained (AE) =211
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Pyr® + N,0 = Pyr=™ + N,0*
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Figure 3-8. The bi-exponential fit (solid line) of the experimentally obtained P(E,E") data (dots) for the
pyrazine® + N,0(00°0) — pyrazine® ™ + N,0(00°0;J) process when E’ = ~41,000 cm™. The bi-
experimental fit parameters shown in the box were obtained using equation (4). The integration of bi-

exponential fit is normalized to 1.
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Table 3-5. Parameters obtained from the bi-exponential fit of experimentally obtained P(E,E’): the
characteristic magnitude of strong ()* and weak collisions («),” the strong collision “fraction” (f)," and

the average energy transferred in downward collisions (<AE > d).d

Bath 7 (cm™) a’ (cm™) fe (AE) ° (cm™)
CO;’ 2340 531 0.09 849
N,O 2625 797 0.04 829
DCI’ 4867 1025 0.01 898

a The characteristic strong collision magnitude obtained by fitting experimental P(E,E’) data to a bi-
exponential function; see equation (4).

b The characteristic weak collision magnitude obtained by fitting experimental P(E,E') data to a bi-
exponential function; see equation (4).

¢ The strong collision fraction obtained by fitting experimental P(E,E") data to a bi-exponential function;
see equation (4). The weak collision fraction is defined as (1-f) because the energy transfer probability
distribution function, P(E,E"), is normalized.

d The average amount of total energy transfer for downward energy transfer collisions from hot donor to

bath molecules. (AE) was obtained from equation (5) (Ref. 46).
e Bi-exponential fit parameters of P(E,E’) data for the pyrazine—CO, system obtained from Ref. 24.

f Bi-exponential fit parameters of P(E,E’) data for the pyrazine—DCI obtained from Ref. 30.
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cm™ for CO,, 105 cm™ for N,O, and 49 cm™ for DCI. Although we have not calculated P(E,E’)

for H,O given the small P; magnitudes in this AE range, <AE> for H,0O will be even smaller than

that for DCI. This order is in excellent agreement with our interpretation of the mass/size,
moment of inertia, and dipole moment effect for the various bath molecules discussed here on
V—RT supercollision energy transfer. In other words, P(E,E) results are consistent with the
trends in bath molecule properties as discussed above. One note of caution must be considered
as noted previously that we have scaled the collision rate constants and probability (and therefore
P(E,E") for the pyrazine—H,0 and —DCI systems to make the results of these various studies

more comparable. This scaling may result in errors in obtaining <AE>$ as well as bi-exponential

fit parameters for the pyrazine—H,0O and —DCI systems. In addition, all of these probabilities are
determined using a Lennard-Jones potential. Given the errors in their intermolecular potential,*
these may be additional errors in the rate constants. A more accurate comparison can be made
by repeating these studies at a 266 nm excitation. Those results could be directly compared for

all four bath molecules, using previously obtained pyrazine—CO; results at 266 nm.*

V. Conclusion

The vibrational relaxation of highly vibrationally excited pyrazine (E’ = ~41,000 cm™) in
single collisions with N,O of the ground vibrational level (00°0) was studied using a transient
absorption probe technique. The state-specific rotational and translational energy distribution for
N,O scattered into 00°0, J = 59-75 by single collisions with hot pyrazine was measured by
probing NO transitions (00°1;J+1 « 00°0;J=59-75). The measured state-specific energy

distribution information for N,O was then compared with the previous studies (pyrazine—CO,,**
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-DCI,* and —-H,0%) to explore the influence of bath molecule physical properties on V—>RT
supercollision energy transfer. Several physical properties of the bath molecules seem to play a
role in governing the magnitude and probability of large V—RT energy transfer events. These
include the mass/size (or moment of inertia), angular momentum change, dipole moment, and the
number and frequency of vibrational modes. We observed that the mass/size (or moment of
inertia) and angular momentum change of bath molecules increases the amount of V—RT
energy transfer, while the dipole moment and the number of vibrational modes decrease the
overall V—>RT energy transfer efficiency. The correlation between the mass/size (or moment of
inertia) and the amount of V—>RT energy transfer originates from chattering collisions and the
increasing time of the collision event. The angular momentum change, AJ, also positively
affects V>RT energy transfer amount; i.e. AJocAv,, and <AE ,>. On the other hand, the
dipole moment decreases the V—>RT energy transfer efficiency by increasing the dipole coupling
between donor’s & electron cloud and bath polarity; as the dipole coupling increases, V—V
energy transfer increases due to the increase of long-range attractive collisions, while V>RT
energy transfer decreases. In addition, more vibrational modes increase V—V energy transfer
probability, so that V—>RT energy transfer probability decreases in collisions between hot
pyrazine and bath molecules with more vibrational modes. The energy transfer probability
distribution function, P(E,E’), was obtained from the state-specific energy gain information and
compared with the previous studies to further investigate the effect of bath physical properties on
V—RT supercollision energy transfer. The P(E,E’) for different bath molecules are also

consistent with the correlation of bath molecule physical properties.
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Chapter 4

Vibrational Relaxation Dynamics of Highly Vibrationally Exited Pyrazine in Single
Collisions with N,O: Il. Rotational and Translational Energy

Gain of N,O in the Mid J Tail (J=37-57)
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I. Introduction

Collisional energy transfer processes between highly vibrationally excited donors and
small room temperature bath molecules have been investigated using a variety of spectroscopic
approaches, such as UV absorption (UVA),"? IR fluorescence (IRF),*” kinetically controlled
selective ionization (KCSI),*® and high-resolution transient IR absorption.®** Transient
absorption measures energy gain of bath molecules by probing state-specific transient IR
absorption, while UVA, IRF, and KCSI measure energy loss of donor molecules after collisions.
Flynn,”** Mullin,"*™® and our group'’** have used transient absorption spectroscopy to obtain
energy the transfer probability distribution function, P(E,E’), from the state-specific energy gain
information of bath molecules. However, until recently the obtained energy transfer probability
distribution was determined by extrapolating only part of the energy gain data (only in the high J
tail) to the entire range of AE. This was due to experimental limitations including saturation of
absorption signals and the difficulty of distinguishing the molecules scattered into a state from
the ambient background signals in the low J states; both of these make it difficult to measure the
energy gain of bath molecules in low J states.

Recently, Havey et al.> have proposed a new approach to measure the population change
of post-collision bath molecules in low J states by probing overtone or combination bands with
small absorption coefficients. Probing transitions with small absorption coefficients could avoid
the limitation of absorption signal saturation. Another limitation, background population, can be
avoided by distinguishing between appearance and depletion population of bath molecules. This
is done by fitting the experimental line shape profiles to a double parametric Gaussian function,
which distinguishes between molecules that scatter into a rotational state and those that scatter

out. Finally, the energy transfer probability distribution with partial extrapolation in the low AE
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region has been improved by measuring the energy gain of bath molecules for the whole J range
in the Mullin group.?®*® They reported fully measured energy transfer probability distribution
without any extrapolation of energy gain data.

Since the time that Hinschelwood™ recognized “strong” collision energy transfer as a
competing process with chemical reactions, many researchers have anticipated being able to
separately observe weak and strong collision energy transfer processes. For example, Troe®"
formulated strong and weak collision energy transfer models for the energy transfer probability
distribution function and applied these models to master equation modeling in order to obtain
accurate unimolecular reaction rates. The theoretical studies of Bernshtein and Oref** * have
reported supercollision efficiency on unimolecular reactions and separated strong and weak
collision efficiency using a modified bi-exponential energy transfer probability formula. Other
theoretical studies performed by Lendvay et al.,* Clary et al.,*® and Li et al.* using classical
trajectory calculations (CTC) have shown the importance of supercollisions in chemical
reactions by comparing strong collisions with weak collisions, which are described as large and
small energy transfer amounts, respectively. Their work has further reported on the effect of
donor molecular physical properties on collision energy transfer. In contrast to these theoretical
studies, until recently experimental studies have only been capable of measuring large energy
transfer or average energy transfer.

Recently the Mullin group have performed studies on pyrazine-HOD,?® -CO,,% and
—DCI?’ collisions to measure energy transfer into the whole J range of bath molecules. They
observed weak collisions for HOD (J < 10), DCI (J < 15), and CO, (J < 50) in comparison with
strong collisions by observing different rotational and translational temperature distributions in

different final bath state ranges.
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In this work, we also observed a turning point between weak to strong collisions, which
is shown in the rotational and translational energy distributions. This turning point (J = 55)
corresponds to the end point of the range that the scattered-out N,O population appears from
thermally populated N,O prior to collisions with hot pyrazine. As a result of this
correspondence, we discuss the correlation between weak collisions and scattered-out N,O
population. The assumption that the scattered-out population must be equal to the scattered-in
population according to conservation of matter enabled us to compare the scattered-in Boltzmann
probability with scattered-out Boltzmann probability for post-collision N,O and obtain the J-
dependence of N,O energy gain. Using this, we can determine the average initial J value of N,O,
< Jini >.

The goal of this study is to extend the N,O energy gain measurements to the mid J states
(J = 37-57) and to analyze the data obtained from the mid J range measurements along with data
obtained from our previous study?* of the high J tail (J = 59—75). Doppler broadened absorption
line profiles with Gaussian dips shown in the J = 37-54 region were fit to a double parametric
Gaussian function so that the scattered-out N,O population could be distinguished from the
scattered-in N,O population. Boltzmann probabilities for scattered-in and scattered-out N,O in
single collisions with hot pyrazine were compared and a new approach to obtain the average
initial N,O rotational state is presented. Rotational and translational energy distributions for the
scattered-in N,O were characterized with weak and strong collisions from J = 55 turning point.
The weak collision distribution was then determined Tyot mig = 500 K and Tirans mia = 600-1,000 K
for J = 37-54, while the strong collision distribution was determined as Tyot nigh = 940 K and
Tirans_nigh = 1,000-2,600 K for J = 55-75 of scattered-in NoO molecules. Comparison of the

integrated scattering probability with the normalized Boltzmann probability for the measured
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scattered-in N,O gives evidence that the Lennard-Jones collision rate constant (k.;) used in this

study is an underestimation of the true collision rate constant by a factor of two. Another

evidence of this underestimation is obtained from the average rate constant, <kJ

7o), for scattered-
out N2O. The correct ke estimated from the evidence is in good agreement with results of a
previous study on energy loss measurements and the agreement is shown through comparison of

the downward average energy transfer, <AE >,.

Il. Experimental

Vibrational relaxation of highly vibrationally excited pyrazine due to single collisions
with room temperature N,O molecules has been observed by measuring the energy gain of N,O
in the J = 37-57 range using a high-resolution transient IR absorption spectroscopic method.
The detailed description of this experiment has been given previously;'’ only the brief
description is presented here. A 1:1 20.0 mTorr mixture of pyrazine and N,O flows through a
200 or 100 cm long collision cell. Highly vibrationally excited pyrazine was prepared through a
rapid radiationless internal conversion from S; to So* following 248 nm UV absorption of
pyrazine by a KrF excimer laser (Lamda Physik Complex 201). UV light was propagated
through the collision cell collinearly with 2 =~4.6 um light generated from a narrow (Av =
0.0003 cm™) IR probe laser (Laser Components). The UV light intensity was maintained at 4 —
6 mJ/cm? to minimize multiphoton absorption;*® multiphoton absorption was not detected in that
intensity range. IR light was used to probe anti-symmetric stretching ro-vibrational transitions

(00°1;J+1«-00°0;J= 37-57) for N,O populated in single collisions with hot pyrazine.
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State-specific Doppler broadened line profiles were obtained by scanning the IR laser
over the range of Av = £0.01 cm™ near the center frequency of the probe transitions and
measuring the transient absorption signal 1 ws after the UV pulse. Doppler broadened line shape
profiles for J = 37-54 were used not only to calculate the number density of post-collision N,O
molecules, but also to obtain full widths at half maximum (FWHM), while the line profiles
measured for J = 55-57 were only used to obtain full widths at half maximum. The IR
absorption signals were averaged over ~100 shots for each position. The number density of
scattered-in N,O at J = 55-57 was determined by measuring and calibrating IR absorption
signals at the center frequency of the transitions.

Pyrazine (Aldrich, 99+ % purity) was degassed using three freeze-pump-thaw cycles
prior to use, while N,O gas (Intermountain Airgas Inc., 99.9999+ % purity) was used without

any purification.

I11. Results

A. Transient IR Absorption Signals for Post-collision N,O in Collisions with Pyrazine

N,O transient IR absorption signals at 1 «s following the UV pulse were measured for J =
37-57 of vibrational ground state (00°0) using a high-resolution solid state IR diode laser. The
transient absorption signals were obtained by probing the anti-symmetric stretching ro-
vibrational transition of N,O (00°1;J-1 < 00°0:J) scattered into and out of J states in single
collisions with vibrationally hot pyrazine. We expected an increase in the transient IR
absorption signals at early times (< 4 us) with a decrease in J state. However, the IR absorption

signals measured at center frequency of the probe transitions for J = 37-54 decrease as J
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decreases, while the IR absorption signals for J > 55 increase with the decrease of J state. Figure
4-1 shows the transient IR absorption signals measured for J =53, 55, and 57 of N,O. The
unexpected decrease of the IR signal for J = 53 at early times, in comparison with the IR signal
for J =55, is clearly shown.

The decrease of IR signals is due to molecules that are scattered out of rotational states J
< 55 and scattered into other states, as seen in the Gaussian dip in Figure 4-2. The IR absorption
line profiles in Figure 4-2 were measured at 50—60 different frequencies near the center
frequency of the probed transition (00°1;J=53 « 00°0;J=54, 1,p=2168.7416 cm™). The dip at the
center of a Doppler broadened line shape in Figure 4-2 is a result of N,O molecules scattered out
of J = 54, while the broadened rising signals represent N,O molecules scattered into J = 54 by

single collisions with hot pyrazine.

B. Double Gaussian Fit for Doppler-broadened Line Shapes of N,O Absorption Signals

The Gaussian dip at the center frequency was observed in the Doppler broadened line
shape measurements for J = 37-54 of N,O, while the line shapes for J > 55 of N,0O, including the
measurements for J = 5975 in our previous study,” have no dip at the center. This indicates
that Doppler broadened line shapes measured for J < 55 must be fit to a double Gaussian
function to account for N,O population scattered out of the J state, shown as a negative Gaussian
dip, and N,O population scattered into the J state, shown as a positive Gaussian. The best non-
linear least squares fit of the absorption line profiles to double Gaussian functions is shown in
Figure 4-3, which displays Doppler broadened line profiles for J = 54 and J = 46. Double

Gaussian fit in Figure 4-3 was obtained using
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Transient IR Absorption Signals for Scattered NO, Al / |,

Figure 4-1. Transient IR absorption signals of post-collision N,O scattered by single collisions with
highly vibrationally excited pyrazine (E’ = ~41,000 cm™) on the s time scale, measured for J = 53
(dotted line), 55 (short-dashed line), and 57 (dashed line). The signals were measured by probing the

anti-symmetric stretching ro-vibrational transition (00°1;J-1 < 00°0;J) for post-collision N,O. The

0.08

0.06

0.04

0.02

-0.02

N,O (00°0;J) + hv (~4.6 zm) = N,O (001;J-1)

-----J:SB
- = +J=55
— |J:57

0 2x10° 4x10° 6x10° 8x10° 1x10°

Time (S)

magnitude of signals obtained at 1 x5 following UV pulse is ordered as J = 55 > 53 > 57.

173



N,O (00°0:J=54) + hv (4.6 um) = N,O (00°1;J=53)
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Figure 4-2. The early (1 s) transient absorption line profile for post-collision N,O molecules of J = 54.
Squares represent the transient absorption signals at 1 xs after UV pulse and dash line is the best non-
linear least squares fit to a double Gaussian function. The Gaussian dip at the center frequency of the
transition peak results from N,O molecules scattered out of J = 54 by single collisions with hot pyrazine,
while the rising signals on either side of the dip originate from the increase of N,O molecules scattered

into J = 54.
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(b)
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Figure 4-3. Double Gaussian fit of the transient absorption line profiles for post-collision N,O in (a) J =
54 and (b) J = 46. Squares represent the transient absorption signals at 1 s after a UV pulse. The solid

line is the best non-linear least squares fit of the absorption line profile to a double Gaussian function.

Relative Frequency to the Center of the Pealyv (cm™)

Dashed and dotted lines are the best non-linear least squares fits to a single Gaussian function of

scattered-in and scattered-out N,O absorption line profiles, respectively. For (a) J = 54, the measured full

widths at half maximum (FWHM) for scattered-in and scattered-out N,O are Avi, = 0.0068 + 0.0005 cm?
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and A vy = 0.0024 + 0.0003 cm™, respectively, which correspond to Tiansin = 880 + 50 K and Tirans out =
100 + 30 K, respectively. For (b) J = 46 the measured FWHM for scattered-in and scattered-out N,O are
Avi, = 0.0069 + 0.0004 cm™ and A v,y = 0.0035 + 0.0005 cm™, respectively, which correspond to Tiransin =
870 + 90 K and Tyansout = 230 + 60 K, respectively. Al;, and Alg,; obtained from this double Gaussian fit

are used to calculate the number density of scattered-in and scattered-out N,O molecules, respectively.
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2 2
Altot :Alin exp{4ln2{VA_ VOJ JAIouteXp\“I'lnz[Z_ VOJ J+ m(v _V0)+ Nint’ (1)
\%

vin out

where Al and Al are the total absorption intensity and the baseline intensity at the center
frequency of the probe transition (1p), respectively. Ali, and Al are the absorption intensities at
w, for scattered-in and scattered-out N,O, respectively, while Avi, and A vy are the observed full

widths at half maximum (FWHM) for scattered-in and scattered-out N,O, respectively.

(v—v,) represents the relative frequency (Av) to v, and m is the slope of the baseline for the
double Gaussian fit. Obtaining Al;, and Algy from a double Gaussian fit allows us to correct for
the decrease of the transient absorption signal at line center observed in J <55. As seen in
Figure 4-3, FWHM for scattered-in and scattered-out N,O for J = 54 are Av;, = 0.0068 + 0.0005
cm™ and A vy = 0.0024 + 0.0003 cm’?, respectively, while the FWHM for scattered-in and

scattered-out N,O for J = 46 are Avi, = 0.0069 + 0.0004 cm™ and A vy = 0.0035 + 0.0005 cm™,
respectively.
These FWHM can be directly converted to a lab-frame translational temperature, Tirans,

according to

m C2 2
T;rans = o A VObS ! (2)
8RIn2\ v,

where m, ,, is the mass of N2O, R is the gas constant, and A vgps is the observed FWHM

determined by fitting Doppler broadened line profiles to a Gaussian function. Hereafter A vyps IS
designated by Aw, for scattered-in N,O and A, for scattered-out N,O for the specific J state.
In Figure 4-3, Avi, for (a) J =54 and (b) J = 46 corresponds to Tiransin = 880 £ 50 K and 870 + 90

K, respectively, while Avgy for () J =54 and (b) J = 46 results in Tiansout = 100 £ 30 K and 230
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+ 60 K, respectively. For comparison, A veps at 300 K is ~0.0040 cm™. Lab-frame translational
temperatures for scattered-in (Tiansin) and scattered-out NoO molecules (Tiransout) are listed in
Table 4-1 and Table 4-2, respectively, along with full widths at half maximum obtained from

single or double Gaussian fitting (A v, and Av,yt), depending on the J state.

C. Boltzmann Distribution for Post-collision N,O in Collisions with Hot Pyrazine

Ali, and Al obtained from double Gaussian fits of Doppler broadened line shapes for J
< 55 were used to calculate the population of N,O scattered-in and scattered-out of various J
states in single collisions with hot pyrazine. Note that Doppler broadened line shapes for J =
55-57 in this work and J = 59—75 in our previous study”® exhibit only a single Gaussian shape,
which indicates that N,O population scattered out of the J state by single collisions with hot
pyrazine is negligible in comparison with the absorption intensity for N,O molecules scattered
into the state. Combining Al;, for J = 37-54 obtained by double Gaussian fits and the linecenter
measurements for J = 55-75, we obtained two different Boltzmann distributions for scattered-in
N,O: one for J = 37-55 and another for J = 55-75. Figure 4-4 displays these two different
Boltzmann plots. The Boltzmann plot for scattered-in N,O for J = 37-55 corresponds to Trot mid
=500 £ 180 K and the plot of J = 55-75 results in Tyotnigh = 940 + 50 K. The logarithm of
population for scattered-out N,O from J = 37 to 54 (In(N,/(2J+1)), using Alg, obtained from the
double Gaussian fits, is also plotted in Figure 4-4 as a function of N,O rotational energy to
determine a rotational temperature, Tyot out = 245 + 90 K.

From these two different rotational temperatures for scattered-in N,O, we define

pyrazine—N,O collisions resulting in J < 55 of N,O rotational states to be weak collisions, while
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Table 4-1. State-specific full width at half maximum (FWHM)? for Doppler-broadened line shapes, lab-
frame” and center-of-mass translational temperatures® for N,O scattered into J = 37-57 of 00°0 by single

collisions with highly vibrationally excited pyrazine (E’ = ~41,000 cm™).

N,O (00°0) Pyr®’ + N0 (00°0;)— > PyrE 2% 4+ NLO (00°0;])

J state Eroe (cm™)’ Avi, (em™)? T, yansin (K)° Teon (KY
37 589.11 0.0060 + 0.0009 660 + 190 860 + 300
41 721.52 0.0059 + 0.0006 610 + 130 780 + 200
45 867.33 0.0071 + 0.0005 910 + 130 1240 + 200
46 905.88 0.0069 + 0.0004 870 + 90 1190 + 140
47 945.26 0.0065 = 0.0008 780 + 200 1050 + 300
48 985.49 0.0074 £ 0.0002 990 + 40 1380 + 60
49 1026.55 0.0075 + 0.0005 1020 + 140 1420 + 210
50 1068.45 0.0073 £ 0.0006 980 + 160 1350 + 250
54 1244.43 0.0068 = 0.0005 880 + 50 1200 =+ 80
55 1290.52 0.0075 + 0.0002 1020 + 40 1420 + 60
56 1337.45 0.0075 + 0.0004 1020 + 50 1420 + 80
57 1385.21 0.0075 + 0.0004 1040 + 50 1450 + 80

a Full width at half maximum (FWHM) for Doppler-broadened line shapes, which were measured by
fitting transient IR absorption profiles for anti-symmetric stretching ro-vibrational transitions of
N,0(00°1;J-1) «— N,0(00°;J) to a double or single Gaussian function. Transient IR absorption signals at
1 s following UV excitation of pyrazine at 248 nm, distributed evenly near center frequency of the

transition, were collected and averaged over 100 shots. FWHM for J = 37—-54 were obtained from a

double Gaussian fit (equation (5)), while FWHM for J = 55—57 were obtained from a single Gaussian fit.

b Lab-frame translational temperature determined from using Equation (2).
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¢ Center-of-mass (COM) translational temperatures determined using Equation (3).
d Rotational energy of N,O scattered into J = 37—57 of 00°0 level by single collisions with hot pyrazine.
Erot is obtained from E = BJ(J+1), where B is the rotational constant for the bath molecule (N,O in

this study).
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Table 4-2. State-specific full width at half maximum (FWHM) for Doppler-broadened line shapes,” lab-
frame translational temperatures® for N,O scattered out of J=59-54 of 00°0 by single collisions with

highly vibrationally excited pyrazine (E’ = ~41,000 cm™).

N,O (00°0) Pyr® + N0 (00°0;7)—Li—s PyeE" + N,O (00°0;")

J state Eror (cM™) Avoy (cm™)° transout (K)°
37 589.11 0.0039 £ 0.0011 290 + 160
41 721.52 0.0032 + 0.0007 180 = 70
45 867.33 0.0040 + 0.0005 290 + 70
46 905.88 0.0035 + 0.0005 230 + 60
47 945.26 0.0036 £ 0.0007 240 + 90
48 985.49 0.0038 + 0.0005 260 + 60
49 1026.55 0.0034 + 0.0006 220 + 70
50 1068.45 0.0039 £ 0.0009 280 + 110
54 1244.43 0.0024 £ 0.0003 100 = 30

a Full width at half maximum (FWHM) for Gaussian dip portion, which were measured by fitting
transient IR absorption profiles for anti-symmetric stretching ro-vibrational transitions of N,O(00°1;J-1)
«— NZO(OOOO;J) to a double Gaussian function.

b Lab-frame translational temperature determined using Equation (2).
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Boltzmann Distribution for Post-collision NO
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Figure 4-4. Boltzmann distributions for N,O scattered into J = 37—75 and N,O scattered out of J = 37-54
in single collisions with vibrationally hot pyrazine. Boltzmann distributions for J = 3754 of scattered-in
(squares) and scattered-out N,O (circles) were obtained from Al;, and Al,, respectively, using a Double
Gaussian fit, while Boltzmann distribution for J = 55—75 (diamonds) were obtained from linecenter
measurements. Boltmann plots for J = 37-55 and J = 5575 of scattered-in N,O correspond to Tyot mig =
500 + 180 K and Tyt high = 940 £ 50 K. A Boltzmann plot for J = 37-54 of scattered-out N,O corresponds

t0 Trotout = 245 £ 90 K. The turning point between weak and strong collision was determined to be J = 55.
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A rotational temperature obtained from a Boltzmann plot represents the average rotational energy for

molecules characterized by the Boltzmann distribution.
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collisions resulting in J > 55 of N,O are defined to be strong collisions. Rotational temperature,
Trot, Obtained by Boltzmann plots is related to the average rotational energy for post-collision
N0 in single collisions with hot pyrazine. Using the equipartition theorem, the average
rotational energy for scattered-in N,O in the J = 37-55 range is determined <Eo>mig = KT rot mid =
348 cm™, while the average rotational energy for scattered-in N,O for J = 55-75 is <Erot>high =
KT rot high =~ 653 cm™, where k is the Boltzmann constant. Defining weak and strong collision
energy transfer using the average rotational energy for post-collision N,O, the turning point from

weak to strong collision energy transfer is determined to be J = 55 (E o = 1290.52 cm™).

1. Discussion

A. Translational Energies for Post-collision N,O

State-specific post-collision translational energies for N,O scattered by collisions with
hot pyrazine were measured by fitting Doppler broadened line profiles of J = 37-57 to a double
or single Gaussian function. The Double Gaussian line shapes for IR absorption signals were
observed for J = 37-54, while N,O scattered into J = 55-57 were fit to a single Gaussian line
shape; note that our previous pyrazine—N,O study® for the high J tail (J = 59—75) indicated that
only single Gaussian shapes were observed in that range. Lab-frame translational temperatures
(Ttrans,out) for scattered-out N2O in the J = 37-54 range are displayed in Figure 4-5, along with
lab-frame translational temperatures (Tiansin) fOr scattered-in N,O in the J = 37—75 range. The
Tiransin are accurately fit to a single exponential function while Tirans out are almost invariant
except for J = 41 and 54. We assume that smaller Tians out fOr J = 41 and 54, compared to Tirans,out

for other J states, are due to experimental errors; see Tirans,in fOr J = 41 and 54 that are smaller
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Figure 4-5. State-specific lab-frame translational temperatures for scattered-in N,O in the J = 37-75 and
scattered-out N,O for J = 37-54. Squares are the lab-frame translational temperatures for scattered-in
N,O of J = 37-57, while circles are the lab-frame translational temperatures for scattered-out N,O of J =
37-54. Diamonds are the lab-frame translational temperatures for scattered-in N,O of J = 59-75 obtained
in our previous study (Ref. 23). Tiansout fOr J < ~54 show almost constant values (~250 K), while Tansin

for J < 55 show gradual decreasing values, 600—1,000 K (as an average value of ~850 K).
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than the exponential fit line (Figure 4-5) by similar amount. Translational temperatures for
scattered-in and scattered-out N,O molecules in J = 37-54 change very little or not at all with
approximate temperatures of Tiransin = ~850 K and Tirans ot = ~250 K. This result is in good
agreement with previous studies on pyrazine—C0O,,*® ~HOD,?® and ~DCI*’ in that translational
temperatures of low J states are nearly constant. For example, the studies on pyrazine—CO,,*
—HOD,* and —DCI*” show that lab-frame translational temperatures for appearance (Tyansin) are
nearly constant at ~740 K for J < 52 for scattered-in CO,, ~580 K for J < 7 for scattered-in HOD,
and ~680 K for J < 12 for scattered-in DCI. In addition, Tiansout fOr scattered-out CO, , HOD,
and DCI are invariant at ~350 K for J <38, ~330 K for J < 7, and ~170 K for J < 7, respectively.

According to these studies,

the depletion Doppler line widths (Avyyt) represent the velocity
distribution of bath molecules prior to collisions. This indicates that N,O molecules, as has been
seen with CO,, HOD, and DCI scattered into low J states during single collisions with hot
pyrazine, gain only a small amount of translational energy in the range of J <55. That is, the
small variance in low translational temperatures (Tiransin = 600—1,000 K) for J = 37-54 suggests
that collisions that scatter N,O into J = 37-54 are weak collisions, while the linear increase of
high lab-frame translational temperatures (Tirans,in = 1,020-2,610 K) for J = 55-75 are collisions
where N,O gains a large amount of translational energy from hot pyrazine, defined as strong
collisions.

The center-of-mass translational temperature (Tcowm) can be obtained from the lab-frame
translational temperature (Tans) in Order to determine the state-specific translational energy gain

of post-collision N,O in single collisions with hot pyrazine (E’' = ~41,000 cm™). The following

equation is used to convert Trans 10 Tcom.

187



m
7-&'OM = T;mn.v+ {ﬂ](z;ans - ]::ell)’ (3)
mPyV

where m, , and m,, are masses of N,O and pyrazine, respectively, and Tcen is the cell

temperature, 300 K. Tcom for each J state has been used elsewhere to determine the state-

specific translational energy gain for scattered-in bath molecules in single collisions with hot

donors according to <AE’

trans,

) =3/2-k(Tpp — T), " * where k iis the Boltzmann constant.

However, we must consider the effect of scattered-out bath molecules to determine the actual
translational energy gain of post-collision bath molecules. Until now, no research groups have
accounted for the effect of scattered-out bath molecules to calculate the actual translational
energy gain. For example, the studies of pyrazine—CO,,%* ~HOD,? and —DCI*’ have displayed

translational energy gain ((AE,,,)) only from state-specific energy gain information for scattered-

in bath molecules without any consideration of scattered-out bath molecules.

Here we determine the actual translational energy gain using both scattered-in and
scattered-out N,O translational temperatures. Generally, the initial translational energy
distribution prior to collisions is thermally equilibrated at 300 K. Based on this, we assume that
collisional energy transfer from pyrazine to N,O occurs in collisions with somewhat slower N,O
molecules because the translational temperatures of scattered-out N,O are below room
temperature, ~250 K. As a result, we suggest that the translational energy of scattered-out N,O

molecules must be included for the actual translational energy gain as in the following equation
J _ J J
<AEtranS>gal-n - <AEtrans>m + <AEtrans>0m (4)

where (AE;,,) and (AE;

trans

> are the average state-specific translational energy changes for

scattered-in and scattered-out N,O, respectively, and <AE;’a> _ Is the actual translational
gain
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energy gain for post-collision N,O in single collisions with hot pyrazine. <AE’ > is listed in

trans
&

Table 4-3 along with (AE;,, ) and (AE},,, -

) . The obtained (AE7,,) is plotted against the
out gain

post-collision N,O rotational state in Figure 4-6. Figure 4-6 shows that the <AE;M> ~plotis
gain

accurately fit to an exponential function and that there are two different patterns: a steady
increase in translational excitation for J < 60 and a steep increase in translational excitation for J

> 60. These patterns seem to be related to rotational angular momentum change (< AJ >) and

relative velocity change (< Auvrel >), according to (h/27)< AJ >=ub,, <Av,, >, where h is the

rel

Plank’s constant,  is the reduced mass of pyrazine and N,O, and b, is the average effective

impact parameter. In other words, for the large < AJ > (J > 60) the effective impact parameter is

almost constant while for the low < AJ > (J < 60) b_, varies according to rotational state. This

ef
indicates that collision energy transfer between N,O and hot pyrazine for J > 60 occurs due to

short-range impulsive collisions (b, is small and constant in J > 60 due to steep linearity

eff

between < AJ > and < Aure >), while collisions for J < 60 occurs due to long-range (large b, ),

but still generally impulsive collisions.

B. Rotational Energy Distribution for Post-collision N,O
As seen in Figure 4-4, the rotational Boltzmann distribution for scattered-in N,O
molecules in single collisions with hot pyrazine has a distinct shape with two different rotational

temperatures, Trotmia = 500 £ 180 K for J = 37-55 and T ot high = 940 £ 50 K for J = 55-75.
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Table 4-3. State-specific translational energy changes for scattered-in® and scattered-out® N,O, and actual

translational energy gain® for post-collision N,O.

N,O (0000) Average energy change of N,O in single collisions with Pyrazine™
ysate  (AE,,) @) (AELY " (em) (AEL) (e
37 580 10 590
41 500 130 630
45 980 10 990
46 930 80 1010
47 780 60 840
48 1120 40 1160
49 1160 90 1250
50 1100 20 1120
54 940 210 1150
55 1170 1170
56 1170 1170
57 1200 1200

a Relative state-specific translational energy change for scattered-in N,O molecules obtained from
J

<AEtrans>in = 3/2 : k(T'COM - T;el/)'

b Relative state-specific translational energy change for scattered-out N,O molecules obtained from

(AE;,

trans

)ou =2k

Tcezl -

T;rarwuut

¢ Actual state-specific translational energy gain for post-collision N,O molecules obtained from

J _ J J
<AEtrans>gam - <AEtrans> in + <AEtrans>0m'
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Figure 4-6. Actual average translational energy gain of post-collision N,O as a function of post-collision
N,O rotational state. Squares are the actual average translational energy gain amounts of N,O obtained
from Equation (4) and shown with experimental errors. Thick line is the best non-linear squares fit line to

an exponential function.
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Alternatively, the rotational Boltzmann distribution for N,O scattered into J = 37—75 can be

obtained by fitting the population of the entire J range to a two-component exponential function,

N, —E —E
=| A-exp| — |+ B-exp| — 5
(2J+ 1) \‘ Xp[k];zidj Xp(k];igh]J/Qrm ( )

where Nj is the scattered-in N,O population for each J state, (2J+1) is the rotational degeneracy,

Qrot IS the rotational partition function, E, is the rotational energy for post-collision N,O in each
J state, k is the Boltzmann constant, A and B are the parameters related to the total scattered-in
N,O population, No, and Tmig and Thign are rotational temperatures obtained from fitting to this
equation. Figure 4-7 shows the nascent experimental Boltzmann distribution for scattered-in
N,O for the J = 37-75 range fit to equation (5), along with Tpig and Thigh. Tmia = 450 K for Erot =
500-1,300 cm™ and Thigh = 930 K for Erot > 1,300 cm™ obtained from the fit are in good
agreement within experimental error with Tot mig = 500 £ 180 K and Trothigh = 940 £ 50 K,
obtained from two single Boltzmann plots in Figure 4-4.

This distinct distribution is further evidence of both weak and strong collisions in
pyrazine—N,O collisions because the average rotational energies (<E;,> = kTo;) determined from
rotational temperatures are considerably different for the J = 37-55 and the J = 55-75 ranges;
<Erot>weak = KTmia = 313 cm™ and <Eror>strong = KThigh = 646 cm™. For comparison, the average
rotational energy of the initial N,O at 300 K prior to collisions with hot pyrazine is <E;x>ini =
KTcen = 208.5 cm™. This Boltzmann distribution with weak and strong collision character also
seems to the correlate with the translational energy distribution, as seen in Figure 4-6. Figure 4-6
shows that the translational temperature slowly decreases from J = 59 to lower J states, while the

translational temperature for J > 59 rapidly increases. For scattered-in N,O with J <55, it is
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Figure 4-7. Fit of experimental rotational Boltzmann distribution (squares) for J = 37—75 of scattered-in
N,O in single collisions with vibrationally hot pyrazine to a two-component double exponential function;
see Equation (5). Rotational temperatures obtained from the two-component double exponential fit are

Timia = 450 K for E,o = 500-1,300 cm™, and Thign = 930 K for E,o > 1,300 cm™.
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interesting to note that this range corresponds to both low rotational temperature and slowly
decreasing translational temperatures (600—1,000 K). That is, weak and strong collisions for the
pyrazine—N,O pair can be distinguished at approximately J = 55.

The feature that post-collision N2O has two different rotational temperatures (for weak
and strong collisions) has also been seen in the study of pyrazine—CO, collisions,*® where Ty =
~440 K for J < 50 and ~1150 K for J > 50. However, studies of pyrazine~HOD? and —DCI*’ are
described by a single rotational temperature for the entire J range, Tyt = ~430 K and ~880 K,
respectively. Thus, in terms of the energy partitioning into bath molecules, N,O with weak and
strong collisions observed in this study has similar collision energy transfer dynamics to CO»,
while HOD and DCI have different collision energy transfer dynamics in collisions with
pyrazine.

One way to see whether weak or strong collisions contribute more to energy transfer
between pyrazine and N,O is to plot the weak and strong collision parameters obtained from the
two-component double Boltzmann exponential fit independently. Figure 4-8 is a plot of the
fractional N,O population following collisions with pyrazine that result from weak and strong
collisions as well as overall post-collision Boltzmann distribution. Weak collisions are about
three times more prevalent than strong collisions in V—RT collision energy transfer; weak and
strong collision fractions are 76 % and 24 %, respectively. On the other hand, the initial bulk
N,O density is [N2O]o = 3.22x10" molecule/cm?® determined using the ideal gas law at P = 10
mTorr and T = 300 K, while the overall scattered-in N,O density at t = 1 xs calculated using No,
obtained from the fit to equation (5), is X[N,0] = 4.17x10* molecule/cm® when J = 0-100. It

is interesting that the overall scattered-in N,O population change corresponds to only about 1.3
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Boltzmann Probability Distribution of Scattered-in NO, N,/N,

Figure 4-8. Plot of Boltzmann probability using parameters of the two-component double exponential fit
for the whole range of post-collision N,O rotational states. Open square boxes are experimental
Boltzmann probabilities for scattered-in N,O obtained from Boltzmann distribution, Nj/No, where N; is
the J-specific population and Ny is the total population for scattered-in N,O molecules. The solid line is
the best fit to the data using the double exponential function (Equation (5)). The dashed and dotted lines
are obtained from the experimental Boltzmann plots using the weak and strong collision parameters,

respectively, from the double exponential fit. The Strong collision fraction is 24 %, while the weak
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collision fraction is 76 % of all V—>RT collision energy transfer events.
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% of the initial bulk N,O population. This indicates that most of N,O molecules have not been involved
in a collision with pyrazine at 1 xs and is in agreement with previous studies using CO,.”"!

Knowledge of the average initial rotational state, < Jini >, is necessary to determine the
amount of rotational energy gain. In previous studies, < Jini > has been obtained from

temperature-dependent experiments performed by Flynn and coworkers.”™* For example, the

1 11
1,10 l.

studies of Mullin et al.,” Michaels et al.,*” and Sevy et al.** employed the average initial CO,
rotational state obtained from temperature-dependent experiments: < Ji,j>~ 29 on
pyrazine—COy, < Jini> = 31 on perfluorobenzene—CO,, and < Ji,j > = 26 on methylpyrazine—CO,
collisions. Previous studies performed in our lab'’** ** have omitted temperature-dependent
experiments because small changes in < Jii > = 26—31 for CO,, result in negligible effect on the
state-specific energy gain calculation;'’ thus, < Jini> =~ 28, obtained from the average of three

911 \vas used to obtain state-

values of < Ji,; > obtained in the temperature-dependent experiments,
specific energy gain amounts. Studies using bath molecules other than CO; have found < Jjni >
from the thermal population distribution at 300 K prior to collisions; e.g. KTcen = B< Jini >(< Jini
>+1), where B is the bath molecule rotational constant.?® %" 283942

In this study, we have used a different approach to obtain the average initial state. In
Figure 4-4, we plotted the experimentally measured scattered-out N,O population as well as
scattered-in N,O population. Comparing these Boltzmann probability profiles for scattered-in
and scattered-out N,O molecules may provide the J-dependence of energy transfer. Figure 4-9
shows Boltzmann probability plots for scattered-in and scattered-out N,O as a function of post-
collision N,O J state (Jf), along with the J-dependence of energy gain for N,O scattered by single

collisions with hot pyrazine. The J-dependence of N,O energy gain in Figure 4-9 was

determined by subtracting the scattered-out N,O Boltzmann probability from the scattered-in
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Figure 4-9. J-dependence of N,O energy gain in single collisions with vibrationally hot pyrazine. Filled
and open squares are experimental Boltzmann probabilities for scattered-in and scattered-out N,O
molecules, respectively. Solid and dotted lines are the Boltzmann plots obtained by fitting experimental
scattered-in and scattered-out N,O probabilities over the entire N,O J range, respectively. The solid line
was obtained using a two-component double exponential Boltzmann fit to the data, while the dotted line
was obtained using a single exponential Boltzmann function. The dashed line was obtained by

subtracting the scattered-out Boltzmann probability from the scattered-in Boltzmann probability for each



J state, which is defined as J-dependence of N,O energy gain. The inversion point of the J-dependence of
N,O energy gain is between J = 24 and 25. This point represents the point that < AJ > become positive;
see in the text. Therefore, J = 24 can be used as the average initial rotational state, < J;,; >, for N,O in

single collisions with hot pyrazine.
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N,O Boltzmann probability. In Figure 4-9, the J-dependence for N,O energy gain becomes
positive at J = 25. This indicates that scattered-in N,O starts dominating over scattered-out N,O

atJ =25. Itis known that the average rotational state change is defined as <AJ >=J,—</J, >

We also recognize that positive <AJ > result in positive energy gain of a bath molecule

>. Based on this, we suggest that the average initial

rel

according to (h/27)<AJ >= b, <Av

N,O rotational state is < Jiyi > = 24 in this study.

C. Energy Transfer Rate Constants and Scattering Probabilities

The collision energy transfer process for N,O scattered into J = 37-75 of the ground
vibrational level, (00°0), in single collisions with hot pyrazine (Pyr*') can be described as
Py + N,O—5% 5 Py 4 N,O (00°0;), (6)
where Pyr®~** is the pyrazine molecules that end up with E’-AE after single collisions with N,O
at 300 K, N,O (00°0:J) is the post-collision NoO molecule scattered into 00°0;J states, and Kk} is

the energy transfer rate constant for N,O scattered into the J state. &, is obtained using

o = [N,0(00°0;J)],,
" [Pyt [N,Ot

()
In equation (7), [N20(00°0;J)]i» is the number density of N,O molecules scattered into the J state
at 1 us (t) following 248 nm UV absorption of pyrazine, and [Pyr"'], and [N,O], are the number
densities of pyrazine and N,O molecules prior to collisions, respectively. [Pyrt]o and [N>O]o
were here applied to calculate k!, because [Pyr"], and [N,QO]o can be treated as constants given

that Py»" and N,O are nearly the same before and after single collisions ([Pyr" ], ~ [Py ], and

[N2O]o = [N2O]).
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The collision energy transfer process for N,O scattered out of 00°0;J = 37-54 in single
collisions with hot pyrazine can be described as
P + N,O (J)—5s Py + N,O (J"), (8)
where Pyr®" are pyrazine molecules that end up with E”” following collision energy transfer to
N,O (J) at 300 K, Jand J' are the probed N,O rotational state and any state other than J,

respectively, and &’

out

is the energy transfer rate constant for N,O scattered out of the J state by

single collisions with Pyr* . k’

out

, (o) Ly s
k”“"m([zvzom],j/w 7 bt ®)

In equation (9), [N2O(J)]o and [N2O(J)]: are the number densities of N,O molecules in the J state

is obtained using

prior to collisions and after collisions, respectively. [N2O(J)]; is the N20 density at time t that is
obtained by subtracting the scattered-out N,O density from [N2O(J)]o; i.e. [N2O(J)]: = [N2O()]o
— [N20(00°0:J)]out, Where [N20(00°0;J)]out is the number density of scattered-out N,O at 1 s
after a UV pulse obtained from the area of the Gaussian dip. Alternatively, equation (9) can be

rewritten as

Jo_ [N,O(N))] 2
kom_ln([Nﬂ(J)]o—[N20(00°0;J)101,J/[ bt

1-[N,0(00°0;.7)],,,./[N,O())], [Pyr* 1, [N O], 2

(10)

In equation (10), the logarithmic term can be simplified to [N20(00°0;3)]ou/[N2O(J)]o since
[N20(J)]o is much larger than [N2O(00°0;3)]out; [N20(00%0;0)]ou/[N2O(3)]o << 1. &7 forJ =

37-57 and &’

out

for J = 37-54 are listed in Table 4-4, along with scattering probabilities obtained

using k. /k,,, where ky; is the Lennard-Jones gas kinetic collision rate constant.

n

200



Table 4-4. State-specific energy transfer rate constants (k. )* and scattering probabilities (kl.Jn / ku )° for

m

the process of Pyr” + N,O— 5 Pyr"~* 1 N,O (00°0;J) and state-specific energy transfer rate

constants (k7. )° for the Pyr*’ + N,O(J)—2s Py + N,O (J') process,

out

Post-collision Collisions between Pyr”" and N,O (00°0)

N,O J state k! * (10" cm®molecule™s™) k. Jk,"@0% k! ° (10" cm’molecule’s™)
37 146+6.0 28.1+11.8 12.7+£45
41 115+13 222+25 11.1+43
45 74+19 143+ 3.8 150+6.5
46 7.0+1.2 135+24 11.6+2.3
47 7.0+24 134146 13.6+£55
48 8.3+04 159+0.8 151416
49 7.9+3.6 15.3+6.9 16.6+11.0
50 44+17 8.4+3.2 144+7.1
54 41+05 79410 6.1+33
55 3.8+0.9 74+17
56 40+11 8.0+22
57 3.2+0.3 6.1+0.6

(KL.)° 12.9+51

a State-specific energy transfer rate constant, kfn , for the process of Pyr” + NZO% Pyr® ™ 4
N,0 (00°0;J) determined by Equation (7).
b State-specific scattering probability obtained from kl.Jn / k,,. k,, isthe Lennard-Jones gas kinetic

collision rate constant defined as &, , = 7{(dy., + d,,,.1,0) |21 |8k, T/ ()<Y, where dy ,= 4.2 A
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d

pyrazine

=5.27 A, k, is the Boltzmann constant, and 4 is the reduced mass of N,O and pyrazine. €, is
the Lennard-Jones well depth collisional integral, €, =[0.636+0.567log( k,T/&,)]",*° where the well

depth potential, &z, IS &, = /€, ,wnén0 - Epprazind Kp=412 Kand &, , /k,= 210 K are obtained from

Ref. “ and *°, respectively. The Lennard-Jones well depth collision rate constants, k., at 300 K is

5.19x10™ cm®molecule™s™ for the pyrazine and N,O pair.

¢ State-specific energy transfer rate constant, &’ , for the process of Pyr” + N,O(J) L)PyrE +
N,O (J'") determined using Equation (10).
d Average energy transfer rate constant for J = 37—54 of scattered-out N,O molecules in single collisions

with vibrationally hot pyrazine.
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It is interesting that (k/,,) = (12.9 +5.1) x 10" cm’molecule™s™ for J = 37-54 is about

two times larger than k; = 5.19 x 10™° cm®molecule®s™. The studies of Du et al.>" and Havey et
al.”® showed that the average energy transfer rate constant for scattered-out bath molecules,

(k4qy)» cOrresponds to ki for collisions with pyrazine. Although in this study energy transfer

measurements for scattered-out N,O in single collisions with vibrationally hot pyrazine were

performed for only J = 37-54 (Du et al.”’ and Havey et al.”® measured for the entire DCI or CO,

J range), the two times larger value of <k({m>, in comparison with k j, suggests that there may be

a problem with eiter the Lennard-Jones rate constant for pyrazine—N,O collisions or the absolute

rate constants reported in this study. Thus, this disagreement of <k"

out

)with ky; requires further

study.

The measured scattering probability, k. /k, ,, describing the fraction of N,O that gains a
certain amount of energy (AE) from hot pyrazine and is scattered into the J state, is plotted as a
function of post-collision N,O J state in Figure 4-10, along with the normalized Boltzmann
probability fit obtained using the measured scattered-in N,O population. The measured
probability, & /k,,, is also fit to a two-component double exponential function using two
different rotational temperatures (Trot mig = 450 K and Tyot high = 930 K) obtained in this study.
As shown in Figure 4-10, the integrated k; /k,, is much larger (= 1.68) than the normalized
Boltzmann probability (= 1). This indicates that k, ; for the pyrazine—N,O system is smaller than
the collision rate constant should be because the sum of the energy transfer rate constants for the
entire J range should be closer to the true collision rate constant. If the total energy transfer rate

constant is defined as the sum of V—RT and V—V collision energy transfer rate constants
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Figure 4-10. Scattering probability plot for scattered-in N,O as a function of post-collision N,O rotational
state. The solid line is the two-component (T, = 930 and 450 K) double exponential fit to the
experimentally obtained scattering probability data (squares: k; / k, ;) over the entire N,O rotational
states, while the dashed line is the plot of normalized Boltzmann probability for the measured scattered-in
N,O molecules. The sum of the normalized Boltzmann probabilities for each J state is 1, while the sum
of scattering probabilities for each J state is 1.68. This suggests that k_; for the pyrazine—N,O system is

smaller than the collision rate constant should be.
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(ktot = Zkv_rT + Zkv_\), the addition of Zky._, means that ki; is even smaller than it should be.
According to this analysis, ki ; for the pyrazine—N,O system should be roughly twice as big as
the calculated value. The corrected value of ki estimated from this analysis (~10 x 10
cm®molecule™s™) is in good agreement with the average energy transfer rate constant for J =

37-54 of scattered-out N,O molecules (<kjm> = (12.9 £ 5.1) x 10™ cm®molecule™s™), as noted

above. One potential reason for apparent underestimation of k_; may be due to the extrapolation
of & /k,, for low J states (J < 37). k. /k,, for low J states may not follow the trend of
Boltzmann distribution shape and hence decrease or increase the integrated & /k,,. The
measurement of the pyrazine—N,O energy transfer in the low J states (J < 37) must be performed
to determine an accurate value of k.o and thereby a correction of k;. We plan to perform

measurements of pyrazine—N,O collision energy transfer for the entire J range in the near future.

D. Energy Transfer Probability Distribution, P(E,E’")

The energy transfer probability distribution, P(E,E"), for pyrazine—N,O collisions was
obtained using the energy gain information from this study (J = 37-57), and data from our
previous report on the pyrazine—N,O collisions for the high J tail (J = 59-75).”* The
experimental P(E,E") curve obtained from the energy transfer data for J = 3775 is plotted as a
function of the amount of energy transferred (AE) in Figure 4-11, along with the P(E,E’) curve
obtained in our previous study.”® The sum of P(E,E’) in the AE = 1,000—7,000 cm™ range
obtained from the extrapolation of J = 3775 data, TP(E,E’), is 0.0293/cm™, while the sum of
P(E,E’") obtained from the extrapolation of J = 5975 data”® is 0.0272/cm™. This points out that

P(E,E’) directly determined from the experimental data of the mid J range, along with the high J

205



Comparison of P(E,E") from J=High and J=High+Mid

4.0x10*

3.5x10* |+

3.0x10* From J=37-75 data, /

B=
S
=)
m
w ¥ P(E,E") = 0.0293/cm*
[a
= 20T F for |AE| = 1,000 - 7,000 cnit
%
o 2.0x10*
o
o
& 15x10* F
= From J=59-75 data,
[
= ¥ P(E,E') = 0.0272/cm™
-4 L 1

é 1.0x10 }
& for |AE| = 1,000 - 7,000 cm
L

5.0x10° |+

0.0 s 1 1 1 1

-7,000 -6,000 -5,000 -4,000 -3,000 -2,000 -1,000

Energy Transfer Amount, AE (cm”)

Figure 4-11. Comparison of the energy transfer probability distribution for AE = 1,000—7,000 cm™
obtained from J = 37—75 data with P(E,E") obtained from the extrapolation of J = 59-75 data for post-
collision N,O. The negative AE values describe downward collisional energy transfer from vibrationally
hot pyrazine to N,O. The sum of P(E,E’), £P(E,E"), in AE = 1,000-7,000 cm* obtained from J = 37-75

data is 0.0293/cm™, while the sum of P(E,E’) obtained from J = 5975 data is 0.0272/cm™.
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range, corrects P(E,E’) values obtained from an extrapolation of only the high J range and
increases a small amount of energy transfer probability in the AE = 1,000—-3,000 cm™ range. The
increase of energy transfer probability based on direct measurements in the mid J range is
~0.002/cm™.

For specific comparison in terms of weak and strong collisions, the experimental P(E,E’)
curve measured in this work was fit to a bi-exponential function according to

P, £ < =)o {(IEEf)—(i)iog i J; f;qi {é—)(E'—E)/ 7 for Er>E, % 1)

where « and yare the average “weak” and “strong (super)” energy transfer magnitudes for
downward collisions, respectively, and f is defined as the strong collision fraction. gand Sare
the average “weak” and “strong” energy transfer magnitudes for upward collisions, respectively.
aand Bas well as yand Sare related to each other and can be described by detailed balance.* *°
Bi-exponential parameters («, 7, and f) for the experimentally obtained P(E,E’) in this work are
listed in Table 4-5, along with the bi-exponential parameters obtained from our previous study
using only the high J tail data (J = 59-75). Comparison of measured P(E,E’) between this study

and the previous study” can be made using the super-collision energy transfer efficiency

({AE) ), obtained by multiplying ywith f; (AE) was described in detail in our previous
studies."” **** (AE) values obtained from measurements of J = 37-75 and J = 59-75 ranges are

146.5 and 105.0 cm™, respectively. If super-collision energy transfer is considered to be
collisions where AE > ~1,000 cm™, it is then not surprising that the super-collision energy
transfer efficiency obtained using the J = 37—75 data has a larger efficiency than that obtained

from the J = 59-75 data because P(E,E") from J = 5975 used extrapolated data under the
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Table 4-5. Bi-exponential fit parameters obtained from the fit of P(E,E’) to a bi-exponential function: the
characteristic strong (7)® and weak collision magnitudes («),” the strong collision fraction (f)," and the

average amount of total energy transfer for downward collisions (<AE > d).d

Experimentally

7% (em™) a” (cm™) fe (AE) ° (cm™)
measured N,O range
J=59 — 75° 2625 797 0.04 829
J=37-75 2093 729 0.07 780

a The characteristic strong collision magnitude obtained by fitting experimental P(E,E’) data to a bi-
exponential function; see equation (11).

b The characteristic weak collision magnitude obtained by fitting experimental P(E,E') data to a bi-
exponential function; see equation (11).

¢ The strong collision fraction obtained by fitting experimental P(E,E") data to a bi-exponential function;
see equation (11).

d The average amount of total energy transfer for downward collisions from hot donor to bath molecules.

(AE) , was obtained from equation (12).

e Bi-exponential fit parameters obtained from Ref. 23.
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assumption that the translational temperature for the mid J range decreases linearly with same
trend as the translational temperatures for J = 59—75. However, as seen in Figure 4-5 Tians does
not decrease linearly and measured values in this mid J range are larger than ones predicted by
the linear assumption. The increase of super-collision energy transfer efficiency for the
corrected P(E,E’) obtained from the J = 59—75 data (Figure 4-11) originates in part because
translational temperatures for J < 55 decrease less than ones predicted by a linear extrapolation
of the J = 55-75 data as used previously.”

In Table 4-5, the average downward collision energy transfer amount, (AE) , was

determined using , 7 and f as given by** %

<AE>dz(1—f)'a /7 (12)
A=f)-a+f-y

(AE) , for P(E,E’) from the extrapolation of the J = 37-75 data (780 cm™) is smaller than

obtained from the J = 5975 data (829 cm™). This is due to the greater probability of energy
transfer in the AE = 1,000—3,000 cm™ range; this increase results in decreased values of yand «
(see Table 4-5). As a result of the decrease of both yand «, <AE > , decreases according to
equation (12). However, neither of these studies include experimentally obtained energy gain
information for J < 37; this study still uses extrapolated energy transfer parameters for the low J
states (J < 37) to calculate P(E,E"). Even though energy transfer measurements for J < 37 are
required to obtain a complete P(E,E’), it is noteworthy that the use of P(E,E’) data obtained in
this study can be compared with other studies of energy loss, since P(E,E") obtained here is
within 10 % of that obtained with a greater degree of extrapolation, as seen in Figure 4-11.

(AE)  obtained from this study can be compared with the study of Miller and Barker” on

collisional deactivation of highly vibrationally excited pyrazine by various bath molecules. They
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used a time-resolved IR fluorescence technique to measure the energy loss from hot pyrazine to

19 bath molecules and reported an average total energy transfer, (AE), for pyrazine-CO,
collisions of -275 + 30 cm™ with an average downward energy transfer, (AE) , of ~380 + 60

cm™ when E’ is ~40,640 cm™. As discussed before, we observed that collisions for the
pyrazine—N,0O and —CO, systems are governed by similar energy transfer dynamics. We also
know that the average energy transfer amounts for N,O and CO, obtained from our previous

study”® are nearly the same. Based on these, we assume that <AE ) , for the pyrazine—CO, system
from the energy loss study of Miller and Barker* may also be similar to <AE>d for the
pyrazine—N,O collisions (~400 cm™). However, this value is nearly a half of <AE>d =780 cm™

measured in this study. The study of Hippler et al.*’ showed that the average energy loss is
inversely related to the Lennard-Jones collision rate constant, (AE) = d(E(¢))/Z, ,[M]dt, where
<E(z)> is the average energy of donor at t, Z,; is the Lennard-Jones collision frequency, and [M]

is the number density of bath molecules. That is, according to the study of Hippler et al. <AE>d

is inversely proportional to ki ;. As discussed above, it is possible that k. ; used in this study is an
underestimate of the true pyrazine—N-O collision rate by about a factor of 2. Thus, if k_; were

doubled to correct for this underestimation, <AE>d = 780 cm™ measured in this study would
become ~390 cm™, since (AE)ocl/Z,,.*" This value ((AE), =~390 cm™) is in good agreement
with (AE) = ~400 cm™ obtained from the study of Miller and Barker.” Therefore, if the
corrected ki ; is used, the results from this study are consistent with previous studies obtained
from energy loss measurements. However, the measurements for low J states (J < 37) of post-
collision N,O must be performed to obtain overall P(E,E’) without extrapolation and determine

an accurate collision rate constant.
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V. Conclusion

Vibrational relaxation of highly vibrationally excited pyrazine (E’ = ~41,000 cm™) in
collisions with N,O molecules was investigated by measuring rotational and translational energy
gain of post-collision N,O for J = 37-57 range. The measurements were analyzed by including
the results of a previous study measured in the J = 59—75 range of post-collision N,O in single
collisions with hot pyrazine. A Gaussian dip at the center frequency of Doppler broadened
absorption line profiles was observed in J = 37-54, while no Gaussian dip was observed in J =
55-75. Transient IR absorption signals at 1 s after a UV pulse measured from Gaussian dips
were used to calculate the number density of N,O scattered out of the J state, while normal
Gaussian transient IR signals were used to determine the number density of N,O scattered into
the J state by single collisions with hot pyrazine. Strong and weak collision dynamics were
observed in both rotational (Trot mia = 500 K and Tyt nigh = 940 K) and translational temperature
distributions (Tirans_mia = 600—1,000 K and Tirans high = 1,000-2,600 K) measured for N,O
molecules scattered into J = 37—75. The turning point from weak to strong collisions (J = 55) is
in good agreement with the range of states with measured out-scattering (J = 37-54). The
fraction of strong collisions obtained by fitting scattered-in N,O Boltzmann distribution to a two-
component double exponential function is ~24 % of overall V—RT pathway, while the fraction
of weak collisions is ~76 %. A new approach to determine the average initial rotational state,
<Jini>, for N2O molecules was proposed and <Ji,> = 24 was determined using J-dependence of
N,O energy gain obtained from Boltzmann probability fits of scattered-in and scattered-out N,O
molecules.

Energy transfer rate constants and scattering probabilities, &/ /k,,, for rotational and

translational energy gain of post-collision N,O were obtained in the J = 37-75 range and
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extrapolated to J = 0. The integrated scattering probability for the entire J range, X k.. /k,, , is

n

1.68 times larger than the normalized Boltzmann probability for measured post-collision N,O,

while the average energy transfer rate constant for scattered-out N,O, <k"

out

>, is about twice as

large as k.. The results of £k, /k,, and (k,

out

> suggest that the Lennard-Jones collision rate

constant is smaller than the actual collision rate constant by roughly a factor of two. The
comparison of (AE) =780 cm™ obtained from P(E,E’) in this study and (AE) = ~400 cm™
from the energy loss study of Miller and Barker* on pyrazine—CO; collisions and our previous
study”® further suggest that the Lennard-Jones collision rate constant, k., for pyrazine—N,O
collisions is to small. This suggestion is in agreement with the study of Hippler et al.*” Energy
gain measurements for low J states (J < 37) for N,O following collisions with pyrazine must be

performed to obtain accurate collision rate constants as well as complete P(E,E’) free from any

extrapolation.
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