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The collisional relaxation of highly excited molecules plays a very important role
in many chemistry processes. Twerk presented in thithesis studies the collisional
guenching dynamics of Hidy vibrationally excited molecules using highsolution
transient IR absorption spectroscopy. Thisrk i nv e st i g a(smnab endrgye a k 0
transfer) a n d A s large angrgy transferrollisions ketween donor and bath
molecules The experimental redslillustrate how the properties of donor molecules
influence the collisional energy transfer. These properties include the molecular structure,
internal energy, state density. In several weak collision studies, this thesis studies the
vibrationrotationtranslation pathway for pyrazine/DCl, pyrazine/GQwith different
internal energies and for three excited alkylated pyridine moleculest@g€ems. A
singleexponential rotational distribution and}-dependent translational energy
distributions of scatted DCI| molecules arebsered. For CQ collisions, the scattered
CO, has a biexponential rotational distribution andependent translational energy

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



Theobserved collision rates for these collision pairs match Leniamds rates. The full
energy transfer distribution for these pairs is determined by combining data for weak and
strong collisions. Lowering the internal energy of donor molecules redueesrtbunt

of rotational and translational energy transfer to,C®educing the internal energy of
pyrazine decreases the probabilities of strong collision and increases the probabilities of
weak collision. The average energy transfer reduces by ~ 50%théémternal energy

is decreased by only 15%. The collision rates are independent on the internal energy for
these systems. Methylation of donor molecules decreases the magnitud@Toéiergy
transfer. The collision resultgre affected by the numbef methytgroups, andnot by

the position of the grouplincreasing the number of methyl groups increases the ratio of
the measured collision rate to the Lenndodes collision rate. In the strong collision
studies, the effects of alkylation and intdreaergy are studied. In collisions with
alkylated pyridine donors with E ~ 39000 ¢nCO, molecules gain less energy from
alkylpyridine than from pyridine. The alkylated donors undergo strong collisions with
CQO, via a less repulsive part of the intariecular potential compared to pyridine. For
azulene/CQ@collisions with two different internal energies, scattered @0lecules gain
double the amount of rotational and translational energy when the azulene energy is
doubled. The rate of strong colbsis increases four times when the internal energy is

doubled.
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=68 collected at = 1 ns following laser excitation of azulea¢l =
266 and 532im. Transient absorption dataefittedby a Gaussia
function

CO; rotational state dependence of the average relative transl
energy distribution through collisions with highly vibration.
excited azulene at & = 532 a
Energy transfer distributions ) for strong collisions betwe
highly vibrationally excitedazulenef = 38580 and 20390 chy
with CO,. P QOE) curves are obtained in terms of the en
transfer rates and rotational/translational gain.

Energy transfer probability for sing collisions of azuelene(E
38580 and 20390 ¢ with CO,. For each azulene internal ene
in two plots, the transient IR probing data is compared with
results from KCSI experiment and PECT calculation.

Semilogarithmic plot for azulene vibrational state densiff- DE)
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2tBP, and 2PP. The ordering of rates for appearance of a giv4
state is 2PP > 2MP > 2EP ~ 2tBP Pyr; the ordering ¢
probabilities for CQstates is 2PP ~ 2MP > 2EP > 2tBP > Pyr.
Energy transfer distribution function BE) for strong collision
with DE > 4000 crit of CO, with five vibrationally excited donor
The ordering of energlyansfer probabilities is 2MP > 2PP > 2tB
2EP.

The relationship betweerbg,s for strong collisions and
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vibrational state density energy dependence parammstefor
collisions of CQ with highly vibrationallyexciteddonors: pyrazin:
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isomers (2MP, 3MP, 4MP), 2,6MP, 2EP, 2PP, and 2tBFor
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alkylated cyclic molecules (benzene and cyclopentane) is u:
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Chapter 1Introduction ofCollisional QuenchingDynamics

1.1 Significance ofCollision Energy Transfer

Collisional energy transfer is key step inmany chemicatreactions™ When
molecules have energies neheir reaction threshokl collisions between these excited
molecules and cold bath molecules determine the @itéhe reactions of thactivated
moleculess.® Therefore, understandinipe mechanisms of theollisional relaxation of
highly excited molecules isf both fundamental interest angractical valie for the
modeling of combustion and atmospheric chemistignowledge of the collisice
energy transfer dynamidsetween moleculesan help us to predict the ratafsreactions
in combustion and atmospheric chemistfy.

A general theory for thermal unimolecular reactions wis/eloped by
Lindemannin 1922 and later improved upon by Hinshelwood in 1927 The
LindemannHinshelwood Model incorporatesollisional energy transfeto explain the
pressure dependence of unimolecuieaction rates” This model shows that inelastic
collisions play a key role in the mechanism of unimolecular reactiohg mechanism

for the unimolecular reactian the presence of collisionsdescribedy threesteps

ki« - o
A+M O A"+M (collisional activation) (1.2)
* I(—l .. . .
A+M A +M (collisional deactivation) (1.2)
« K : .
A'9 B (unimolecular reaction) (1.3)



Here, A is the reactant molecyl®! is an inert collision partneA” is the excitedspecie
with high internalenergyand Bis theproduct ofdissociation of A Eq 1.1 shows that
the reactant A becomes excited to through collisions with M andhe rate of

appearance of Arom this steps shown as Eq 1.4:

dA”
-

=k; A M (14)
Eq 1.2 tel$ us that excited A* can be deactivated following collisions withvith arate

givenaskq 1.5

*

dA )
—7 =-kaATM (1.5)

The LindemanfHinschelwood Modelassumes that every collision is effective at
removing enough energy from A* so that it is not reactive. @absumptions known as
the strong collision assumptiorExcited A* canalsodissociateto product B. The rate

for the reaction ishown byEq 1.6:

——=-k, A (1.6)

Applying the steadystate approximatioto A* yields anoverall reactiorrategiven by Eq

1.7:



Reactizoi%kz—lv'lb‘&%l—te (1.7)
2

-1

At low pressures, Eq 1i$ the rate determining step atite reactionrate has2™
order kinetics. At high pressures, the collisional activation and deaabivatstablisha
rapid equilibrium and Eq 1.3 becomes the rate determining stelp this casethe
observed rate for theeactionhas 1* orderkinetics.

After the LindemannHinshelwood Model, other theories wetevelopd, such as
the Statistical Adiabatic Chann®&odel (SACM), to desabe unimolecular reactions.
Most ofthese theories use tiserong collision assumptioso understanding collisical
dynamics and the role gbllisions on the fate afxcitedmoleculess animportantgoal

Many important questions abotie collisional dynamics of highly excited
molecules remaimnansweredHow doesenergy transfer betwedwo moleculesoccur
through collisios? Which pathways aréhe predominantchannels of energy transfer in
collisions of two molecules? Whptoperties of highly excited moleculase important
in the collisioral activation and deactivation? How does theinternal energyof the
excited molecules affethe energy transfér

The work presented in thibesisseeksto find the answers for these questions
Using high resolution transient IR absorption ejpescopy, mydoctoral research
illustrates how excited molecules transfer energy to cold bath molecules through
collisions This workprovides a detailed picture of the collissdrguenching ofhigh
energymoleculesand will serve as benchmark fofuture models of molecular energy

transfer
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Lindeman recognized thabltisions are often the means by which molecules gain
sufficient energy to react. Without detailed knowledge of energy transfer mechanisms,
Hi nschel wood introduced t toeaccdurd for aolispprtal c o | | |
deactivation by equating the deactivation r@ie 1.2) with the collision rate He
assumedthat every collision would remve enough energy to deactivadereactive
molecule. Since collisions actualiiyvolve a distribution ofenergy transfer values,eh
strong collisiorassumption greatly overestimates the effect of deactivating collisions.

Strong collisions, by definition, involve large amounts of ener@®n the other
extremecollisions that induce smadinergychangesre known as weak collisian Troe
introduced t he -cdlgions ®patcourd fotheldisergpnoy between
observed and calculated rates for unimolecular reactions in the presence of coftiions
Some studies on unimoleculagactions have illustrated this phenomensuch as in
Figure 1.1131516

This thesisusest he t er ms Astrongo and Afweako
collisions that induce large and smelilangesf energy, regectively. A representative
energy transfer distribution functiofor the relaxation of a highly excited molecule is
shownin Figure 1.2 where we see thateak collisions occur far more often than strong
collisions. In this thesis, the dynamics of engrigansfer for strong and weak collisions
are investigated. Projects describedin Chaptes 3 6 measurethe complete energy
transfer distribution from both weak and strarwllisions. Work in Chapter 7 and 8

focuses on studying the strg collisions fodifferent highly excited molecules.
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Figure 1.1 Schematic illustrating collisional deactivation by strong and weak collisions.
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Figure 1.2Energy transfer distribution function shows thatak collisionsof excited

moleculegsmallDE) occur more often thasirong collisionglargeDE).



1.3 Methods for Studying the Collisional Relaxation of Highly Vibrationally Excited

Donors

A number oftheoretical studie®iave investigated the collisional quenching of
highly excitedlarge molecules. | n t h e Tr&e9and Rabinovitch independently
developed semiempirical master equation theories using microcanonical transition state
theory to describe collisional relaxati’****° Sincethe exact nature of the distribution
function was not knowmt that time, they introduced different model functions such as
stepladder, exponential and Gaussian forms for the distribution funcbwe to the
unknown functional form of the distribution, @nsistent picture of howollisional
relaxation dependsn fundamental molecular propertidisl not emerge Schlag and co
workers developed a statisticabdel wherein a collision complex is formed and energy
randomization occurs among all degrees of freetféth. Nordholm and coworkers
proposd thatthe energy of the collidingiolecules is redistributed microcanonicakyg
it would be ina quasibound collision complexBased on this idea, thalevelopedhe
ergodic collision theoryfECT).?*?® This theorycorrectly predicts observecollision
trends but overestimateaveragecollision energy transfer valgedDEA Recently,
Nordholm and coworkerBave developed a semiempiri@dtension of ECTcalled the
partially ergodic collision theor{fPECT), which describes energy redistributiasinga
variable subset of donor and bath degrees of freedloat areinvolved in the energy
redistribution®”*

Developing a detailed physical picture of energy transfenolecular collisions
is challenging beause of the highdimensionality of the available phase spaCdassical

and semiclassical trajectories appwerful took for providing insight into molecular
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collisions, particularly when coupledith experimental resultsTrajectory calculations
have beenperformed on collisions that quench high energy moledoyea number of
investigators, including Lendvay arichatz2*? Gilbert and ceworkers®*3* Lim,3>3°
Bernshteinand Oref?"* Luther and ceworkers®**! Yoder and Barkef? Chapman and
co-workersr** and Liet al* Most studieshave focused on atomillision partners.
These studies shothat most of the energy transfer involves the-foeguencydonor
modes, that chattering collisions are involved in blatfye and smalDE collisions
(particulaly when the collisiorpartner is a molecujeandthat largeDE collisions occur
through repulsive interactions.

A number of experimental methods such as Ebsorption (UVA);®>? IR
fluorescence (IRF)Y*®° and timeresolvedFTIR emissioff*®® have been used to measure
the collisional deactivation of higlenergy moleculesThe expementaldata from these
studies havéeen fit using various modédistribution functions such as singlelouble,
and extendegharameterexponentials. Luther and ceworkers have usedinetically
controlled selective ionization (KCSI) and fluorescefi€€SF) techniques to measure
relaxation distribution®f highly excited moleculeS:?°®%® Theseapproacksmeasure
the complete energy transfer distribution functR(i,E 6using twacolor, two-photon
ionization to monitor the highly excited molecules as they relax by collisions.
Distributions of highly excited molecules with initial enerfyare monitored ashe
moleculespass through experimentally determined energy windows at the eBérgy
KCSI experi meantisbrartd nfgsoelafind do not require

Their results are best describading aparameterizednoncexponential distribution.

There isgood agreement between their results and the predictiorsilggon and



Nordhol més parti al | (PECE)T Recentlyca newotéchniqeeiused t h e
molecular beam ion imaging to determine the energy transfer distribution functions for
highly excited moleculesith atomic collision partner¥ "

Our group has investigated thellision dynamics for a number of collision pairs
using highresolution transient IR absorption spectroscBf§. This approach measures
energy gain of theenergyaccepting molecules after collisions with highly excited
molecules. This technique tedlus directlyaboutt he bat h mol ecul eds en
vibrational, rotational and translational degrees of freetesultingfrom collisions with
high energ molecules In addition,the energy transfer probability distributionrfction
PO, the collision r at e, Eraefa thé dingle calisiensa ge t
are measured experimentally.

The work in this thesisses pulsed optical excitatioto generate a highly excited
molecule and monitsr energy gain in small bath molecules using higbolution
transient IR spectroscopy. Stasolved product distributions yield a detailed picture of
the collision dynamics.Energy transfer distributio functionsare determined from the
perspective of the bath molecsile Michaels and Flynrdeveloped the formalism for
convertingrotational statespecific energy gaimistributions and rate constants into a
overall probability distributionfunction®® Flynn and coworkers studied the strong
collision dynamics foa number of excitedholecules(E) with CO, system firstly using
transient IR absgtion.*?*'® Sevy and ceworkers havestudied the interplay of
photodissociation dynamics with collisional deactivation for several donor molecules

with CO, using a similatR probe techniqu&10*03



1.4 High ResolutionTransient IR AbsorptionSpectroscopy

This thesispresents studies dhe collisional relaxation othighly vibrationally
excited molecules using high resolutisansient IR absorptionThe experimentcan be

described byhree processes

Highly vibrationally excited donor moleculese prepared by pulsed visible or
UV light.

(1) Donor +hn (UV orvis)- Donor (E)

Collisions with small bath molecules induce energy losses in the high energy
molecules and energy gain irethath molecule. The scatterdeath molecule will have
energy in vibration (v), rotation (J), and/or translation (V).

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

The nascent scattered bath molecudes measured with high resolution transient

IR absorption.

(3)Bath v, J,V) +hn (Il ~2.7-4.3 um) - Bath(v &,%9

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

guantum number of bath molecule and V denotes the component of the recoil velocity

-10-



along the IR probe axis. The details oé taxperimentamethod will be described in

Chapter 2.

1.5 Molecules inthis Thesis

1.5.1 Highly Vibrationally Excited for Azaberzene Molecules

This thesis explorefiow the properties of donor moleculaffect collisional
energytransferdynamics A number ofdifferent azabemere moleculesvere used as
highly vibrationally excited molecules.Figure 1.3 illustrateshe azabemere donor
moleculesnvestigatedn this thesis.

Most of the highly vibrationally excited daor moleculesin this thesisare
produced by pulsed UV laser absorptioAfter being pumped by U\ight, azabenzene
molecules undergo transitionsto electronically excited statedpllowed by rapid
radiationless decayesulting invibratiorally excited state of the electronic ground state
The lifetimes for radiationless decay of donor moleculesn ge from Uns 5 ps
The fluorescence quantum yields for these azabenzenes are very small (typically on the
order of 10°).

The preparation of the highly vibrationally azabenzene molecules is described in
this Section. In each case, preparation of the highly vibrdtyoeacited molecules
occurs well before the average collision time in our experiments. In edepgndent
collision projects (Chapters 8,and 8)the donor moleculewere prepared with different
amounts of internal energy using light wavelengths enWVv or visible. In Chapters 4
and 5, excited yrazinewith E = 32700 or 37900 cthwas produced by light with =

308.75 or 266 nm. Pyraziepumped from the ground statgt8 electronic excited

-11-
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pyrazine 2-methylpyridine
(2MP)
N N
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2,6-dimethylpyridine 3,5-dimethylpyridine
(2,6MP) (3,5MP)
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= XX “uy,
\ /

(2-ethylpyridine) 2-t-butylpyridine
(2EP) (2tBP)
N
=
X
2-propylpyridine azulene
(2PP)

Figure 1.3 Highly vibrationally excited donor molecules studied in this thesis.
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state $ by 308.75 nm UV light. Electronially excited pyrazinethen transforms a
transition tovibrationally excited ground statgyrazine $(E) through twopaths 4%
One process isinternal conversion from ;Sto Sy(E) directly andthe otherprocess
involvestwo intersystem crossingS;- Ti- So(E). The first intersystem crossing S

- Tiis rapid (< 50 ps)andhasalmost unity quantum yieltf® The lifetimet for the
second intersystem crossing-T S(E) is a singleexponentialfunction of the UV laser
wavelength withU= 180nsfor T;- So(E) at 308.75 nm At | = 266 nm, pyrazine is
pumped from the ground state to Bestate, and then converts rapidly to $rrom S,
pyrazine intersystem crossing undergoes;tarid then to &E) with a life time oft ~ 50
ns?% The statedecay information of pyrazine at different pump wavelengths is listed
in Table 1.1.

Highly vibrationally excitedazulene = 20390 or 3858@&m™) in Chapter 8 is
preparedight with | = 532 or 266 nm. Athese wavelengthszalene molecules are
excited to the5; and S, electronic singlet stase respectively.Internal conversion is the
dominant relaxation process from both tBeand S, states, with near unity quantum
yields for forming highly vibrationally excite8y(E) azulene moleculesThe lifetime of
the S, state is several picosecorid. The S, state initially relaxes t&; by fast internal
conversion and theis,Y S internal conversion forms high vibrational levels of the
electronic ground stafé'®® Thelifetime of theS; state following 266 nm excitation is
less than 3.4 nS° Theinternal energy Hncludes the photon energy and the thermal
vibrational energy. The decay paths and lifetimes for azulene are listed in Table 1.1.

Several vibrationally excited alkylated pyridine molecules are prepared in

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

Donor [, nm Evib, cmi®  Major Pathway t
pyrazine 266 37900 1)S- §
2)S- T
3)Ti- SE)  <50ns
308.8 32700 1)S;- Ta <50 ps
2)T1i- S(E) 180 ns
pyridine 266 37920 1)S - S(E) 60 ps
2)S- Ty 50 ps
3) Ti- S(E) <100 ns
azulene 266 38580 1)S- S
2) S So(E) <3.4ns
532 20390 S - SoE) <10ps

-14-



pyridine molecules are similao those ofpyridine andthe rates aréaster tharthose for
pyridine. Therefore, the preparation of the highly vibrationally excited pyridine is
describedas a representivesamplehere. Pyridine molecules are pumped to the single
electronic excited state; By 266 nm light. Excited pyridinemoleculesin the S; state
undergorelaxationto the vibrationally excited statey(§&) in two ways. Pyridine(S)
internally conveld to S(E) witht © 60 ps Pyridine moleculesalso undergodouble
intersystem crossing of therm S;- T1- S(E). The life time for the intersystem
crossing - Tiist © 50 ps while that for theintersystem crossing: T Sy(E) ist <

100 ns'****3 The statedecay information for pyridine molecules are also listed in Table

1.1.

1.5.2 Bath Molecules

Two bath molecules are studied in this thesis: DCI ang. CBdth species have
strong IR absorption and spectral featulegaresparse enough so that their energy gain
profiles can be measureding transient highesolution absorptian
High-resolution transient IR absorptiowas used tomeasure the rotational and
translational energy gain profiles of DCI (v =t@yough collisios with excited pyrazine
in Chapter3. The IR probe is th®CI (v = 1)« (v = 0) transitionat| = 4.3mm shown
in Figure 1.4. In addition tostudyingthe v=0 state ofDCI, this work measured
appearance of DCI (v = 1) using the (v =2)(v = 1) hot band transitionDCI (v = 1)
populationat 300 Kis almost zero and < 1% of the scattered molecules is observed in the
v =1 state. The transiesignal levels for the DClv = 1) stateare small compared to

those for population changes iret{v = 0) state. Thereforde population changes for
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v=0 —F—— towJ 00— LowJ

Figure 1.4IR probing for strong and weak collision for DCI and &fath molecules.
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low and high J states of DCI can be measured using the (v«= () = 0) transition
without interference from collisions populating the upper state of the probe transition.
After collisions with highly vibrationally excited dor moleculesthe population
changes for C@in low andhigh-J states are measurey IR light withl = 4.3 or 2.7mm,
as shown in Figure 1.4. The number density of scatteredrdigh-J states is measured
with the singlequantum (081) ¥ (00°0) transitionusing a diode laseat| = 4.3 mm.
The outcome ofveak collisiongnvolving CO, low-J statess probedusingcombination
bandCO, (10°1) Y (00°0) transitions nedr = 2.7 nm from a Fcenter laser Two factors
limit diode laser probing to Gigh-J states. Théow-J(00°1 )  Y°0) (CO fransitions
are saturated due tthe large oscillatorstrengthand populationsof CO, in these
states’®’?*1* The oscillator strength of the (20) « (00°0) transition is smalenauigh
that thermally populated CQtates do not absorb the probe ligbmpletely In addition,
the (101) « (00°0) combination band is an effective probe of populathanges for
low-J CO, (00°0) states since direwtbrationto-vibration energy transfénto the (181)
state isnegligible and does not interfere with transient absorptieasurements within
the (000) state It is known that the CO(00°1) state is a product of collisions with

highly vibrationally excited moleculd.

1.6 Overviewof the Work in this Thesis

The research irthis thesis isdesignedio address questions about the collisional
relaxation of the highly vibrationally excited moleculéBhe variousprojects study how
the properties of excited molecules affect the collisional quenclidgptes 3- 6 report

the dynamics oiveak collisiondor a number of collision systems. Combining these data
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with prior data for strong collisions yietdinformation about the full distribution of
energy transfer. Chaptes 7 and 8 consider how molecular structure affecsong
collisions.

Theorganizatio of thisthesisis as follows

Chapter 2 describe the setup otwo types ofhigh resolution transient IR
absorption spectrometer the diode laser spectrometer aride F-center laser
spectrometer These two spectrometersver thelR probe regions fo€0O, and DCI.

Chapter 3explores the weak collisions betweemyrazineE = 37900 crit) and
cold DCI bath molecules. With thresults of goreviousstudyof DCI hightJ states, the
whole vibrationto-rotation/translation (VRT) pathwayenergy transfer infonation is
obtained. The rotational distribution of scattered BG singleBoltzmanndistribution.
J-dependenttranslational distributionsare observed. ThisChapter provids a direct
measurement of the collision radteatis close tothe predicted Mae from theLennard
Jones collision model. The V- RT pathwayis a dominant channel of collision energy
transfer. This study has been publishedfie Journal of Physical Chemistry'®

Chapter 4dinvestigateghe weak collision®f pyrazineE = 37900 cnit) andCO,
molecules. In combination with previous data for CO, high-J states, the whole
distribution forV- RT energy trasfer between pyrazing(= 37900 cnt) and cold C@
bath moleculess presented The scattered C£00°0) molecules have hiexponential
rotational energydistribution. Thedistribution shows evidence for distinct weak and
strong collision pathwaysV- RT energy transfeis the dominanpathway throughvhich
pyrazine(E) is relaxelly collisions with CQ. The experimental collision rates in good

agreement withhe LennardJones mode The full energy transfer distributidinnction
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P(DE) is presented This study has been publishedtire Journal of Physical Chemistry
A.116

Chapter5 investigatesthe internal energy effeain the collision dynamics of
pyrazineE)/CO, pair by comparing the experimental results at #2700 crit and37900
cm®.  The distributions oboth rotational and translational energy scattered C®
moleculesare sensitive tthe internal energy of pyrazin&Vithin experimentakrror, the
observedcollision rates are novery sensitiveto the internal energy of pyrazine
However, ncreasing thelonorinternal energy reduces the probability of weak collision
and inducesnorestrong colisiors.

Chapter 6addressefow the structureof vibrationally excitedmoleculesaffects
the mllisions. Scattering dynamics faseveral donospecis are comparedpyrazine, 2
methylpyridine 2,6-dimethylpyriding and 3,5dimethylpyridine Methyl-group addition
has a large impact ahe collisional quenching of vibrationally exciteablecules. The
energy transfer distributiorse affected by the number of metlgrous, but not by the
positiors of the group in the aromatic ringrelative to nitrogen atom in the ring
Biexponential population distributiorfer the scattered C@are observed imollisions
with eachof thesedonoss. Donoralkylationalsoincreassthe appearance collision rates
which arehigher than Lennardones collisiomates.

Chapter7 reports the energy dependence of strong collisions ofv@t highly
vibrationally excited azulene for two initial energi&sz 20390 and 38580 ¢ Both
the distribution of transferred energy and the energy transfer rates are sensitive to the
azulene energyFor strong collisions hie average rotational and translational energies of

the scattered COnolecules double when the azulene energy ieased by a factor of 2.
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The rate of energy transfer \8&rong collisions increases by nearly a factor of 4 when the
azulene energy is doubled. The energy transfer probability distribution functibi for

3000 cnt at each initial energy is an expotiah decay with curvature that correlates

with the energy dependence of the state density. This result is in excellent agreement
with predictions from GRETCHEN, a model that uses r nGoldem Rile to describe
collisional guenching of highly excited moldes. This study has been publishedhi&
Journal of Chemical Physics’

Chapter 8 focuses onthe strong collisions of a series of alkylated pyridine
molecules on strong collisions. The collisions of Ofith three alkylated pyridine
species (zthylpyridine, 2propylpyridine, and 2-butylpyridine) are reported in this
Chapter. The alkylated donors impart less rotational and translational energy ttta@O
does pyridine. Alkyl chains reduce the average energy per mode, and the probability of
strong collisions is reduced. Comparison of effective impact parameters shows that the
alkylated donors undergo strong collisions with ;Ofa a less repulsiveart of the
intermolecular potential than does pyridi®me ofthis work has been published the

Journal of Physical Chemistry.A®
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Chapter 2ExperimentaMethods

2.1 Introduction

The ollisional quenching dynamics of high energy molecules stadiedusing
high-resolution transient IR absorption spectroscopye spectroscopy was performed
using twotypes oflasersystemsa pulsed UVlaser to generate highly excited molecules
and an IRlaser for probing the outcomelhis spectroscopis described irSection 2.2.
The high vibrational excitation in thezabenzee donor mtecules shown in Figure 1.3
wasproduced by a pulsed Nd:YAG laser or a dye laser as described in SeQ@itrasd.
2.3.2. IR light was used to probe scattered,@@d DCI bath molecules after collisions
with vibrationally hot donor moleculesTwo types ofIR lasers were utilized tmeasure
the transient absorption spectra of these bath molecules. IR light witd.3 4.5 pm
was produced bieadsalt diode lases and light a1 ~ 2.7 um wasproduced byan F-

center laser

2.2 High-ResolutionTransient IR LaserAbsorptionSpectrometes

The collisionalenergy transfebetween bath molecules and highly vibrationally
excited donor moleculesasmeasured using the transient IR absorption. This technique
interrogates théetails ofcollisional enegy transfer from vibrationally hot donors to bath
molecules. In theseexperimerd, the UV pulse and IR beam were propagated collinearly
through a 3 meter flowingas Pyrex collision cell as shown in Figure 2.1. A 1:1 mixture
of bath and donor vapor waswed through the collision cell a total pressoear Ry =

20 mTort
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Figure 2.1 Highresolution transient IR absorption spectroscopy uses two laser syatems:

pulsed UVlaser and a cuR laser.
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2.2.1 Diode Laser Spectrometer

The dode laserspectrometer usea diode laser as the IR probad a Nd:YAG
laseras the pump laseasshown in Figure 2. The wavelength of the IR output from
the diode laseis| ~4.3 pm and wa usedo probeCO; high-J statesand DCI lowJ states.
After passing through the collision cell, the IR beam goes through a monochramator
ensurethat the intensity changes for a single mode of the diode daseronitored by a
liquid-nitrogercooled InSb detectawith risetime ofU= 100 or300 ns.

The spectrometanses a lockin technique to decrease IR frequenlrifts of the
diode laer. 10% of IR beam was passed through a reference cell and the signal after the
reference cell was collected by a liqudrogericooled InSb detector, the output of
which wasdirected into a lockn amplifier. The lockin amplifier sends an error signa
to the diode laser to correct for drifts in the diode laser current. The reference feedback
loop locks the diode laser either to the center of a single rovibrational trardditiba
bath molecules or to a fringe of a scanning Fddeyot etalon.

The translational energy distributions of scattered bath molecules in individual
rotational states were measured from nascent Doppbeidened line profiles attl |5
after excitation of donors. This measurement was performed by collecting transient
absoption at ~ 40 frequenciasser a spectral transition.
A master timebased orthe 1 kHz diode laser modulation synchronszée timing of the
diode laser, NdYAG laser and ahutter. The frequency of the shuttex set at 1 HZo0

ensure that the-Bete cell is refreshed with new gas prior to the pulsed excitation
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Figure 22 Diode Laser Spectrometer
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In a diode laser, the surface of a crystal wafer is doped with a very thin layer of
semiconductor materials. The top of the doped crystal istgpenregion and the bottom
is a ptype region, resulting in a-p junction or diode. When current goes tigh the
diode, electrons move from thetype region to the{ype region while the electron holes
move from the gype region to the Htype region. The IR output is proed by the
stimulated emission aelectronhole recombination The energy gaps otfestronhole
pairs determine the frequency of emitted photons.

The output power of the diode laser i260 "W and the frequency resolution is
0.0003 crit. For comparison, Dopplésroadened line profiles at 300 K ahd: 4.3 nm
haveDnpop = 0.004 crit. The IR output from a diode laser lat- 4.3nm was used to
probe single quantum transitions €@0°1) « (00°0) and results are presented in
Chapters 7 and 8. A different diode laser operatirig-aé.5mm was used foDCl (v =

1)« (v=0)and (v =P« (v=1) transitions at 2100 chmas discussed in Chapter 3.

2.2.2 F-Center Laser Spectrometer

Many aspects of the-€enter laser spectrometare similar to the diode laser
spectrometer In this spectrometerhé IR probe laser ia Fcenter laseand the pump
laseris a Nd:YAG laseror a dye laseras shown in Figure 2.3. ThecEnter laser
providesa tunable singlenode IR light withl ~ 2.7 nm. Theoutputwavelength was
determined to within 0.1 cthby a wavemeter. The intensity of the-cener laseris
modulated by low frequency power fluctuations in the Kr pump lasdunerefore,a
second Il nSb detector (U = 1 0s) was used

subtraction techniques were employed to correct for the fluctuations.
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A singlemode tunable Burleigh FGRO Fcenter laser was used for studiet at
2.7mm. The Fcenter laser uses an alkali halide crystal (RbCI:Li) that congainattice
defects as the gain medium. Théselattice defects occur when two adjacent anion
vacandes share one electron. Visible lightlat 647 nm from a Krlaser pumps the-F
center crystal to an excited state of &hecenter. A tunable IR beam with~ 2.7 3.3
pm was produced following the lattice relaxation of the crystal.

The tuning rangef the IR output is relatively broad due to the amount of coupled
lattice vibrations of the crystal. The cavity of theénter laser was designed to obtain
tunable and single mode IR light. The design of Huelter laser is shown by Figure 2.4.
The laser cavity consists of an end mirror and a diffraction grating. Coarse frequency
selection was achieved by scanning the diffraction grating. A piezoelectric air spaced
etalon was used to achieve a single cavity mode. Fine adjustment and scanning of the
wavelength was performed by rotating a pair of intracavity ,Caktes and
simultaneously scanning the etalon using active feedback in order to maintain single
mode operation.

The output of the f€enter was used to measure weak collisions of @ihg the

(10°1) « (00°0) transition near 3700 ¢
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Figure 2.3 Fcenter Laser Spectrometer.
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Figure 24 Burleigh Fcenter Laser
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2.3 Laser Systems

23.1Nd:YAG Laser

A Nd:YAG laser was used to generate pulsed UV lightat32 or 266 nm. The
Nd:YAG laser is a flash lampumped @switched oscillatoamplifier system. Nd:YAG
(Yittrium aluminum garnet, ¥A;s01,, doped with Nd ion) is a fotlevel gain medium.

A 6 mm diameter Nd:YAG rod with antireflective coatings on bettus is optically
pumped using two linear fladamps and generates an IR output beam at a wavelength
= 1064 nm. The witch in the oscillator cavity generates a pulsed output with a
duration of 5 ns by controlling tHasingof the cavity via polariation. By adjusting the
Q-switch delay time relative to the flash lamp firing, lasing oceunsn the maximum
population inversion is reached.

Figure 25 illustrates how the @witch technique works in the Nd:YAG oscillator
cavity. The beam producedofn the oscillator cavity makes a double pass through a
pockels cell (PC)which has a longitudinal field KD*P (Kfh.D2xPOs) crystalinside.

A plate polarizer is highly transparent (> 95%) to horizopialarizationwhile being

highly reflective (> 99%]jo vertical polarization. A quartevave plate in the cavity adds

45 rotation with each pass. When 3000s\applied to the PC, another 4ptation is
added for each pass. At last, the returned pass is rotatecad®@s direction remains
horizontal. This horizontal beam is transmitted through the plate polarizer. When the PC
has 0 V applied, it does not add +46r each pass. Therefore, the returned pass with

total rotation of 90is changed from horizontab tvertical and is rejected by the polarizer.
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Figure 25 The ogillator cavity of Nd:YAG lase

H: Horizontal polarization
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2.3.2 DyelLaser

In Chapter 5UV light with | = 308.75 nmwas provided from a R6000 dye
laser using %' harmonic generation The main parts of the ND6000 laser amedye
oscillator and two amplifier cells, which aaét pumped by32 nmlight from aNd:YAG
laser. The dye oscillator contains a Mayge lasercavity, which includes a tuning
mirror, a grating, a beam expander, a dye cell and a cavity mirror to gemenable
beamsin terms of different dy® Using different dye solutionshé Moya oscillator
provides tunable visible beams wittarrow linewidthsandlow background fluorescence.

The dye laser output beam with = 605 630 nmis shown in Figure 2.6.
Methanol solutions for the dye Rhodamine G4fe used. Atrong solution (214 mg /1)
was usedor the oscillator cell and anore dilutesolution (10 mg/1) was usedor the
amplifier cell. Harmonic generatioof the dye output was obtained by doublindg<D*P.

A Pellin-Broca prismseparatethe doubled dye beam from the fundamental dye beam.
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Figure 26 The visible output beamof the dye Rhodamine 64Methanol solutiorin

NDG6000 dye laser. The peak intensity is at 615.5 nm.
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Chapter3: Dynamics of Weak and Strong Collisions: Highly
Vibrationally ExcitedPyrazineE = 37900 crit) with DCI

3.1 Introduction

Strong ollisions that deactivate highly excitedolecules compete with reactive
processes when they remove enough energy to put the molecule below a critical reaction
threshold energy® However,a number ofstudies orunimolecular reactionslustrate
the importance ofi w e acdllidions that induce smatihanges in energy?*>*® Energy
transfer distribution functions obtained from experiments sthavweak collisions occur
far more often than strong collisionsyt dynamical information on weak collisions is
difficult to obtain experimentally. By their very nature, weak cddiionsinduce only
small changes to the energies and quantum stétdee colliding molecules, making it
difficult to distinguish theiinitial and final energy profiles.

Chapter Idiscusse howweak and strong collisions can be measurethbhigh-
resoldion transient IR spectroscopy. Tl@hapter reportsherotationd and translational
energy gain profiles of DCWEQ) molecules in low] statesthat are populated byeak
collisions with vibrationally exciteghyrazine(E = 37900 cn1). Combined withearlier
high-J data'?*° the complete range of weak and strong collisions is characterized.

The dynamics of pyrazine(E)/DCI collisions aeported here. The experimental
data show thahe lowJ statesof DCI have recoil velocity distributionsearT, = 700 K
for J= 2- 15 states.The averageecolil velocities increase for highdistates of DCI.A
single rotational distribution withT,x = 880 K describes the scatter&Cl (v = 0)

molecules withd = 2-21. In addition to V RT energy transfer measurements, this
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Chapter also reports vibratig@n-vibration (V-V) energy transfer andrfds that V- RT
energy transfer is the primary relaxatipathway for highly excited pyrazine(E) through
collisions with DCI bath molecules.

Anotherimportant aspect of higresolution IR energy transfeneasurementm
this Chapteris that absolute rate constants for specific endrggsfer pathwaysare
determned. The observed collision rate includes the full distribution of collision
outcome. Since V- RT energy transfers the primaryoutcomeof pyrazine(E)DCI
collisions the experimentalate constant fo¥- RT energy transfer is the lower limit to
the inehstic collisionrate. Data of this type are extremely useful in testing the quafity
model potentiathat are commonly used to descritm®lecular collisions, such as the
LennardJones potentials, anith establishing guidelines for combining parameters i
collision systems that can have hydrogemding interaction$?* The scattered DCl/(=
0) molecules have an appearance rate constant tHa85%c of the Lennardlones
collision rate. A small amount ofpopulation in DCI ¥ = 1) is observed as a collision
productwith an estimated energy transfer rate that is a few perceéhe dfennarelones
collisionrate. The energy transfer probabilitystribution function based on these data is
reported. The results are compared with Lennaldnes collision rates anaverage

energy transfer values from the literature.

3.2 Experimental Method

The measurementsf scattered DC| molecules were performed on a -high
resolution transient IRliode laserabsorption spectrometer which hasen discussed in
Chapter 2. The specificare given here A 1:1 gas mixture of DCI and pyrazine flowed
through a 3 meter collision cell at a total pressure of ~20 mTorr. Highly vibrationally
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exited pyrazine waprepared by lasorption of 266 nm light from thBd: YAG laser.
266 nm light excited pyrazine tthe S, state whichundergoes adiationless decay
ultimately leadingo high vibrational levels in theyState This processccurs with near
unity quantum yeld in ~50 ng®*'% The UV power densityvas keptlower than 1.7
MW/cm? to avoid multiphoton absorption and keep the fraction of excited pyrazine
moleculesatless than 15%.

A liquid-nitrogencooled cw IR diode laser &t= 4.3 nm was passethrough the
sample cell overlapped with the UV bea®tate specific populations of scattered DCI in
the (v= 0) vibrational state were probed by transient IR absorption of ®€D,J)Y ( v
=1, J+1) Rbranch transitions. The IR lightas also used tprobe the appearance of
scattered DCI molecusein the (v= 1) state by measuringCl (v=1,J ) (V¥ 2,J+1)
R-branch transitions.

The averagéime between collisions in the D@lfrazinemixturewast.q ° 4 ns.
Nascent DCI populationsresulting from singlecollisions with hot pyrazinewere
determined at = 1 ns after UV pulsaising the DCI spectral information listed in Table
A.1.122_124

Nascent Dopplebroadened line profiles for a number of DCI rotational states
with J = 2 12 were obtained by collectingansient absorption signals as a functiomRof
wavelength. Approximately 10% of the IR light passed through a scanning Fatoty
etalon The IR frequencyvas locked at the center of an etalon fringe by using aitock
amplifier. Transient signals were collected at roughly 40 frequency inctsnaenoss a

given line profile.
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Pyrazinefldrich, 99%+) wasdegassd by freezgoumpthawing before use. DCI
(Cambridge Isotope Laboratories, chemical purity 98% and deuterium purity 99%) was
used directly without purification. The DCI| sample containedrtatural abundance (3:1

ratio) of Cl isotopes*Cl:*'Cl).

3.3 Results and Discussion

This Chapter shows the energy gairofiles for DCI (v = 0) molecules that are
scattered ito the J = 212 states due toollisions with vibrationally exciteghyrazine(E
= 37900 cmt). Dopplerbroadened line profiles based on higisolution transient IR
absorption measurements yield nascespekific velocity distributions, populations, and
energy transfer rates. Results are combined with earlier data on the 2%states of
DCI to consider the full distributions of collisional energy tran&ter.The following
Sections will present and discuss thanslational and rotational energy profiles of the
scattered DCI molecules in the v = O state, the energy transfer rate constant foRihe V
pathway, its connection to the collision rate, and the full energy transfer distribution
function for \- RT collisons betwenpyrazine(E)and DCI. This Gapter also reports on

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

3.3.1 Transient Line Profilesof Scattered DCl Moleculesin (v = 0) and (v=1)

To measure the outcome of weaklismns using stateesolved IR probing, it is
necessary to distinguish the ambient background from molecules that are scattered in the
low-J states. Appreciablebackgroundabsorptionis observedor the J= 2-7 states of
DCI (v =0) at 300 K. When higlty vibrationally excited pyrazine igenerated with 266

nm pulsed light, the transient absorption of i@ low-J states contains two components.
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When the IR laser is tuned loi n e gof alowel transition, depletion of the initial
DCI populationis observed as the molecules in this state undergo collisions with
pyrazine(E).In Figure3.1a, the negativgoing signal representetdepletion of the DCI
J=5 popul @ tTheosacond tommnent corresponds to appearance of collision
productsand is seenin the Doppleibroadened wings.In Figure 3.1b, the IR laser
frequency is tuned 0.008m™* away from the transition centevhere a positiveoing
absorption signal indicates the appearance of DCI molecules in~thesfiate that result
from collisions with pyrazine(E).

This Chapter also reports the observation dfransient IR absorption that
corresponds to appearance of the DCE(1) state from collisionsf pyrazin€E) with
DCI (v = 0). Linear absorption is directlproportional to the gpulation difference
between the lower anthe upper states, so measurements of DG Q) are affectedby
any population in the DCW(= 1) state. At 300 K, the DCI(v = 1) population cannot be
detectedn this experiment, buDCI molecules in the\(= 1) state are formed in small
amountghrough collisions with pyrazingj.

The transient signal faxppearance of DCI in the € 1, J = 6) state is shown in
Figure3.2a. The { =1, J = 6) state is the upper state of {fve= 0) R5probetransition
shown in Figure.1a, b Figure3.2b shows the Doppldsroadened line profiléor the {
=1, J = 6) state measured at= 1 s following theUV excitation of pyrazine.This
transition is broadened withfall width half-maximum that correspals to a translational
temperature off D 2000 K, suggesting that vibrational energgin in DCI occurs
through impulsive collisionsThe populatiorof scattered DCI molecules the ¢ =1, J

= 6) state is lesthan 1% ofthe transientpopulationin the (v =0, J = 5)state and has
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Figure 3.1 Transient absorption signals for tde= 5 state of DCI collisions due to
collisions with highly vibrationally excitegyrazineg = 37900 crit) at two different IR
frequencies. Panel a shows depletion of initial population at line cegtein Panel b,
the IR probe is tuned to the wings of the absorption profile at frequenéy003 cni-
Here, the appearance of DCI molecules that are products of collisional ersergfert is

observed.
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Figure 3.2 (a) Transient IR absorption of appearance of DCE (1, J = 6) that results
from collisions of pyrazin€f) and DCI ¢ = 0), collected at the transition center. (b)
Transient absorption line profile for tde= 6 state of DCI\{ = 1) measured ¢s after the

UV excitation of pyrazine.
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negligible impact on the transiesignalsfor DCI (v = 0). Thesignal levels for ta DCI
(v = 1) statein this experiment were too small tharacterie the full distributionof
rotational states associated with energy gainuhel() state.

Transient absorption signals for the D&IX 0) state (suclas in Figure3.1a,b)
are linear fo the first few microsecondsprresponding to population changes caused by
single collisionsbetween DCI and pyrazir€)l. IR intensities at = 1 €s are used to
describethe nascent DCI population®opplerbroadened line profileatt = 1 €s were
measured for individual rotational states@€Il. Figure 33 shows the transient line
profile for thev = 0, J = 5 state. Depletion of population dominates the profile at line
center, while appearance of scattered DCI molecules is sé®&nwings of tle profile.

Transient line profiles such abkose shown in Figure3.3 are fit with a six
parameter doubl&aussian function using nonlindaastsquares analysis to account for

both appearance an@pletion componentas shown in Eq 3.1

2 2

- N-No
lg & X p4l 2 e

n-Ng
q:napp

Fn=l,gx pdl 2 +F, (3.1

Here, b is asmallbaseline offsetn, is the center absorption frequentys, and D3y, are

the intensity and line width for appearance of product DCI moleculesjanand D3gep

are the intensity and line width that correspond to the depletion of initially populated DCI
states.Unique fittingresults were obtained for all transitions without extecaaistraints.

The result of the fit for thev(= 0, J= 5) state isshown in Figure8.3 as a solid line, and

the residuals are shown the lower section of Figure3 The fitting procedure yields
intensity and line width parameters for the appearanceleplétion components.
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Figure 3.3 (a) Transient absorption line profile for the 5 state of DC[v = 0) measured
1 es after the UVpulse Thecircles are transient IR absorptj@nd thesolid line isthe
result of fitting with a doubl&aussian function to account for both amaece and

depletion of population. (b) Residuals of the fit.
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In Figure3.4, the appearance componenshown in red and that for depletion is
shown in blue. The integrated area under the red appearance curve correspain@s to
total population oDCI (v = 0) molecules that have scatteiatb the J=5 state at £ 1
€s. The integrated area under the blue curve corresponds to the total population of DCI
(v = 0) J = 5 molecules that are scattered away by collisiddisiilar curves were
obtainedfor each J state investigatedThe distribution of recoil velocitiesn these
measurements is expected to be isotropic (with Gaubsgshapes) since collisions do
not occur preferentially along particular laboratory axis. To check forany such
prefaence we have performed series of polarizatiedependent studies and verified
thattransient line profiles are invariant to the polarization emdsing orientation of the

UV and IR beams.

3.3.2 EnergyProfiles of Scattered DCI (v=0) Molecules

Linewi dt hs f or ,3descrba theanasceat vepedistributions of the
scattered DCI molecules in the=J2- 12 states and correspond to laboratory frame
translational temperatures T,o, = 480- 640 K. Values of line widths antranslational
temperatures are listed in Tal3ld.

The 1 ine widt hesdestribe thed/@aggitgistributionnof tlypaDCI
molecules prior to collisions witpyrazine(E). The observed depletion line widths are
narrowerthan 300 K line widthssuggestinghat collisions of pyrazine(E) with D@hay
preferentially involve a subset of slower molecul&his result is somewhat surprising
given that molecules withigher relative velocities have higher collision ratés.other
studies,our grouphas found that coiksions of pyrazinge) with otherbath molecules,

such aHHOD'® " and CQ (Chapter 4have depletion line widths thebrrespond to 300
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Figure3.4 Separate appearance and depletion components of the transient line profile for
DCI (v = 0) J=5. Thegreycircles are transient IR datand the dastd line is the
doubleGaussian fitting curve. The appearance component (red line) is broadened due to
collisions, with a line width that corresponds to a translational temperaturg,ef 480

° 130K. The detetion component (blue line) is caused by population loss o the

state and has a translational temperature;=T170° 80K.
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Table 3.1 Nascent Doppkaroadened line widths and translational temperatures for low
J states of DCI that are pdpted/depopulated through collisions with vibrationally

excitedpyrazineE = 37900cm’Y).

Appearance odcattered Depletion ofinitial
J state DCI(v=0,J) DCI(v=0,J)

=1 b c 7, d
Dnapp cm? Tapp K Trel, K I:)ndep,cm a Tdep,K

2 0.0058 570° 140 710° 170 0.0034  200° 100
3 0.0054  490° 130 590° 150 0.0028 140° 80
4 0.0064 640° 140 800° 180 0.0031 150° 80
5 0.0054  480° 130 570° 150 0.0033 170° 100
7 0.0064 620° 140 770° 170 0.0033 170° 100
12 0.0060 520° 120 630° 150 Yo Yo

%Full width at halfmaximum (FWHM) line widths Dnap,andDngep for appearance and
depletion components, respectively, of individual states of DGl Q) measured bs
after UV excitation of pyrazine. Line widths are reporteél @001 cni.

The labframe translational temperatures for appearancgy(&nd depletion (Jep) are

2
mCZ qno bs

determined from line widths usifg ; 4 s gR 5 —n + Wherem is the mass of
0

DCI, cis the speed of lighR is the gas constant, the full width at halbximum widths
Dnobsis Dnappfor appearance amdhge, for depletion, andhg is the center frequency of the
absorption line.

“Tielin K, the centenf-mass frame translational temperature for appearance of scattered

DCl, is determined for an isotropic distribution:

-44-



T &Mt an sl il Ti r awd o » Where,mpci and m,y, are the masses of DCI
and pyrazine, respectively ang 3300 K.

“The translational temperatures based on depletion line widths for initial DCI states.

-45-



velocity distributions. Thereis someprecedent howeer for collision crossection that
increase as dunction of decreasing velocity.A negative velocity dependender
collision crosssectiors has been observed in collisionsLof (v = 1) with Xe, Ar, and Ne
that lead to quasienantvibration to rotation energy transfe?. It is also known that in
cases where collisions are dominated by attractive intera¢Bank as in thermal atomic
beams), the collision crosectionis inversely proportional to the relative velocitlfor a

purely attractive potential wheré r =- Cj r®, the velocitydependentollision cross

s e ¢ t ) dsmpropdriional tovr ~ and a negativeemperature dependence is obser?&d.
It is not entirely cleawhy pyrazin€E)-DCI collisions lave low initial velocitieswhile
HOD and CQ show no such preference.

The distributions of recoil velocities are described by daeterof-mass frame
translational temperatureseI The distributions of relative recoil velocities for thesJ
2- 12 stats of DCI have values of d = 570 800 K. Thesevalues are listed in Tabk2
and are shown in Figure3.5 along with earlier highJ results. The recoil velocity
distributions for thdow-J datahave values of ;e; ~ 700 cm® until J= 15. For J > 15the
translational energy distributions broadrbstantially.

Impulsive collisions can impart largehanges in both angular momentum and
recoil velocity. Figure3.5 shows that in collisions of pyrazine(E) with DCI, a threshold
for the onset of increasing recoll velocities occurs neat3. The correlation of angular
momentum changes and recadlocity is consistent with the Angular Momentum Model
by McCaffery and caworkers*?***° Based on an initia) = 5 state at 300 Ktheaverage
change in recoil velocity of the scattered DCI molecugesomparedwith average

changes in angular momentumTable 32.
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Table 32 Angular momentum and recoil leeities for individual states of DCI J = 20

due to collisions with highly vibrationally excited pyrazine(E = 3790d)cm

final J state  Gopky o @ Dy o G o, aprr &
2 4.6 0.0058 603 817 285
3 4.0 0.0054 559 744 212
4 3.0 0.0064 659 890 348
5 0 0.0054 554 736 203
7 4.9 0.0064 650 877 335
12 10.9 0.0060 600 800 254
15 14.1 0.0063 619 828 286
16 15.2 0.0064 627 840 298
17 16.2 0.0065 635 853 311
18 17.3 0.0068 663 897 355
19 18.3 0.0069 671 910 368
20 19.4 0.0075 728 998 456

®The average angular momentum charfgel , @p units of = of DCI after collisions
with vibrationally excited pyrazine are estimated usfogh . F5 a3, , G 2 G
), , O the average final angular momentum vector of DCI determifféte average
initial angular momentum vector of DCI at 300 Kal , O, 5.

"FWHM appearance line widtin,,,in cmi* for DCI (v = 0) as described in Table 3.1.
°The average laframe velocity in m (3) of individual DCI states following collisions

with vibrationally excited pyrazine, determined from

-47-



o & 3T, pirmDmlj 2, where, k is the Boltzmann constantag} is listed in Table
3.1, and ¢ is the mass of DCI.

“The average centaf-mass frame vekity &, 9n m (s for scattered pyrazine and
DCI molecules, determined by, O Mjm,, Al & 3kgTiM Y2 where M is the
total mass of pyrazine and DClynis the mass of pyrazine, and T = 300 K.

®The average change in relative veloditgr, O &, & 3kgTj e Y2, wheremis the
reduced mass for DCI + pyrazine collisions.

'Data for the J = 120 states are for the’fTI isotope and are taken from Ref. 87.
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Figure 3.5 Rotational state dependence of the nasammterof-mass translational
temperatures for pyrazi(t€)/DCI collisions. Squares show the translational temperatures
for appearance of DCI states with-2- 20 due to collisions with highly vibrationally
excitedpyrazineE = 37900 cri). Data for the) = 15- 20 state areshown as diamonds

and arefrom Ref. 87. Circles are lakframe temperatures for depletion of DCI via

collisions with hot pyrazine.
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Our group discussedubw the angular momentum changes were determined before
this thesis?® Measurements of the product translational energies farge range of
CO;, rotational statesaye us the opportunity toonsider how the angulamomentum of

the scattered batmolecules correlates with recoil velocityClassically, the change
total angular momentum vectq# , dye to collisions iselated to the reduced mass

the change in recoil velocigap gndthe impact parametdétas shown irEq 3.2

ﬂ o] F@ILD"'ﬂr oT® LD"'QD aTQﬂ on o¢BD @I (3-2)

For molecules, the change in total angular momentum isvéiocéor sum of

changes in orbital angular momenti®and rotational angular monmtum 8 (which
includes rotation of botltollision partners Ideally, one would like to have state
resolveddata on the rotational changes in both bath and donor molectlesstate
resolved measuremertsreexactly specifydyan for the scatteredCO, bath molecules but
do not give information abouhe stateo-state changes iDCl or about the angular
momentunchanges of the higanergy donor moleculet.awrence andaclawik report

that angular momentum changes for donor bath molecules of théype considered
here generally havilaie same sign, so thidtefinal 8, £4s a lower limit tothefinal 8 , in

cases of smabdP.’3! Changes in orbital angular momentame zero for scattering in a
central force potential, such ased in a Lennardones model.The agreement between
the LennardJones collision rate and our measured collision tteeeefore suggests that

the changes in orbital angulatomentum in these collisions are smabn the basis of
theseconsiderations, the change in bath rotational angular momehtgrepresents a
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lower limit to the overall change angular momentumPyrazine(E)DCI collisions with
o, o O 0- 16 correspond to changes in recoil velocityimf, O 300 m§*. For the
highest angular momentum chandgs, ,©5 17- 19, the changes in reitovelocity
increase to as much épr, 9= 450 n§™.

In Chapter 4a correlation between angular momentama recoilvelocity is also
observed in collisions giyrazineE = 37900 cm*) with CO,, but in this case, values of
tg)Gand oy, Oare substantiallgreater than when DCI is the batiolecule. Scattered
CO, molecules are observed in high angutaomentum states with 3 60- 80 with
average velocitychanges ofipy, O~ 1200 2200 n@?, respectively®®* Rotational
states of C@with J= 60- 80 have comparabkemounts of energy (&= 1442 and 2553
cm’, respectivelylps DCI statewith J= 16- 20 (Eo = 1452 and 2242 cih respectively),
but CQ molecules in these high states arscattered from pyrazingl with much more
translational energy.This effect may be due in part to the larger angular momentum
changeghat are observefbr CO, and in part to differences in the masBstributions of
DCl and CQ. The amount of rotational anttanslational energy in the scattered
molecules (as well as thgartitioning of this energy) depends in a nontrivial way on the
collision dynamics, e anisotropy of the intermolecular potentad the kinematics of
the collisions, so a direct comparisoh energy partitioning for C®and DCI is not
possible. However, when similar amounts of rotational energy are imparted to bath
molecules in collimns,the experimentadatain these Chaptes show that bath molecules
with more closely spaced rotational states (and higher anguarentum) are scattered
with larger recoil velocities Therotational constant for CB = 0.39 cm) is relatively

smallas compared to that for D@ € 5.4 cn').
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In other work, © suchJ-dependent increases Ti,; were observedor collisions
of pyrazineE) with H,O or HOD’® Waterhas small moments of inertia € 27.9 cnm,
B = 14.5 cm', and C = 9.3 cm?), and scattered 40 molecules are observeith
rotational energies up . = 1800 cni in states with) = 12. It is not known whether a
threshold to the recoil energlystributions exists for higherstates of water, such as seen
for DCI and CQ. Detection of higher) states of waterfollowing collisions with
pyrazine(E)requires betteexperimental sensitivitghan is currently realized If the
recoil velocities do increasaith the higherJ states of water, then tlanset occurs at
values higher thad = 12. It is possible that the mass distributiohwater reduces the
likelihood of translational energy gairelative to rotational energy in the scattered
molecules. It may also be the case that attractive interactions between pyrayized
water influence the energy gain partitioning betwdenrotational and the translational
degrees of freedomThereis evidence from other measurementshe Mullin labsthat
preferential interactions of water with the and G-hydrogenbondingsites on pyridine
(CsHsN) may favor rotational energgain in water over translational energgin®
Whether these typesf interactions play a role in determining enemgrtitioning from
collisionsremainsto be seen Computer simulations should be useful in clarifying the
importanceof this phenomenon.

The rotational distributiorof scattered DCI (v = 0) moleculdkat results from
collisionswith pyrazineE) is determined directly from the nasc@aipulations oDCl J
= 2- 21 states.A semilog plot of theotationally resolved populations of scattered DCI (
= 0) molecules measuredeks following collisions withpyrazine(E)is shown in Figure

3.6. The scattered molecules are wadiscribedy a single Boltzmann distribution with
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Figure 3.6 Nascent rotational distribution for thé = 2-21 states of DCI that are
populated through collisions with vibrationally excited pyrazine. Data fod th&5 20
staes are from Ref. 87 The appearance of DCI molecules due to weak and strong

collisions is described by a single Boltzmann distribution wjth=T880° 100 K.
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a rotational temperatuie T,,; = 880+ 100 K. This result is in good agreemenith the

previous analysis that considered only the higtates’

3.3.3Energy Transfer Rates:Pyrazine(E = 37900 cni’) + DCI
Statespecific rate constants for energy transfer that populates individual

rotational states of DCIvEQD) products were determined frothspecific appearance
signals (as shown in FiguB4). The rateconstan ki p gescribes the rate afppearance

of DCI (v = 0, J) population that comes from quenching collisions of pyraB)eds

shown inEq 3.2

ka
Pyra£i+D€I3 0K 'Pyr a£i+DClv=0,J (3.2
The appearance rate of D@I<£ 0, J) is given byEq 3.3

dDCU
—7ﬁ—=@ppcbpyrzE6e (3.3)

Based orthe method of initial rates, the appearance a:attstanki p ks determined using

Eq 3.4, where [DCI} and [Pyrazine(E]y arethe concentrationatt = 0.

kJ_%DCU/—\ 1
apP =& "DCJAPyr @E | n

(3.4)
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The absolute rate constant for energy gain intdJth& statewas measured usirigp 3.4,
and rate contants for the othetational states dDCl (J = 2- 12) were determined using
the nascent rotational temperature (FigGré). Values ofkgl p @relisted inTable 3.3 for
the J = 2-21 states of DCIV = 0). These experimental resultge in very good
agreement with the rat@siblished previouglfor theJ = 15- 21 states?°

The kinetics of the VRT energy transfer pathway is describleg the rate
constants listed in Tabl@3 Thetotal rate constarfor V- RT energy transfer based on

appearance measuremeist®btained by summing over tlestates of the scattered DCI

molecules as shown kg 3.5.

Ka p5 BiKa p5 4.6N14 110" %emPmo | etst | (3.5)

V- RT energy transfer is just one pathway for inelastic collisadms/razine(Ewith DCI.
The value okapprepresents a lowdimit to the collision rate constant andD85% of the
LennardJones collision rate constat {= 5.4 x 10*° cm® moleculé' s* at 300 K). As
discussed previously, energy gamo the ¢ = 1) state of DCI occurs rarely with a rate
that isroughly 1% of the Lennardones collision rate, and it islikely that higher
vibrational states of DCI are populated tyflisions. Therefore kapp is essentially the
collision rate constanfor pyrazineE)-DCIl collisions and is in reasonably good
agreement with the Lennadibnes collision rate.

Stateresolved population depletion measurements canb&ssed to get a lower

limit to the collision rate.The depletiorcomponent ofthe Dopplerbroadenedtransient
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Table 3.3Statespecific rate constants for appearance of DCI products due to collisions of

PyrazineE = 37900 crit) + DCIY Pyrazine(EDE) + DCI (v = 0, J).

DCI J-State Erot, CMIY ka ol O Tm*@nolecule'@”
2 32.2539 26° 8
3 64.4979 23° 7
4 107.7895 23° 7
5 161.1696 40° 12
7 301.5287 26° 8
12 837.7971 30° 9
15% 1286.115 19+5
16 1456.389 16+4
17 1636.995 12+3
18 1827.878 8.9x2
19 2028.978 6.0x1
20 2240.233 48+1
21 2461.58 3.9x1

Kaps= B1Ka p p (4.6+ 1.4F 10"° cm’@nolecule'@*®
ki 5.43 10" cm’@nolecule'@™®

®Rate constants for the J =-IA states are taken from Ref. 87.
®Total appearance rate constagpkor V- RT energy transfer of pyrazit€(DCI system,

obtained by summing over thespecific appearance ratb§p.p
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“The Lennarellones collision rate at 300 K for pyrazine/DCI determined in Appendix B.

The Lennardlones parameters were used:
ClD 0?33 6 1 é Om,132 O kB DC?S 2|8,133

lpy35.3 5 1 0%, Qkg pc7d 35K **

-57-



line profiles consists of DCI molecules thaindergo collisions with pyrazine(E)
Collisions between highly excited donor molecules and m@@e population out of low
lying J states of DCI that ar@opulated at 300 K as shown kg 3.6 and into a

distribution offinal JINj st at e s tvelacities it coeponesaig along the IR

probe axis.

Don&+DCIJYDon&r+DCIJ v ¢ (3.6)

It is not necessary fod andJNj] t o have di f fmeaswedtas aval ue
scattering evensince we measure Dopplersolved profiles Depletion ofpopulationis
observedas long as either the velogitomponent alonghe IR probe axis or the
rotational quantum number changksing collisions. The depletion rate of population in

theJ stateis given inEq 3.7.

Raegep]:-%:kdefp\] DChDonkEkr (3.7)

In Eq 3.7, f(J) is the fractional population in thkstate of DCI aB00 K andKgep is the
depletion rate constantt is areasonabléo assune that at 300 K the collision rate does
notdepend or. The total depletion rate is a sumJedpecificdepletion ates as given by

Eq 3.8

Reejes BjRa&tey = BikyfaDChH Donkrg

=ksge PChDoOnNET (3.8
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The total depletion rate constantare reportedin Table 3.4 based on
measurements of doubf@aussian transient line profiles for lohstates of DCI. The
populationweighted average of the depletion ratastants i&qe=(4.3+ 1.5)x 10*° e’
moleculé' s. This resultis in very good agreement with the total appearance rate
constant okap = (4.6 1.4) x 10"° cm® moleculé' s*. The agreement of ratémsed on
depletion and appearance gives confidence in the consistency of this approach for
measuringollision rates experimentally.

The agreement between the observed collisionaradethe ennardJones rate for
DCl-pyrazin€E) collisions is somewhagurprising. HCI is known to form 1:1 hydrogen
bondedcomplexes with aromatic molecul€8*® LennardJones parametetgpically
do not account for the effects of hydrogbonding and often underestimate actual
collision rates for molecules tha are hydroge#bonded or have other strong
intermolecular interactions.In the case of HOyrazineg) collisions, the measured
collision rate constant i§70% larger than the Lennaidbnes rate constafit’® The
energyminima for interactions of benzeneater and benzerdCl have similar energies
(D1100 en™) and intermolecular distancé®3 A).1**** |f these interactions played an
important rolein collisionsat 300K, we mightexpect the collision rate constants for
these two systems to show similar enhancements ovéetireardJones estimateslThe
fact that the Lennardonescollision rate for DClpyrazineE) is fairly accurate indicates
that hydrogerbondingforces may not be so importantaollisions of these moleculed

300 K
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Table 3.4 Depletion rate constant measurements for collisions of

Pyrazine(E = 37900 ¢ + DCI (J)Y Pyrazine(EDE) + DCI (v o,

DCI J State Eo, CNI

Kg el O Em@nolecule'@*

2 32.2539 5.6
3 64.4979 3.6
4 107.7895 4.4
5 161.1696 51
7 301.5287 2.1
Ky (4.3 £1.5)3 10"° cm@nolecule'@:
KLy 5.43 10"° cm’@nolecule'@?
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3.3.4 FullEnergy Transfer Distribution F unction P(DE)

This studyhas characterized the complete distribution of DCI molectihed are
scattered from vibrationally hot pyrazine and determitiedabsolute rate constant for
collisions, as described in th@ecedingSection This Sectionuses these results to
convertJ-indexed energy transfer data into an energy transfer probabsitybution that
is indexed byqE, the amount of energy lost from pyrazine(EJThe stateresolved
probability distributionsP;(qE) are determined for each rotational stat®©@fl based on
the Doppletbroadened line widths, the energsansfer rate constanﬁél pand the
collision rate.

The full energy transfer probability functidt{qE) is thesum of the statspecific

Py(gqE) over all DCI rotational stateas shown byq 3.9.

P aE =B, P, &E (3.9)

The initial rotational and translational energy values for Bx@l pyrazine were taken to
be the average values at 300 KCurrently, it is not known whethethere is any
correlationbetween the initial and findl states of DCI.If such a correlatiomxists, it is
likely that our analysis overestimates the rotatiarergy changes in DCIThis effect
will be most pronouncedor weak collisions that lead temall changes in rotational
angular momentumFuture experiments that identify the initihstate of DCI would be
useful in addressing this issue.

In the upper plot ofFigure 3.7 shows thB(gE) distribution function for energy

transferin collisions of pyrazineg) and DCI where the probability referencedo the
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Figure 37 The energy transfer distribution functi®{DE) for collisions of vibrationally
excitedpyrazineE = 37900 cnt) and DCI as determingdom stateresolved appearance
measurements. BE) is obtained by the adding stagecific energy transfer
distributions RDE) for individual Jstates of DCI, such the® aE& =B, |P; aE .

Probabilities are relative to Lennaddnes collision rate k (upperplot) and relative to

appearance collision ratggk(lower plot).
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LennardJones collision rate constanin the lower plot of Figure 3, the experimental
value of the collision ratekap, has been used to reference the overall probability of the
distribution function. Thdé>(qE) curve accounts for all \RT energy transfer processes
that are observed for pyrazii@{DCI collisions. The Lower P(qE) curve in Figure 3.7
has an integrated probability of unity.

The redistributionof pyrazin® wsibrational energy is the drivinéprce for the
energy transfer investigated her€he g indexin P(qE) accounts for pyrazine internal
energy that is lost du® collisions withDCI. g includes the rotational energy gam
DCI and the change itranslationalenergy for DCI and pyrazing) based on recoil
velocity distribution measurementdt doesnot account for rotational energy gain in
pyrazineE) that resultsfrom collisions with DCI. The measurement@ this Chapter
clearly identify how energy is partitioned in the scattered DCI molecules, theit
rotational and thevibrational energy content in the scattered pyrazine molecsilils
cannot be distinguishedin Figure 3.7, théd?(gqE) curve has a maximum intensity near
aqE = 250 cm', which may be related to the distribution of rotational endtmt is
imparted to pyrazine through collisions with DQThe P(qE) curve for pyrazindf)-DCI
collisions is dominatetdy a major feature at positivggE values corresponding to energy
loss from pyrazine and a smaller feature for negatfzevaluesthat correspond to
collisional energy gain in pyrazine.

Based orthe data in the lower plot of Figu7, the average energyansfer in
collisions ofpyrazineE = 37900 cnit) with DCI is teECQE 888 cmi'. Barker and Miller
have reported average energy transfer vaioiegyrazineE = 3000- 33000 cnit) with a

number of atomicgiatomic, and polyatomic collision partnéPs However, HClor DCI
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is not among the bath moleculstudied, so alirect comparisorcannot be made with
their work. Extrapolating their quenchindata toE = 38000 cni gives the following
average energyansfer valuesieeOD 50 cni' for Ar, D 90 cni* for CO,D 290 cm* for

CO; and CH, andD 750 cm for NH; and Sk. Our value ofteEO= 888 cm!' for
pyrazine/DCI collisions is largethan expected based on their results but is within the

same ordeof magnitude for small polyatomic species.

3.3.5 Comparison withPyrazine(E)-HOD Collisions

Full energy transfer distributiofunctions based on statesolvedIR studies have
been determined fothree collision systems sdar. DCI, HOD and CQ. The HOD
studies have been reported previo(isind the C@data are reported in the next&bter.
The P(qE) curves for collisions opyrazineE = 38000 cmt) with DCI and with HOD®
are compared in Figure 3.8Figure 3.8 plots the distribution functions using two
differentcollision ratedor definingthe probability. The intensity oP(qE) curves comes
directly from the ratio of observed energy transfer rates todhision rate. In the upper
plot, the Lennardlones collisiorrate is used to define the molecular collision rate for
eachcollision par. In the lower plot, the experimentally determireadlision rate is used
to normalize each distribution function.

It is apparent from Figur8.8 that a comparison of differewbllision systems
depends on the choice of collision ratérom the upperplot, it is clear that water is a
more efficient quenchesf pyrazindE) because of the larger area under the HOD curve.
The data in the upper plathow that the collision crossection forpyrazineg)/HOD at
300 K ist = 160 A%, while that for DClwith pyrazine isti = 92 A% DCl is a larger

collision partnerthan HOD, but HOD has strongerlong-range attractive forces that
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Figure 3.8 Comparison of the full energy transfer distribution functiobE}(curves for
vibrationally excited pyrazine with HOQRaken from Rf. 79)and DCI. In the upper plot,
the energy transfer data are scaled to the Lenbamds collision rateand inthe lower

plot, the energy transfer data are scaled to the measuristboathte.
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enhance the collision cresgction and aranderestimateth the Lennarelones collision
model. The fact that theollision rate for DClpyrazine is close to the Lennaldnegate
suggest that longrange interactions are not very impattan the collisional energy
transfer between these moleculdtsis important to recognize that efficient quenching by
water is due in large part to its high collision rate and not from ghesence of a
prominent largegE component in the tail of thdistribution function. In fact, thegE
distribution for HOD isnotably narrower than for DCI, as illustrated in the lower pfot
Figure3.8, where the observed collision rates are usetktermine probabilities and the
area under each curve is unitiyong-range attractive forces between pyrazine and HOD
enhance the crosection for inelastic collisions by effectivebkxtending the range at
which collisions are sufficiently strortg cause some energy transfer to take place but, at
the samdime, decreas¢he average energy transfein the lower plotthere are more
strong collisions for quenching withCl, which lead to DCI molecules scattered into
high rotationalstates with broad velocity distributionsor HOD, it may bethat the
additional collisions caused by enhanced lemagge attraction lead only to relatively
weak energy transfer.

It may also be the case that HOD collisions are weaker due to defailse
energy transfer involving preferential hydrogeonding configurations. There is
evidence from other work in odaboratory that the likelihood of larggE collisions
involving water is affected by preferred geometries of water in collisiatis pyridine
molecules. While it is unlikely that longived complexes form at 300 K, dé&of the
collision dynamics willbe sensitive to anisotropy in the intermolecular potential energy

surface. One definite conclusion that can be reached fromrdfaively modest amounts
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of energy transferred overall and tbes probability of forming OCl in the ¢ = 1) state is
that longlived complex formation leading to anything even approachiriigll statistical

redistribution of energy is extremely rare.

3.4 Conclusion

The ability to measure statesolved energy gain profilder weak collisions
opensup exciting opportunities farnderstanding thiull spectrum ofcollision dynamics
of highly excitedmolecules.Detailed information about weak collisions ahdir energy
transfer properties complements earlier studiesstrong collisions andllows us to
profile the entiredistribution of energy transfer events from a quantesolved
perspective. These studies also provide a direseasurement of the collision rate.
Comparison of experimentabllision rates and Lennattbnes rates clarifsetherole of
hydrogen bonding and other specific interactionsriargy transfer collisionsThe work
reported here showthat DCl/pyrazineE) collisions primarily lead to VRT energy
transfer with anintegrated rate that i985% of the Lennardones cdision rate. Very
small amounts of vibrational excitation of DCI the v = 1 stateare observed. A
threshold for strong collisions observed for DCI products near the 15 state where
the velocity distributions showdependent broadening'he enegy transfer distribution
function contains evidence ofstérong collision component and yields an average energy
transfer value ofeEQE 888 cm'. Studies of this kingrovide important guidelines in

developing theoretical moded$ molecular collisionsinder high temperature conditions.
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Chapter 4 Full StateResolved Energy Gain Profiles of @(J =
2- 80) from Collisions of Highly Vibrationally ExciteByrazine
= 37900 cn)

4.1 Introduction

Collisional energy transfer from highly excited molecules to cold bath molecules
involvestwo types of collisions: weak and strong collisorNeither of the two can be
neglected wherstudying collisioal quenching dynamics. Chapter 3 investigated the
complete dynamics of pyrazine(E)/DCI collisions by measulioth types of collisions.

This Chapter reports thetater e s ol ved energy gain profil es
collisions ofpyrazineE = 37900 cn1) and CQ molecules.

Several approaches habeen used to characterize energy transfer distributions
for excited pyrazine(ELO, collisions, including IRF°®*" and KCSI.?#%*%  The
experimental data from these studies has been fit using various model distribution
functions such as singledouble, and extended parameter exponentialdhe studies
quantify energy loss and involve multiple sequential collisions. Heemdscat state
resolveddynamics of pyrazine(E)/C{ollisionsare investigated.

This Chapterinvestigateshe collisional energy transfer dynamfos CO, in low
rotational states through collisions witlyrazineE = 37900 crit) using figh-resolution
transientlR absorpion spectroscopy. Our group already measured the strong collision
dynamics for collisions of COwith hot pyrazine(E) thagcatterCO, molecules irhighJ
states (J = 580). Here IR transient absorption experiments measured theesateed
energy gain profiles for low rotational states (J-64) of CQ (00°0) that come from

collisions with highly vibrationally excitegyrazineE = 37900 crt). This experiment
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uses rotationally resolved G@10°1) « CO, (00°0) transitions neat = 2.7 mm to
measure the outcome of weak collisions. The-Jostate results are combined with the
previous datdor high-J states to yield the complete steggolved V RT energy gain
distributions for CQ (00°0) that result from collisions with highly vibrationalexcited
pyrazine(E)

Rate measurements for both appearamzkdepletion of population in individual
CO, statesare obtained by this experiment. The dgtaw thatthe collision rate is well
described by the Lennattbnes modehnd that the VRT pathway accounts fd 85%
of all collisions. Product distributiongndicatethe presence of twdistinct relaxation
pathways that scatter GQD0°0). A two-component model basenh the data shows that
78% of collisions are elastic or weakhelasticand induce only minor changes in £0
rotation. Theremaining 22% of collisions are highly inelastic and leathtge gains in
rotational energy for C© The probabilitydistribution functionP(qE) based on product
energy gain iseported forqE valuesof -500 <gE < 8000 crit andcompared to results

from other collision studies.

4.2 Experimental Method

In this Chapter, stateesolved rotational and translational enegain of CQ
molecules at low] states wameasuredisingthe highresolution Fcenter laser transient
absorption spectrometer. This specteden was described in Chapter ZAdditional
relevant information is presented here. Highly vibrationally excited pyrazine(E) was
prepared by 266 nm UV light from the pall Nd:YAG laser. The UV power density
was kept below 4.9 MW/cfrto minimize multiphoton absorption by pyrazine while <15%
of the total pyrazine concentration was excited. A 1:1 mixture of pyrazine apd CO
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vapors with a total pressure of ~ 20 mTorr flavterough a 300 cm collision sample cell.
The absolute cell pressure was determined spectroscopically usinglad@wotational
transition with known absorption strength. The UV and IR beams were propagated
collinearly through the cell. Individual tational states of scattered €@olecules were
probed using (1 , «J(@0J0, J) withthel = 2.7 nm output of a singkenode Fcenter
laser.

Pyrazinefldrich, 99%+) wasdegassed by the freezpumpthaw method before

use and C@(MathesonTri-gas 99.995% purity) was used directly.
4.3 Results

4.3.1 Appearance andepletion Processes of CO, (00°0, J) Collisions

The outcome of collisions between pyrazine(E) and, @@s investigated by
measuringnascent population changes for £@00) in the J= 2- 64 rotational states
using high resolutiortransient absorption.CO, states with J 50 have measurable
population at 300 K and transient Ebsorption of these states is a measure of the net
population changes that inclut®th depletionof initial population and appearance of
scattered population caused by collisiomke population changes for appearance and
depletion were distinguishedoy measuring the nascent DoppleoadenedIR line
profiles for CQ.

Figure 4.1 shows transient absorption signéts CO, (00°0) J = 26 at two

different IRwavelengths within the R26 transition centeretoat 3733.4684 cil. In
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Figure4.1 Nascent transient IR absorption signals of scattered(@PD) at rotational
stateJ = 26 through collisions with vibrationally excitquyrazineE = 37900 crit) at two

IR frequencies within the R26 probe transition. The UV pulse happens at prolie=time
0 s and the signals to= 0 ns illustrate the initial populations of G@tJ = 26 bdore
collisions with excited pyrazine. (a) shows a depletion of initia) @@pulations at line
centemy. (b) shows the appearance of scattered i@@lecules ford = 26 at by tuning the

IR probe of the Dopplebroadened line profile to the frequenty no- 0.003 cnf.
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Figure4.1la, negativeggoing population depletion is observed at the center frequagncy
Figure 4.1b shows positivgoing appearance in the Doppleroadened wings at =
ne- 0.003 cn. Figure4.2 shows Dopplebroadenedransient lineprofiles for a number
of CQ; states with ¥ 2 to 54 measured att1 ns following the UV pulse.The positive
going appearance signals increase relative to the neggting depletion signals as the
initial thermal population of the CGtate decreases.

CO, population initially in state J is depleted by collisions with highly excited

pyrazine Pyz (E), as described by&.1.

i e
Py E+CO, 000,V Py £ +CO,any state 4.1)

Simultaneously, C&molecules are scatteteto state J as described by £8.

Ka p 0
Py E+CO, Py £5+C0O, 00°0, JV (4.2)

In Eq4.1 and4.2, V is the velocity component of G@long the IR propagation axis and
E a n dre tlednitial and final pyzine energiesPopulation changes associated with
depletion orappearance are induced by any collisidhat changéhe initial rotational
state and/or velocitgomponent along the IR probe axiBhereforetransient line profiles
such as shown in Rige 4.2 include contributions from both elastic and inelastic

collisions.
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Figure 4.2 The transient absorption line profiles for scattereg(@®0) at from low to
high rotational statesl &€ 2, 26, 36, and 54)Circles in plots are transient IR absorption
data of CQ att = 1 s through collisions with exciteplyrazineE = 37900 crit); the
solid curves are the doubleaussian fitting function for the probe data from two
processes, appearance and depletion at |6W states J < 40) and a singl&aussian

fitting curve fits the data at high rotational statés @0) since the contribution from the
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Nascent C@populations are determined from transient IR line profiles measured
at shorttimes relative to the time between collisiorigansient absorption measurements
at t=1 ns aremade well before the average time between collisiags~# ns) and
correspond to populationsf scattered C@molecules for which secondary quenwaii
collisions are unlikely.

Each transient line profile is fit Wi a double Gaussian function (EQRB) to
separate theascent appearance and depletion populations.

3-3, ° 3-3, 2

Fn=l;p8X p4|2‘1Cp3app -lg & X [5)4I2f?1qCBdep +Fy (4.3)

Here, kppand kep are appearance and depletion intensitie,abnap, and Dngep are the
full widths at half maximum (FWHM) for the appearance and depletion components,
respectivelyand k accounts for small baseline fluctuations from instrumental noise.

Dynamic information about collisions that lead to population appearance and
depletion isobtainedfrom the fitting parameters ingz.3. Figure4.3 shows the separate
appearance amdkpleton components from fitting J 26 data with i 4.3.

The area under each curve in Figut& corresponds to the nascent sub
population (at = 1 ns) of molecules (in & 26) that has eitheappeared as collision
products or been depleted by collisionsspecific line widths and translational energy
distributions (in the lab frame and the center of mass frame) for appearance are listed in
Table 4.1. Table 4.2 lists line widths and translational temperaturedefaetion.
Appearance line widths are &ltoader than 300 K. Depletion line widths measured for J

= 2- 38 have values near those for a 300 K distribution.
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Figure 4.3 The appearance and depletion curves are separated by aGiuds@an
function. Transienabsorption line profile for CE00°0) atJ = 26 (open circles) were
measured at= 1 ns after UV pulse. The solid curve is a douBlaussian functiothat
includes both appearance and depletion processes. Due to the fitting parameters, two
processes wereneasurd: the appearance component (red line) is broadened with a
translational temperature,ph= 629 K and the blue line shows the depletion component

with Tgep= 309 K through collisions.
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Table 4.1Nascent Dopplebroadened lineidths, translational temperatures and rate

constants for appearance of £@®d°0, J) from collisions with vibrationally excited

pyrazineE = 37900 cn)

CO,J Eror, CI™ No, MY DNgpp €M™ Tapp K° Trel, K°
2 2.3413 3717.0853 0.0103 66491 865t119
8 28.0951 3721.5215 0.0104 658t89 855t116
22 197.4166 3730.9893 0.0097 57985 734107
26 273.868 3733.4684 0.0101 62988 811+114
36 519.535 3739.2323 0.0115 820t101 1106136
38 578.0115 3740.3115 0.0111 755t96 1006128
44 772.1107 3743.4040 0.0126 970£109 1339151
52 1074.4305 3747.1946 0.0120 87503 1193141
54 1157.774 3748.0840 0.0131 1052113 1466:158
58 1333.7678 3659.4029 0.0118 916t110 1255150
64 1621.0035 3652.5720 0.0135 1173123 1654:174

Full width at halfmaximum (FWHM) linevidth Dnap, for appearance of GQotational
statesat 1 s following UV excitation of pyrazineValues ofDn,p, have an uncertainty
of £ 0.001 cnt.

®The labframe translationalemperature dop fOr appearance of GQotational states due
to collisions obtained usin@, ;5 Mc% (BRI 2n? aB, piBo ? where m is the mass of

CO,, c is thespeed of light, R is the gas constant agds the center frequency of the

absorption line.
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“Centerof-mass translational temperaturge Tfor appearance of scattered £@&

determined by assuming an isotropic distribution of collisions and using
T &Tapt Moo, Myy 2 Ta pplo » Where,meo, and myz are the masses of G@nd

pyrazine respectively and ¥ 29&K.
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Table 42 Stateresolved depletion linewidths, translational temperatures aatel

constants for collisions with vibrationally excitpgrazineg = 37900 crt)

Kd e :
Pyr aEi+ﬁ:@20000,J ‘ pPyr a Ei+tté,any state

CO, J ng cm™ DNgep €M™ Taepab K& Kaep 2 10° cm®Gmolecule’ st
2 3717.0853 0.0077 364° 94 7.4° 2.2
8 3721.5215 0.0083 422° 102 6.2° 1.9
22 3730.9893 0.0082 409° 100 8.9° 2.7
26 3733.4684 0.0071 309° 87 51°15
36 3739.2323 0.0073 323° 88 3.5°1.0
38 3740.3115 0.0064 248° 78 2.6° 0.8
&y (G enrmolecule'Gs™ 5.6(° 2.2)3 10°
k.3, cnt moleculet st© 5.63 10%°

%no is the IR transition frequency of probe transition at line center.
°Full width at halfmaximum (FWHM) line widths an®nge, for depletionof individual
CO, J states Line widthshave uncertainties f0.001 cnf.

“The lab-frame translational temperaturgegfor depletion of C@due to collisions with

pyrazine(E)are obtained usingy 3 mMc?j 8R |2n a3y i Bo 2, where m is tB mass of
CO,, c is the speed of light, R is average the gas constanhpyasidhe center frequency
of the absorption line.

“The averagealepletion rate constaiiy ngis the populatiorweighted average ofgl,
°The Lennarelones collision rate constant;ks determined using the model which is
shown in the append® with the following Lennarelones parameters:

Cico,=4.51 107" MR £j kg co, =1 9K, andip y35.3 5 10" M, fiks 74 3.5K.
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4.3.2 Rotational and Translational Energy Gained for Scattered CO, at J = 2- 80
through Collisions with Excited Pyrazine(E).

The nascent COrotational distribution and the-specific product translational
energydistributions are determined directly from the appeargram@meters ap, and
Dnapp Figure4.4 shows theotational distribution of scattered G@olecules (& 2- 80)
based on appearanicgensities and line widths measured atl ns. The data for C@J
= 2- 64 states are shown exd circles. Previous measurements for the 38- 80 states
are shown as wt circles’’ Data for thel = 58 and 64 states of G@re in very good
agreement with the earlier high measurements.Basedon the consistency of the
overlapping data, no rescaling of either data set was neeHeel.distribution is a bi
exponential function of energy with a transition point negf £ 1100 + 110 cm™.
Exponential fitting of the data in each region indicates the lower energy statesth J
< 50 have a rotational temperature @f; ¥ 453 + 50 K and that states with J > 50 have a
temperature of J; = 1164 £ 110 K. The residuals are shown in the lower plot of Figure
4.4. These data show that there ar® tlistinct populations ascattered C@molecules.
Given the high state density of pyrazine(E) and the structure gfiC® unlikely that a
threshold for enhanced energy transfer occursatBE100 cnt. It is morelikely that
the two populationsf scattered C@molecules each span the full range of J staiéss
Chapterwill usethis information to develop a two component model to describe the
energy transfer.

The J-specific nascent translational energy distributions (based @nnTTable
4.1) for scattered COmolecules in ¥ 2- 80 are shown in Figur¢5. The T, values for

J=2- 64 are shown a®dcirclesandpreviously reportedalues for the & 58- 80 states
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Figure 4.4 Nascent rotational distribution for the 2- 80 states o0, (00°0) due to
collisions with vibrationally excited pyrazineMeasurements of thé= 2- 64 states are
shown inredcircles. Previous data for thé= 58- 80 states (fronikef. 77) are shown as
open circles. The nascent distribution is a biexponential functiomtafional energy
with a crossing point aE,,; D 1100 cm'. Fitting the data forJ < 50 yields a lowd
distribution withTiowy = 453 £ 50 K. Fitting the data fod > 50 yieldSThighy= 1164+ 110

K.
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areshown as white circleS.’” There is good agreememetween the two data sets in the
overlapping region of 3 58- 64. Overall, the data are wallescribed by an exponential
increase in 'k as a function of J with an offset ofo1= 780 K atJ= 0. The lowJ states
of CO, are scattered with translational energies near-1B00 K. The Jdependencef
Trel becomes stronger for=J40 where much larger recoil energies are observed.

The data in Figire 45 illustrate the impulsive nature of the RT collisions
betweenpyrazine(E) and C® It has long been recognized that the scattering of I6O
very high J statesesults from strongly impulsive collision®®* The measured
translational energy profiles for the lelscattering stategresented herare consistent
with an impulsive mechanismThe classical physics of impulsiw®llisions indicates
that the smallest recoil velocities result from collisions that have the sndilsges in
angular momentumilt is interesting that the smallest valueTg, in Figure 4.5s for the
J = 22 state which is near the peak of the initial ;Gfistribution. Appearance of
population inthis state is most likely to result from smBll collisions. Given the scatter
in the data and themall number of states m&ured in this region, however, we cannot
conclusively identify thgoresence of a minimumTo address this question, it would be
useful to perform scatteringxperiments where initial J states can be correlated with final

states.
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Figure 4.5 The nascent relative translational temperatuge$oi the pyrazine(E)CO;
collision system is a function of G@0C°0) rotational state. The red circles are the

experimental appearance translational temperatures forJGQ@- 64 while the data for

CO; high-J states (& 58 80) from the previous papgérare shown as the open circles.

-82-



4.3.3 Stae-Resolved V¢ RT Energy Transfer Rate Constants and the Total Collision
Rate

This Chapterreports appearance and depletion rates of individual, G@tes
using transient IR absorptiorRate constants for depletion and appearancéased on
Egs 4.1 and 4.2, respectively. The early time populatiothanges associated with

depletion are determined usikg 4.4.

aCOZ J ]d ep
—— —Kd o[P Y(B)],[CO, T ], (44)

In Eq 44 the transient population deplatiogfCO2(J)]dep iS determined from the
integrated depletion line profile gt = 1 ¢s (as in Figurd.3). The initial number density
of excitedpyrazine [PyZE)]o is determined by measuring UV absorptiomhe initial
CO, number density [Cg)o is determined byneasuringequilibrium IR absorption of a
well-populated state.

The initial thermal population of COis depleted by collisions, ankkep is a
measure of the collision rate constant, assuming thaiflision rate is independent af
Depletion rate constants ahsted in Table4.2 for CG, J = 2- 38 states. The rate
constants for these states range fiq = 2.6 x 10"° to 8.5x 10*° cm*moleculé"-s™.
The populatioaweighted average &y (G (5.6 2.2) x 10*° cm*moleculé'-s* which
is in excellent agreement with the Lenndlwhes collision rate ok = 5.6 x 10°
cm’moleculé:s*. The collision crossection based on these datdldg = Kq o fv, O
120+ 50A%,

Statespecific rate constants for appearance of (0°0) are defined byeq 4.5.
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CO; I,
=K P Y(@1(CO; ], (4.5)

&
The appearance populatiogCO,(J)]pp are determined frorthe integrated appearance
profiles atqt = 1 &s (as in Figuré 3). Values ofk] p fpr J=2-64 are listed in Tablé.3

and valuesfor J = 58 80 are taken fronRef. 95. Appearance rate constantsr
unmeasured C{states (up td = 100) are determined based rates for measured states
and theT,y values of Figure 4. Summing the rate constants for product state
appearance yieldsn overall rate constant for-RT energy transfer betwe@yrazine(E)
and CQ of ky 75 BKka pp (4.8 £1.4) 2 10" cm’@nolecule’ @ This overall rate
constantorresponds to a cross sectionVorRT energy transfer aly.g = Ky o Vy OD
100+ 30 A%,

The V-V energy transfer pathways from pyrazine(E) to.®@@ve been measured
for a number of C@vibrational states a pyrazine energy & = 40680 cnt.”*% The
total rate constarfor energy transfer into th@@°0r1), (10°0r2), (02°0) and (00"1) states
(2349 cm) is ky = (3 + 1) x 10* cm®moleculé"-s*. The total energyransfer rate
constant based aappearance measurements sim of the rates for the-\RT and \V V
pathways, given bitor = Kapp+ ky = (5.1% 1.8) x 10™ cm’-moleculé™-s*. The value of
kiot IS consistent with our measured depletion eaté is in very good agreement with the

LennardJones collisiomate.
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Table 43 Stateresolved rate constants for appearance of (00, J) through collisions

with highly vibrationally excitegpyrazineE = 37900 cn).

J

2 .
pyragE+6® 30K "pyr aEi+Ce, 00°0,J

CO,J CO; Eroy, cit E 310" cm’=molecule'=s"?
2 2.3413 6.72.0
8 28.095 20.56.2
22 197.4 33.009.9
26 273.9 23.87.1
36 5195 13.94.2
38 578.0 10.6°3.2
44 772.1 7.1°2.1
52 1074.4 5015
54 1157.8 3.71.1
58 1333.8 2.660.8
64 1521.0 2.20.7
Kapp cMP=moleculé'=s"" (4.8° 1.8)3 10%°
kv, cm®=moleculé'=s** >(3° 1)3 10
kiot, CM°=moleculé’=s*¢ > (5.1° 1.8p10%°
k.s, cm®=moleculé'=s’® 5.63 10%°

®The statespecific rate constarif for appearanceof CO, (00°0, J = 2-64) are

determined fromappearance data at t 3r& using
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KapF CO2J app PYE oCO oDt , PYE o and CO,, are the number
densities of excited pyrazine and 300 K Cf@spectively, immediately following optical
excitation of pyrazine.

The overall rateconstant for VRT energy transferkapp is determined bysunming
appearance rate constants for@, product states by using the equatiqn,=B Jkg p'p

Rate constants were measured for the states listed in Table 4.2 and valuedafthe
remainingproducts states were determined using the nascent rotational tempefature T
of the scattered COnolecules. The appearance rate constgpfdr the \- RT pathway

is a lower limit to the total collision rate constant.

°The rate constant, or appearace of vibrationally excited Cn the (180r1), (190r2),
(02°0) and (061) vibrational states following collisions witbyrazine(E) taken from
Refs./*%

“The total energy transfer rate constamt=kkapp+ kvincludes V¢ RT and ¢ V channels

of energy transfer fromyrazine(E)}o CC.

*The Lennarddonecollision rate constark, ; is determined as described in Tabl2.
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The dscrepancy betweeky,: and the actual collision rat®onstant is likely to be
due to the energlansfer into the (0'D) bending state of C{at 667 cril. This state is
the only lowlying vibrational state that is not included in the-W rate
measuremest’ *% Because of its relatively small energy g (010) state should be
readily accessed through collisiongh pyrazine(E). It is likely that the rate for energy
gain in thebend is greater than that ihet stretching modes, based on tages for the
nearly degenerate iMand 020 states.Relative tothe Lennarelones collision rate¢he
resultsin this Chapteshow that the VRT pathway accounts fdp 85% of collisions.
The measured W pathways account foD 6% of collisions, suggesting that the
remainingD 9% of collisions may involve excitation of theending mode. This
branching ratio is consistent with our curremderstanding of vibrational excitation in
small molecules angrovides evidence that the Lennaldnes collision rate constasta

fairly accurate representation of pyrazine(E)#c0llisions.

4.4 Discussion

The data presented here provide awlepth description othe dynamics for the
full range of collisions by whichCO, quenches highly excited pyrazine molecules
through A RT energy transfer.The ability to measure the outcome of betkak and
strong collisions that scatter G@A°0) gives us thenost complete description to date of
this type of collisionatelaxation processThese data provide insight into the first eét
collisions that lead off the collisional cascade that eventuaiiygs molecules into

thermal equilibrium.
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4.4.1 Branching Ratio for Inelastic Collisions

The measurementsf weak collisionspresented in thi€hapterconfirm that the
V- RT pathway is thegredominant channel by which highly excited pyrazine molecules
are quenched with GO The V- RT pathway includestrong and weak collisions and
accounts forD 85% of all pyrazine(EYCO, collisions, based on rates measured for
appearanceof products and depletion of initial statesThe V-V pathways for
pyrazine(E)/CQ account for the remainder abllisions. Similar behavior was seen in
classical trajectorycalculations of pyrazine(E)/CQ collisions where Luther and
coworkersfound the V¥V energy transfer in pyrazine(E)/G©ollisions m&e an almost
negligible contribution to the overallrelaxation® Stateresolved scattering
measurementslustrate that the V¥V pathways for the stretching modes of £facur
primarily via longrange nearesonant energy transfeq it is not surprising that they are
not seen irclassicaltrajectories’*°

The agreement between our measured collision rate andaltatated with a
LennardJones model indicates that threlaxation is not particularly sensitive to
anisotropy in thentermolecular potential betwegayrazine(E)and CQ. LennardJones
collision rates are commonly used to model moleatddirsions and they should be valid
for collisions of weaklyinteracting species such as £8 300 K. Caution must be used
howeverfor the case of strongly interacting species suctvater. In other studies we
have measured total appearance radescattered HOD molecules that are as much as
3.5 times largethan the Lennardones collision rat€®'*® For these systemstate
resolved scatterindata indicate that anisotropy in th@ermolecular potential plays an

important role in quenchingathways involving water'®
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4.4.2 The Scattered Population Distributions from Weak and Strong Collisions

The rotational distribution for scattered G@olecules (Figuret.4) shows clear
evidence for the presence of two distinct scattepogulations. InEq 4.6, a twe
component model is used to descrithe population in each state as the sum of two

Boltzmanndistributions

P p=gle X(p) v xR ) (46)

whereg; is the rotational degenerady; is the rotational energy, andl, are intensity
parameterskg is the Boltzmann constanand T, and T, are rotational temperatures.
Figure4.6 shows theesults of a fouparameter nonlinear leastjuares fit ofeq 4.6 to
the data with no initial constraintdModeling the data with thieiexponential function in
Eq4.6 yields smaller residuals than thteshown in Figure 4.

The two subpopulations based on the best fit valués Ipf T, and Ty are shown
in Figure4.7. The lowenergy rotationastates are best described by a cooler distribution
with T, = 329K while population in the higlenergy states comes almesitirely from a
hotter rotational distribution witfi, = 1241K. The value ofT,is very close to the initial
300 K distribution showing that this subset of collisionselastic or nearly inelastiand
falls into the category of weatollisions. The relatively large value &f, shows that the
secondsubset of collisions induces ¢ changes in COrotation, thereby putting this
group in the category of strong collision§he integrated intensity of the weak collision
component is 78%f the total population of scatter&d, (00°0) molecules, whilehe

high-energycomponent accoustor 22%. Thus, nearly fouout of five collisionsnvolve
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Figure 4.6 A twecomponent biexponential model fitting the population data of scattered
CO, molecules with pyrazin&) in the upper plot. The circles are tineasured data and

the fitting result is shown as a solid curve. The accuracy for the fitting model is shown as

the fractional residuals in the lower plot.
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energy distribution is associated with weak collisions and accounts for 78%RF V
collisions. The high energy distribution is from the strong collision with accounts for 22%

of V- RT collisions.
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only minor changes t&€0O, rotation, while the remaining offéth of collisions induce
largechanges in rotational energy.

It is interesting that there are two distinct scattepogulations for C@ Prior to
the currentmeasurements of the full distribution for this systemejther the CQ
rotational distribution nor the collision rate wasown. Extrapolating the full
distribution based only ohigh-J data yielded an energy transfer rate that was much
smaller than the Lennaidbnes collision rate and waronsistent with reasurements of
the V-V energy transferrates. The data presented here clearly illustrate the
predominancef the weak collision pathway and establish the validitghe Lennard
Jones collision rate for quenching collisionks CO, and pyrazine(E). In a somewhat
related study, Nesbittnd ceworkers have measured g€xattering fronliquid surfaces
and foundthat the products have a treomponentistribution!*®'*? Theyestimate that
about 50% of thescattered molecules undergo desorption trappivigch leadsto a
cooler distribution of products, while the hotter distributioomes from impulsive
scattering.

For gasphase collisions with higknergy molecules, thpresece of a twe
component scattering distribution for €8eems to be the nori@hapters 5 and 6 report
other studies on CQcollisions with similar scattering behaviolThis behavioris not
found for collisional quenching in other small bath speciesh asHOD’® and DCI
(Chapter 3) These bath molecules scatter from higbekcited moleculevia V- RT
collisions with single rotationalistributions.

The presence of a strong collisional channel involving lang@unts of CQ@

rotation is most likely due t&€ O, length andrelatively uniform mass distribution.
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Impulsive collisions involvingthe oxygen atoms on CQare likely to be effective at
inducing torque on the molecul€eThis idea is supported hbglassical trajectory studies
both from our group and fromChapman, Flynn, and eweorkers. For the
pyrazine(E)/CQ collisions in this Chapter the average recoil energy has little
dependence on GQotational energy untiE D 750 cmi* above which the recoil
energies increase substantidfly. Chapmanand ceworkers found a biexponential
rotational distributionfor CO following single collisions with pyrazine(Bj** When
they doubled the length of the CO molecule to mimic,C®hile preserving other
patential parameters, they found reasonadueeement with the higénergy tail from

pyrazine(E)/CQcollisions.

4.4.3 The Effect of Angular Momentum Changes for VRT Energy Transfer

Chapter 3 discussed how the angular momentum changes were determined using
the experimental data for pyrazine{BTI collision pair. Table 4.4 lists the average
changes in C®angular momenturfes), , @and recoil velocitye, Obased on the-
specific valus of Ty, (Table4.1) for J = 2- 64. Our calculations are based an initial J
state of]J = 22 and an initial average velociy 300K, asdescribedn Table4.4. Figure
4.8a showsey, Oas a functiorof e, , Ofpr the J = 2- 80 statef CO,. Figure 4.8a
showsthat ey, Qincreases monotonically as a functionéead, , @, This figure also
illustratesthat there is a slight minimum feev, Satdee), , &5 0. Smallchanges in recoil
velocity (D300 m/s) correlate to sma#e), , ©and more substantiahcreases in recoil
velocity changesor Geal, , &% 40. This behavior is entirely consistent with thegular

momentum model for collisional energy transferNbgCaffery and ceworkers!?4130:143
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