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State-Resolved Studies of Collisional Quenching of Highly Vibrationally Excited Pyrazine
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The quenching of highly vibrationally excited pyrazine through collisions wit kit 300 K in a low-
pressure environment was investigated using high-resolution transient absorption spectroscopy ofiwater at
~ 2.7 um. Highly vibrationally excited pyrazine witk,;, = 37 900 cm* was prepared by absorption of

266 nm light to the electronically excited State, followed by rapid radiationless decay to the ground electronic
state. Collisions between highly excited pyrazine and water that result in rotational and translational excitation
of the vibrationless ground state of® (000) were investigated by measuring the state-resolved appearance
of individual rotational states of #D (000). Transient absorption measurements have been made on numerous
rotational states to determine the nascent distribution of rotational energy gain in water. Doppler-broadened
transient absorption line shapes were collected for a number of rotational levels in the (000) state in order to
measure velocity distributions of the scattered water molecules. The nascent distribution of water rotational

states withEr,; > 1000 cmit is well described byfot = 920 K, and the velocity distributions correspond to
Trans ~ 560 K, independent of the rotational state. Rate constants for energy gain into individual quantum
states of HO (000) from collisions with hot pyrazine provide a measure of the high-energy part of the energy-
transfer probability distribution function. The quenching of hot pyrazine through collisions with water displays
a significant reduction in the bath translational energy gain when compared to earlier studies on the quenching
of hot pyrazine Ei, = 37 900 cnm1?) by CO, {Wall, M. C.; Mullin, A. S.J. Chem. Phys1998 108 9658.

A comparison of the two systems provides insights into the molecular properties that influence the relaxation
of highly vibrationally excited molecules.

Introduction 100 times more readily in the presence ofdH000) than with

_ L . o CO, (00P0) as a collision partnér. In another example, the
. H|g.hly vibrationally explted molecgles play a S|gn|f|cant role quenching of @ (v = 1) by H,O (000) is 18 times faster than
in a diverse range of act|vz_it_ed chemlcgl ar_1d physical ProCeSSeSa|ayation through collisions with O(v = 0), despite an
and _u_nderstandlng th_e collisional deactivation of thesg m°|eC_U|eSunfavorabIe energy gdp As a quencher of highly vibrationally
IS C”“.Cas'lf‘}r ?lt\a/velopl_ng models of nﬂolgcular behavior at high o, it molecules, water also demonstrates outstanding efficien-
colisonal quenching processas due fo & ubiguity i combus. Cies: TS is apparent in results rom UV absorpoft IR

q 9p quity fluorescencél 13 and thermal lensirig experiments that mea-

tion, atmospheric environments, and acoustic transport phe-sure energy loss from highly excited molecules in the presence
nomena. Therefore, it is highly desirable to understand in detail . ay . gnly . P
of different quenching species. These techniques have been

the mechanisms and probabilities for collisional relaxation of ) T : -
highly excited molecules in the presence of water. Recently, very successful in establishing the overall quenching effective-
ness of a wide range of energy-accepting molecules. Such

state-resolved studies of collisional energy transfer from highly > o
excited donors have revealed that, at least for energy-acceptingStUd'es have shown that the average energy transfer per collision,

molecules such as G@nd NO, substantial energy gain into [IAE(T) generally increases with the_increasing complexity of
rotation and translation of the surrounding bath molecules plays the bath gas and that polar polyatomic bath molecules are more
a very important role in the overall relaxation. There is evidence €fficient quenchers than nonpolar molecules of comparable
that rotational and translational excitation of the bath is primarily complexity. This trend is evident when the quenching efficien-
responsible for the high-energy tail of the energy-transfer cies for CQ and HO are compared for several high-energy
probability distribution functionP(E,E'), for a number of donor/ ~ donors. For example, benzene wily, = 24000 cn?
acceptor pairs. The goal of the present experiments is to transfers, on average, 208 chin collisions with CQ and as
determine whether a similar energy-transfer process is operativemuch as 373 cmt when HO is the collision partneft
when water is the energy-accepting bath molecule. Similarly, collisions of CQ and azulene with 24 000 crh of
Water is of special interest as a bath because previous studiednternal energy result ifTAE= 360 cnt* while for collisions
have indicated that its behavior is quite unusual when comparedof H2O with excited azuleneJINET= 480 cnT™.9 Water has
to nonpolar quenchers such as 2 O,. Water demonstrates ~ also been reported to be a particularly efficient quencher of
an enhanced ability to quench low levels of vibrational excitation triplet pyrazine containing 5000 crhof vibrational energy, with
in small molecules relative to other energy acceptorSor (IAE[M= 655 cnt? per collision as compared to onlJAEM=
instance, the collisional relaxation of G@110) at 300 K occurs 217 cn1t for a CG bath®
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Recently, a microscopic picture of the collisional relaxation tions and involves negligible rotational and translational excita-
of highly excited molecules has emerged through state-resolvedtion of CO,. For donor energies near 40 000 ¢inthe long-
transient IR absorption studies of the energy gain in bath range V— V channel accounts for only a small fraction of the
molecules performed initially by Flynn and co-work€érg! and energy loss relative to the % RT channel and does not involve
subsequently by Mullin and co-worke¥$:24 By focusing on the large changes in pyrazine energy that result from the V
energy gain in the bath molecules, specific energy-transfer RT pathway. In this paper, we explore whether a large energy
pathways can be identified and characterized. This approachV — RT relaxation mechanism is present when water is the
has already provided important insights into the microscopic collision partner and, if so, whether this pathway plays a
mechanisms of energy transfer from highly excited molecules significant role in the collisional relaxation of highly vibra-
and is now beginning to reveal molecular details of energy- tionally excited molecules. We have focused our attention on
dependent energy transfé2> Distinct state-specific relaxation ~ rotational and translational energy gain in the vibrationless state
pathways have been identified in these studies and appear tef the bath, which, for hot pyrazine and gOhas been
be common to the bath species that have been studied. To dategstablished as the primary deactivation pathway for donor
only two bath molecules, C&and NO, have been studied with ~ energies near 40 000 cth
this technique and it is unknown whether the observed mech- This paper reports the first state-resolved studies of energy
anisms are common to all types of energy-accepting molecules.gain in HO (000) following collisions with highly vibrationally
In light of water’s environmental importance and its relatively excited pyrazine, where (000) indicates the ground vibrationless
large (IAEMvalues, it is interesting to consider how various state of water. The overall experimental approach is similar to
energy-transfer mechanisms contribute to the enhanced quenchthat for the pyrazine/CQexperiment&2*from our labs with a
ing efficiency of water. few notable exceptions. Highly vibrationally excited pyrazine

Transient high-resolution IR laser probing of energy gain in S Prepared in the gas phase with 37 900 &of internal energy
bath molecules following collisions with highly excited donors PY pulsed one-photon absorption of 266 nm light and rapid
reveals an enormous amount about the collisional relaxation of "adiationless transitions to the ground electronic staté. The
highly excited molecules. Among the key pieces of information time for production of vibrationally hot,¢pyrazine is~50 ns.
from this technique are the nascent population distributions of Collisions take place between highly excited pyrazine and a
the scattered bath molecules, the partitioning of the exchanged/©W-Pressure, 300 K bath of water vapor, resulting in an energy
energy into the bath degrees of freedom, and the state-specificd@in in FO. Itis known that pyrazine undergoes decomposition
rate constants for the various relaxation pathways. Taken {© form hot HCN fragments when excited with 248 nm light;
together, these data help identify the predominant and secondary'®WeVer, foIIowmg 266 nm excitation, the fragmentation
relaxation mechanisms that lead back to thermal equilibrium. ifetime (~60 ”9 IS muchsolonger than our ene.rgy-transfer
When energy-dependent measurements are made, insight inggneasurement times at_/zs. A deta||e_d discussion of the
the relative importance of competing pathways for various donor Implications that pyrazine fragmentation may hgve on our
energies can be gained as well. Transient IR absorption Studiesenergy-transfer results has been presented previsiskhe

on CQ; have highlighted the predominance of energy transfer main conclusion of this discussion is that the lifetime measure-
involving large rotational and translational (# RT) energy ments and the early time shape of our transient signals provide

gain in CG (00°0) following collisions with a number of highly _convincing evidence tha_t highly vibrationally excited pyrazine
vibrationally excited donors. These studies include the relax- s the energy source In the energy-tr.ansfer measurements
ation of pyrazine v, = 40 680 cn1l), 1718 pyrazine Eup = presented here. Collisions that deposit energy into excited
37 900 cn1Y), 28 hexafluorobenzend, L 40 680 cmY) 2 and rotational states of D (000) are investigated by monitoring
pyridine €y L 37 900 cnT)?? as V\',e” as energy-dépendent the appearance of individual rotational quantum states,af H
studies onVEyrazineE(, — 30000-41000 cnr?)2425 The V (000) using transient IR laser absorption of the strongly allowed
ib = i . : "
— RT energy-transfer pathway can result in a substantial loss (000) = (001) asymmetric stretch transition. The IR probe

of donor vibrational energy (as much as 8000-&iim a single source is a commercial F-center laser operating augthat

collision for the pyrazine/C@system) that generates highl has been modified substantially to allow for single-mode
. Py b4 / 9 gnly continuous-frequency scans. When the appearance of individual
excited bath rotations and translation. In some cases, for

example, collisions between highly excited pyrazifios(— states of HO (000) at short times following the excitation of

37 900 cm?) and CG, this can result in a subset of GE@X0) pyrazine is recorded, information about the nascent distribution

. of the excited rotational states in,® (000) that result from
molecules that are rota}tlonally hd.[r& ~ 1200 K forJ = 56— single collisions with highly excited( pyr)azine is obtained.
84) as we!l as ranslationally e.XC'te.m."(’“% 1900_4000.K.)' , Measurements of Doppler-broadened transient absorption line
Such collisions have been identified as “supercollisions’, o qfjies yield information on the distributions of translational
whereby large amounts of energy are lost from the donor gnerqy for the excited rotational states investigated. In addition,
molecule in a single collision. For the pyrazine/C€ystem,

) ; ) absolute rate constants for energy gain ipOH(000) are
this type of Iarge-magnltude V> RT energy tran'sfer is the  easured and probabilities are reported.
source of the high-energy part of thE,E’) function. The
collisions that do exchange large amounts of energy are
especially interesting from a chemical point of view because
they are precisely the encounters that can energize molecules The experiments were performed using a recently constructed
for subsequent chemical reactions. Of course, these make uptransient absorption spectrometer operating at:th7as shown
only a fraction of all possible quenching processes. A much in Figure 1. A 1:1 mixture of pyrazine and water vapor was
larger number of collisions involve only modest changes in the introduced into a 250 cm flowing-gas collision cell maintained
rotational and translational energies of the bath. In addition, a at a pressure of approximately 20 mTorr at 298 K. Highly
second mechanism has been identified in pyrazine/Gi- vibrationally excited pyrazine was prepared in the cell by single-
sions that results in vibrational (V- V) energy gain in the photon absorption of the quadrupled output at 266 nm of a Nd:
CO;, bath. This process is mediated through long-range interac- YAG laser. The UV excitation source was operated at 10 Hz

Experimental Section
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Figure 1. The 2.7um transient absorption spectrometer. A 1:1 mixture of pyrazine a@ adfe introduced into a 250 cm flowing-gas collision

cell maintained at a pressure of approximately 20 mTorr at 298 K. The 266 nm quadrupled output of a pulsed Nd:YAG laser is used to prepare
highly vibrationally excited pyrazine. Excited rotational states gDH000) that are populated through collisions with hot pyrazine are probed by
measuring the time-dependent changes in the transmitted intensity of a single-mode F-center laser. A full description of the F-center operation is
presented in the text.

with a 6 nspulse width. The repetition rate of the UV light determined by measuring the line width of a 298 K L£O
was reduced to 1 Hz with a mechanical shutter to allow transition (P40, 0% — 10°1). Our experimental value @vops
sufficient time to refresh the collision cell with pyrazine and = 0.0074 cmi! agrees well with the reported value of 0.0067
water between laser shots. UV fluences were kept below 5 MW cm™ and results in error bars af0.001 cnT?! on line width
cm2, a regime in which power-dependent measurements on measurements.

pyrazine display linear absorption. At the cell pressures used, Al transient absorption measurements are performed by
the gas kinetic collision time is-4 us. monitoring the time-dependent variations in the transmitted IR

Transient absorption measurements of water were performed;niensity with respect to the pulsed excitation of pyrazine. The
using the tunable output of a single-mode F-center laser R jight transmitted through the collision cell is passed through

operating at = 2.4-2.8 um. The F-center laser is pumped 5 monochromator to remove unwanted UV light or residual red
by the 674 nm output of a CW krypton ion laser. Single-mode jiant from the krypton laser before it is collected on a liquid

frequency scanning of the F-center laser is achieved with an njyrqqen cooled InSh detector (InSb2) and amplified. The
approac? similar to trllat _take_n by hNesbc;tt Q“hd co-\_/vorRérs: combined rise time of the signal is 100 ns. The monochromator
Coarse frequency selection is achieved with an intracavity 544 giseriminates effectively against IR emission from excited

d|ffract|(?_n hg:jatlng and output tha sm_?lel-zcia?nty r_Tl]_(h)_de N pyrazine that may interfere with absorption due to water. In
;’i‘cc?n:ipr']sr € I:JSilrr:g f‘ Scfgmnndgwligt;]ac%l goosééonlinfr rIS dcon- any absorption measurement, the desired quantitylis the
guration resufts in a laser ba oro. minfrare fractional transmitted intensity. This is acquired in real time

m?r\;ig)i?thcz%aqggg \I;hﬁgr:r?ér?ri?aggvingé?;lg:l?sgs?mzzlitlz:\-c}f by collecting the transmitted IR intensity on a dc-coupled digital
y P y oscilloscope. The dc-coupled signal has contributions from

neously scanned using active feedback to maintain single-mode X : . .
operation. Frequency scans up to 0.4 éican be accomplished changes in KD (000) populations (the desired signal) and from

in this manner. A wavemeter is used to determine the IR ir?tensiFy fluc_:tuations in the IR laser inten_sity. '!'he_ measured
wavelength to withint0.01 cn. S|gnal_ is def_lned abc = 1(t)T(1), V\_/herel(t) |s_the |nC|den_t IR

To collect transient absorption data for individual rotational laser intensity and (t) is t_he fractional transient tra_nsm|_33|on_
states of HO, the output of the F-center laser is actively locked due to molecular absorpn_on. To separate the c_ieswed Intensity
to the absorption line of interest using an external reference change_s from th? L_mdeswable_ fluctuations, it IS necessary to
feedback loop. A small frequency dither is induced in the IR det(_armme_l(t). This is accomplished by measuring the precell
output using an intracavity mirror mounted on a piezoelectric IR |nten§|ty on a matched detector/amphﬂer (InSbS). The
stack. Approximately 10% of the laser output is directed Precell signalis referred to dg(t) and is directly proportional
through a multipass cell containing up to 1 Torr of water vapor 1 !(t) S0 thatie(t) = y1(t), wherey is a constant scaling factor.
before it is collected on an indium antimonide detector (denoted | N€ factory is determined for each transient measurement from
InSb1 in Figure 1). For population measurements, the dither the ratio of intensities prior to the.UV excitation pulse, t.hus
provides an error signal, which in conjunction with a lock-in = !oc (t < O)/lrer (t < 0). To obtain the change in fractional
amplifier, is used to lock the laser frequency to the peak of transmitted intensity due to changes in the populations,af H
individual HO rotational lines. For Doppler-broadened tran- (000) rotational states[(t) is calculated using the expression
sient line width measurements, the IR laser is locked to a fringe T() = {loc(D}{lr(t)/y} and then used in Beer's Law to
of a scanning confocal etalon and transient absorption measure£alculate the transient number density gfCH(000).
ments are collected as a function of the IR wavelength. A fixed- Research grade pyrazine (Aldrich, 99.9%) was used in these
length confocal Etalon with a free spectral range of 0.0049'cm  experiments after being degassed by several freeze/pump/thaw
is used to calibrate the IR frequency during line width cycles. The water was distilled at 100 and collected directly
measurements. Our experimental accuracy for line shapes wasn a vacuum flask to prevent absorption of atmospheric gases.
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Figure 2. Fractional transient absorption of,@ (000) Jxx, = 9s4 resulting from collisions with highly vibrationally excited pyrazir&f
resulting from collisions with highly excited pyrazing., = 37 900 = 37900 cntl). Populations have been measured atsifollowing

cm!) measured as a function of time following UV excitation of v excitation of pyrazine under conditions in which the gas kinetic
pyrazine. The collision cell pressure is 20 mTorr at 298 K, and the gas ¢oljision time is 4us. These data include rotational states with energies
kinetic collision time is approximately 4s. Populations are measured  patween 1000 and 2000 cfa Populations of individual states have
at 1us, where the linear absorption signals correspond to population peen divided by, the nuclear spin degeneracy. The nascent rotational
changes in £ resulting from single collisions with highly excited  gistribution is well described by a rotational temperatur@gf= 920

pyrazine. Typical transient signals result from averaging-23D laser + 100 K, indicating that substantial increases in the rotational energy

UV laser shots. of H.O (000) accompany the collisional relaxation of highly excited
pyrazine.

Results

1. Rotational Excitation of H,O (000). The appearance Mgpg = 0.0146 = 0.001 o]

of population in more than 20 excited rotational states gdH

(000) with E;or > 1000 cnt! was measured using transient IR 020 1 Tirans = 536 £ 73 K ]
absorption. For all absorption measurements, the IR probe was o

the strongly allowed asymmetric stretch (068)001) transition 0.15 -
in H,O. The transient absorption signal for the appearance of
H,O (000) Jkx. = 9s4 is shown in Figure 2, witht = 0
corresponding to UV excitation of pyrazine. In labeling the
rotational states of water] is the total rotational angular
momentum quantum number ai@ and K. are the limiting
symmetric top projection quantum numbers. Collisions resulting
in energy-gain in KO (000) with E;ot < 1000 cnt! were not 0.00 4
included in our measurements because excessive IR absorption '
due to atmospheric water precludes energy-gain measurements
for the lower energy states of water that are thermally populated -0.05 7
at 300 K. Nascent populations of,&8 (000) in individual T ‘ ' ' '
excited Jx . states were obtained by measuring the transient -0.03 -0.02 -0.01 000 001 002 0.03
absorption at s following pyrazine excitation and integrating B (cm)

over ex_perlr_‘nentall)_/ determlnf-}d Doppler-broa_dened tr,anS|ent Figure 4. Transient absorption line shape fop® (000) k. = 954
absorption line profiles (described below). Using Beer's Law cqjected at 1us following UV excitation of pyrazine. The transient
and well-established oscillator strengths for wéteapsolute  ahsorption data are shown as open circles. The data are fit to a single
populations were determined. The distribution of excited Gaussian function, shown as a solid line. This fit yields a full width
rotational states in kO (000) following collisions with highly ~ half-maximum ofAveys = 0.0146+ 0.001 cnt?, which corresponds
vibrationally excited pyrazine is found by dividing the popula- 0 @ lab-frame translational temperatureTafns = 536 + 73 K. The
tion in each state by its nuclear spin degenetaapd plotting transient line shape is slightly broader than that for a 300 K distribution

th tural | fthi | functi fh tali | of translational energies, which is shown as a dashed line for
€ naturallog of this value as a function of the rotational energy. comparison. Frequency calibration of the line widths is accomplished

The results of this analysis are shown in Figure 3, and the py recording the IR transmission through a confocal etalon having a
distribution is well-described using Boltzmann statistics with free spectral range of 0.0049 cinas the laser frequency is scanned
Tt = 9204 100 K. This temperature is substantially larger across the line shape. The etalon signal is shown in the lower trace.
than the initial rotational temperature of 300 K and shows that
collisions between water and hot pyrazine can result in large into excited rotational states of,8 (000). Populations of
rotational energy gains inJ® (000), leaving water vibrationally  individual rotational levels were measured au4 following
unexcited but rotationally hot. pyrazine excitation and collected as a function of IR frequency
2. Nascent Recoil Velocities of Scattered #0 (000). shift dv from the line center. The transient line shape fe©OH
Transient Doppler-broadened line shapes for excited rotational (000) Jk . = 9s4 is shown in Figure 4, along with a frequency
states of HO (000) were measured in order to determine the calibration scan from a fixed-length confocal Etalon (FSR
distributions of recoil velocities that accompany energy gain 0.0049 cnil). The experimental data, shown as open circles,

0.10 +

0.05 -+

Percent IR Absorption
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TABLE 1: Transient Absorption Line Widths for Rotational States of Water Populated from Collisions of the Type Pyrazine
(Evib = 37 900 cnml) + H,O — Pyrazine Eviy — AE) + H0 (000, Jkk,, V)

H,0 (OOO)JKaKC Erot, cmta Vo, cmia AVobs, cntb Tirans K¢ [Erandihb, cmtd [AEtrand b, cmte

Ts2 1059.841 3553.74 0.0152 0.001 635+ 84 662+ 87 430+ 106
844 1131.776 3719.76 0.01480.001 51372 535+ 75 274+ 91
936 1282.919 3666.08 0.01400.001 574+ 77 598+ 80 351+ 98
852 1411.647 3710.71 0.01480.001 552+ 75 576+ 78 324+ 95
54 1477.297 3716.16 0.01450.001 536+ 73 559+ 77 303+ 93
953 1631.384 3708.26 0.01480.001 553 75 577+ 78 325+ 95

10ss 1874.974 3706.55 0.01560.001 569t 76 593+ 79 345+ 97

2 Rotational energies and absorption frequencies at line cerfeare from the 1996 HITRAN database (ref 32)ransient absorption line
widths are measured at& following UV excitation of pyrazine. Each line profile, such as the one shown in Figure 3, is fit to a Gaussian function,
and the resulting full width half-maximum valuediy are reported heré.The translational temperatures associated with individual rotational
states of water are obtained using the expres§#) = {MEAverd} /{8R(In 2)v?}, wherem is that mass of wate is the speed of lightAvoss
is the experimentally determined transient absorption line witis,the molar gas constant, amglis the absorption frequency at the line center.
d4The mean lab frame translational energy af0H000) molecules that are recoiling from highly excited pyrazine, calculated UBinglhn =
1.5sTrans ¢ The mean change in the relative translational energy-af €000) and pyrazine resulting from collisions in the center of mass frame,
calculated usingAEqandd = {(80 + 18)/8Q [AEyandihn = 1.22 [AEwandihn and assuming the initial translational energy @©H000) is 1.5 Ty =
310 cn1! with To = 300 K.

are fit to a Gaussian line shape using nonlinear least-squares 1000 T T
a_malysis, the res_ults of which a_re_shown in_ Fig_ure 4 as a solid Scattered H,0 (000)
line. Our line width data and limited polarization studies are
consistent with isotropic distributions of scatteregCHmol-
ecules, although low signal levels have precluded a complete
polarization-dependent analysis. The resulting full width half-
maximum for the 9, state of HO (000) isSAveps = 0.0146+
0.001 cn1?, which corresponds to a translational temperature
in the lab frame offyans= 536+ 73 K. The observed transient
absorption line shape for the,@ (000) 94 state is broadened
with respect to the 300 K line width afv,9g = 0.0104 cnrt
(shown in Figure 4 as a dashed line), demonstrating that

"1 |
i

200 + R

™

H,0 Translational Temperature, K

. . . . Initial Tyans
collisions resulting in rotationally hot # (000) are ac- ]
companied by increased translational energies. The transient 0 -y f o
Doppler-broadened line widths for a number of rotationally 1000 1200 1400 1600 1800 2000

excited HO (000) states are reported in Table 1 along with the
lab frame translational temperatures. The average nascent i o )
translational energies in the lab frame are found usings Figure 5. Nascent translational temperatures for individual rotational

_ . , states of HO (000) having rotational energi&s, = 1000-2000 cn1™.
(lab) = 3/2gTuan{lab), whereks is Boltzmann's constant. The translational temperatures are determined by measuring the

These values are presented in Table 1. As shown in Figure 5,poppler-broadened transient absorption line shapesuatfbllowing
the translational temperatures fos®(000) show little variation UV excitation of pyrazine. The distributions of recoil velocities
over the range of rotational energies investigated and there isassociated with each rotational state have translational temperatures in
no apparent correlation wit or with theJ, K, or K¢ quantum the range 516635 K and are only slightly more energetic than the
numbers. The measured translational temperatures are glfnitial 300 K velocity distribution. In addition, the final translational

' . P : energy in water does not correlate with the rotational energy.af H
e!evgteq some\{vhat relative to the mlt.lal .30(.) K VeIOCIt.y (000) nor with thel, K,, andK. quantum numbers.
distribution, but it is noteworthy that the distributions of recaoil

velocities for the excited rotational states ¢f0000) are much ~ of H,O (000) in the Jxk, State. The differential rate of

cooler than those seen in earlier quenching studies whese CO appearance of individual rotational states OH000) can be
is the bath. Relative to quenching by g©nly a small amount  \yritten as

of translational energy is imparted to,® (000) following

H,0 Rotational Energy, em™!

collisions with vibrationally hot pyrazine. The implications of d[H,0Q))/dt = kZJ[Pyr*][H ,O (300 K)]
this result and a comparison with quenching by ,G@ll be
discussed later in this paper. where [HO(J)] is the population of HO (000) in theJkk,

3. Rotational Excitation Rates of HO (000). Toobtaina  guantum state,is the time following UV excitation of pyrazine,
more Complete Understand|ng Of the CO"|S|Onal relaxa“on Of sz |S the b|m0|ecu|ar rate constant for appearance Oﬂm
vibrationally excited pyrazine by water molecules, we have state, [Pyr*] is the concentration of excited pyrazine molecules,
measured absolute rates of appearance for the excited rotationahnd [H,0 (300 K)] is the concentration of bulk water at 300 K.
states of HO (000). The transient absorption measurements At short times relative to pyrazine excitation, the depletion of
such as shown in Figure 2 represent the appearance of a specifigpyr+] and [H,0 (300 K)] from their values at= 0 is minimal.

rotational state in kD (000) resulting from the process The concentrations atis are essentially the same is their values
1 att = 0, denoted respectively by [Pygnd [H:O]o. Therefore,
Pyr (E,j, =37 900 cm”) + H,0O (300 K)— immediately following the UV excitation pulse, the rate of
Pyr (E,;, — AE) + H,0 (000,Jy « , V) appearance of individual D states is extremely well repre-
e sented by

where Pyr denotes pyrazinAE is the amount of energy lost 3 .
from hot pyrazine via a collision with #D, andV is the recoil A[H0Q)J/At = Kk, [Pyr ] ,[H,0O],
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TABLE 2: Rate Constants, Probabilities, and (AEOValues 1.26-12
for the Process Pyrazine E,i, = 37 900 cntl) + H,0 —
Pyrazine (Evp — AE) + H,0 (000, Jk k.. V) ko' = 1.8x10" 'em’molec's™
Jkake Ero ko’ P prohs® [AEqd [AEa® for H,O (000)
83 1006.116 (8.H-2.4)x 107 9.8x 10 693 1028 ,:_"’
8 1050.158 (3.4:1.0)x 10°% 4.1x 104 737 1072 o 8013
753 1059.647 (2.9:0.9)x 107 35x 10 747 1082 $
953 1079.080 (9.0:2.7)x 101 1.2x 1073 766 1101 E
95 1080.386 (2.H-0.6)x 107 25x 107 767 1102 o
845 1122.709 (7.6£2.3)x 1078 92x10% 810 1145 5
8 1131.776 (2.2:0.7)x 1018 26x 104 819 1154 =g 4.0e-13
9,7 1201.922 (6.9-2.1)x 10 8.3x 10 889 1224 =
937 1216.232 (1.A0.5)x 1078 2.0x 10 903 1238
84 1255.167 (5.1 15)x 10 6.1x 10 942 1277
853 1255.913 (2.2:0.7)x 1078 2.6x 107 943 1278
93 1282.919 (5.4 1.6)x 10 6.5x 10 970 1305 0.0 — . .
955 1360.235 (4.8:1.4)x 1078 58x 104 1047 1382 800 1200 1600 2000
83 1411.612 (4.9-15)x 108 59x 104 1099 1434 . 4
8 1411.647 (1.4:0.4)x 1018 1.7x 104 1099 1434 H,0 (000) Rotational Energy, cm
95, 1477.297 (3.6 1.1)x 1012 4.3 x 101‘ 1164 1499 Figure 6. Absolute rate constants for appearance of individual
%q 1631.251 (1.1 0.3)x 107" 1.3x10* 1318 1653 rotational states of ¥ (000) as a function of rotational energy. The

9% 1631.384 (3.3:0.9)x 10'° 4.0x 10 1318 1653 open circles are determined from transient absorption measurements

9 1810.589 (2.5:0.7)x 10—12 3.0x 10—: 1498 1833 as described in the text and include contributions from the experimen-
10;s 1874.974 (1.2£05)x 1077 2.0x 107 1562 1897 tally measured Doppler-broadened line widths. The solid lines are
aThe energy in cmt of the HO (000) rotationall«, State from ref calculated from the rotational temperature of th#®HO000) rotational
33." Rate constants for appearance gOH000) in statelk «, resulting distribution, shown in Figure 3. The rate constants fall into two distinct
from collisions with highly excited pyrazine. All rate constants are in curves due to the 3:1 nuclear spin statistics of water. An integrated
units of cn¥ molecule? s71. ¢ The probability of energy gain into the ~ rate constant for rotational and translational energy gain,{D {900)

k. State of HO (000) within the Lennard-Jones collision mod&The is determined by summing over all rotational states with energies
mean change in ¥ (000) rotational energy in cm for collisions between 1000 and 2000 cf This yields an integrated rate constant
that excite thelx, state.AEu0= Ero — 1.5gTo = Erot — 310 cntt ke = (1.8+ 0.5) x 107** cm® molecule™ s

with To = 300 K. ¢ The mean total energy change in ¢hassociated ; ;
Vfg;é)"igons that excite 1D (9,00) in the]faKc state[AEal= (Ao gstne?;ﬁirntler(]jt?ro?:(c:)ter%];;gcuzfﬁée';leo:nclﬁ(e) régﬁgt)icrliz\a?latr)gf]gnes
trand sk, WhereAEyandhi ~ 335 cn! (see Table 1). - .
collision model and are presented in Table 2. It should be noted
The appropriateness of this model au4 is demonstrated  that the two collision models considered here have collision
by the linear early-time transient absorption signal shown in rate constants that differ by a factor of 2.5. This difference is
Figure 2. Data collection at s occurs prior to the average reflected directly in the corresponding probabilities, so caution
gas kinetic collision time and the diffusion time out of the IR must be exercised when comparing energy-transfer probabilities
probe volume. To solve fdk’, the remaining parameters are for different collision partners or from different studies. In using
determined experimentally. p@(J)] is determined from the  the Lennard-Jones collision model for pyrazine/water energy
fractional transient absorption ait using well-established  transfer, the reported probabilities are less than those obtained
oscillator strengths for water transitiotts [Pyr*] o is determined with the hard-sphere model.
by measuring the UV absorption of pyrazine and dividing by It is informative to determine an integrated rate constant to
the laboratory interaction volume. {B]o is determined by assess the contribution of high-energy rotational and the
measuring the IR absorption of a thermally populated water stateaccompanying translational excitation in,® (000) to the
in the collision cell prior to UV excitation and relating the overall collisional relaxation of highly excited pyrazine. The
fractional absorption to concentration using Beer's Law. Energy- integrated rate constaii’, for appearance of final water states
transfer rate constants for excitation of rotationally hgOH with Erot > 1000 cntl is found by determining rate constants
(000) have been determined in this way and are reported in Tablefor each rotational state of 8 (000) from the experimentally
2. Note that the rate constants reflect the 3:1 nuclear spin measured rate constants (Table 2) and rotational distribution
statistics for odd/even symmetries of water rotational st&tes. (Figure 3). For the even and odd symmetry states of water,
It is useful to consider the likelihood of energy gain into Figure 6 shows the rate constants (open circles) and the
individual final quantum states of water. The probability for associated rotational distributions (solid lines). The rate con-
energy transfer is readily obtained from our data by dividing stants are then summed together, and the integrated rate constant
the energy-transfer rate constants for energy gain into individual is found usingk,’ = =k,’, where the summation is over all
bath states of kD by the collision rate constant. At this point, rotational levels in the (000) vibrationless state. For postcol-
one must decide on the appropriate model for molecular lision rotational states of water witk,; > 1000 cnT?, the
collisions. The hard-sphere collision model for pyrazine and integrated rate constant has a value kgr= (1.8 + 0.5) x

water has a rate constantlofs = 3.3 x 1071°cm?® molecule’® 10 cm® moleculets™1. ltis reasonable to assume that some
s™1. This corresponds to a hard-sphere energy-transfer prob-amount of energy is lost from hot pyrazine on every collision,
ability (Pus) for appearance of théxx, = 915 state of HO so the collision rate is an upper limit for the energy loss rate.

(000) of Pys = 2.7 x 1073, meaning that excitation of thed® Therefore, the fraction of collisions that involve large changes
state, for example, occurs once for every 370 hard-sphere gasn rotational energy in the bath (corresponding in our measure-
kinetic collisions. Using the Lennard-Jones collision rate ments to water states with; >1000 cnt?) is given by an
constant for pyrazine and water &f; = 8.3 x 10710 cm? integrated probability prob= ky'/k ;= 2.2 x 1072. This means
molecule! s71, the Lennard-Jones probability (pigpfor the that one out of 46 Lennard-Jones collisions between water and
91 state is reduced B ; = 1.1 x 1073, corresponding to energy  hot pyrazine results in a substantial increases in water's
transfer once every 920 collisions. Probabilities for energy rotational energy. This is a small fraction of all possible energy-
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transfer events, but it is significant because it corresponds tofrom the hot pyrazine donor. To do this, it is necessary to
the high-energy tail oP(E,E') for relaxation of excited pyrazine  consider the changes in rotational and translational energy of
through collisions with water. It should be noted that the H,O (000) in the center of mass reference frame. In the
integrated probability given here represents a lower limit to the following sections, we discuss hoiE values for the various
contribution of the entire V> RT relaxation channel since our  degrees of freedom can be obtained from our data. We then
data is a measure of larg&E collisions. We expect that compare the results for the ¥ RT energy gain in water to
collisions involving small changes in bath rotation will con- those for a C@bath, and finally, we discuss possible mecha-
tribute significantly to the overall probability, but the transient nisms for the observed rotational and translational excitation
IR probe technique used in these studies is not suited for of HO (000).

unambiguously measuring smalkE collisions for two reasons. 1. Magnitude of Energy Transferred from Hot Pyrazine

The first reason is that the low-energy states of water are initially to H,O (000). The postcollisional energies of water molecules
populated at 300 K and acquiring transient absorptions signalsthat take away energy from hot pyrazine are known extremely
associated with these states requires measuring small changewell in our experiments. The nascent rotational energies for
in intensity that ride on top of large absorptions due to the scattered water molecules are the energies of the lower state of
ambient population. The second problem is in identifying the each IR probe transition. The nascent velocity distribution for
source of the population change for a given state. For stateseach rotational state is determined from the Doppler-broadened
that are substantially populated at 300 K, the changes in transientine shape. To see how these results correspond to energy lost
absorption for a particular quantum state can result both from from hot pyrazine, it is necessary to determine ¢hangesn
depletion of that state and simultaneous production through energy associated with the rotational and translational excitation
collisions with other initial states. The overall changes are very of H,O (000). We first consider the mean increase isOH
well determined in our measurements, but the branching ratio translational energy for the rotational states investigated. Table
between appearance and depletion is not. On the other handl lists the translational temperatures and mean kinetic energies
for higher energy rotational states that have negligible popula- in the lab frame for a number of rotational states in water. The
tions at 300 K and therefore negligible background IR absorp- quantities of interest for determining energy loss magnitudes
tion, there is no ambiguity in the meaning of the absorption are the velocity distributions in the center of mass reference
changes. Higher energy rotational states \ith > 2000 cnt?! frame, since they include the translational recoil of both pyrazine
are also not included in the integrated rate constant becauseand water after collision¥. The lab frame velocity; for each

for those energies, no population changes were detectable withinspecies i is related to the velocity of the center of mésand

our current experimental sensitivity. As such, these energy- the center of mass velocity; for each specieisby the equation
transfer events represent a smaller contribution to the integrated

rate than do the lower values Bfo:. vVi=V+w,

Discussion Assuming an isotropic distribution of laboratory velocities, the

) ) mean square velocities in the lab and center of mass reference
The experimental results reported here provide one of the frames are related by

first opportunities for characterizing the “strong” (i.e., latyE)

coIIis!ons between highly exgited pyrazine and water. _The vE=VE+ wi

transient IR absorption technique allows us to measure inde- : :

pendently the partitioning of energy gain into different degrees . ) . .

of freedom in the bath molecules and the absolute rate constants '€ relative velocitw between pyrazine and water is given
for such processes. These experiments have been designed
focus only on those collisions that populate rotationally excited
water states. ldeally, we would like to characterize both the
“weak” (i.e., those with smalAE values) and “strong” colli-
sions, but this would necessitate characterizing the entire energy-and the total relative kinetic energy is given by

transfer distribution function. As discussed in the previous

section, there are a number of experimental difficulties in cleanly E = 1 >

characterizing the smallE collisions. On the other hand, our el Zuv’e'

measurements of collisions that involve larg& values are

relatively straightforward to interpret, since they arise from the whereu is the reduced mass of pyrazine and water. The center
appearance of water molecules in well-defined quantum statesof mass velocity of water is related to the relative velocity by
following collisions with hot pyrazine. One of the advantages conservation of linear momentum with the equation

of the IR probe technique is that the results reported up to this

point are free from any assumptions about branching ratios or Wh,0 = (mpy,/th‘,j‘l)vrel

initial populations. The meaning of the results presented so
far is clear. Water molecules undergo collisions with vibra-
tionally hot pyrazine, and a subset of these collisions result in
rotationally hot ot = 920 K) but vibrationally unexcited 0
(000) molecules. The rotational excitation is accompanied by
moderate translational excitation op®l (000). For HO (000)

with nascent rotational energi&s; > 1000 cnt?, this type of

V — RT energy transfer occurs about once for every 46
Lennard-Jones collisions. Beyond these observations, it is
interesting to consider how the observed energy gains into A similar expression can be written for the lab frame velocity
rotation and translation of water correlate with energy losses of water after the collision

Vrel = WHZO + Wpyr

wheremy, is the mass of pyrazine arda is the total mass
of pyrazine and waterMww = 98 g/mol). The lab frame
velocity of water prior to the collision can be written in terms
of the relative velocity,

E}'Hzolﬁ = Wﬁ + ISyrelﬁ(mpyr/Mtotal)z
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, 3 , ) . . - .
v Hzoﬁ =VA+ relﬁ(mpyr/thal) mEtmmDvalues in Table 2. The choice of |n|t|all tran;latlonal
and rotational temperaturesy, and To(J), has a direct impact
Note that for collisions that exchange energy but do not involve " the r.ﬁsultln_ngDvalu.es. IThe implications of our assump-
changes in the masses of the collision partners, the velocity of ions will be discussed in a later section.

the center of mas¥ does not change during the collision. ~ Itis quite interesting that the energies lost from hot pyrazine
Therefore, the change in relative translational energy resulting in a collision with water that excite rotational states iaCH
from a collision is given by (000) with Eot > 1000 cm! represent a small fraction of
pyrazine's 37 900 crrt of available internal energy. In addition,
1 these energy-transfer events do not occur very often. For
A =S o — W3 ol very oren. e
Euandb ZM{ rel rel example, the average energy loss from pyrazine associated with

collisional excitation of HO (000) Jk k. = 10ss iS [AEwtal I~
1900 cnt?, with 80% of the energy going into 4@ rotation,
but our rate constant measurements reveal that excitation of this

which can also be written as

1
(AE andrhi zéu(Mtota/rnpyr)z{ W'HZOD? - EVHzoﬁ} state occurs only once in every 5000 collisions. Therefore,
statistically speaking, excitation of the gkGtate accounts for
This simplifies to energy loss from hot pyrazine of only 0.38 thper collision
of pyrazine with water. Since many final rotationally excited
_1 . . states of water are possible, it is useful to sum over the
"AEand ZWZO(Mm‘am“’W){ v Hzoﬁ NHZOﬁ} rotationally excited states ofJ@ (000) that comprise the high-

energy tail of P(E,E'), interpolating for states that were not
measured directly. For final states wiip; > 1000 cnt?, the

_ _ total energy lost from pyrazine that goes inteQH (000)
(AByandrbs = (Miotaf Mpyn) [AEyandidy = 1.22 A andihy rotational and translational excitation is orfy30 cnt! per
collision. Technically, this value is a lower limit, since the
energy transfer into rotational states of water vith >2000
cm1is notincluded in the sum, but the probabilities for energy

in the lab frame is known from our Doppler-broadened line transfer into these states decrease rapidly with increasing
shapes. Thanitial translational energy of molecules scattered rotational energy, so their contribution to the overall relaxation
into a particular finalk «, state is not known precisely but can should be negligible. It is quite interesting to compare this result

be defined using an initial velocity distribution with temperature with _tOt"?‘I energy loss measurements in order to establish the
To such that relative importance of the high-energy-¥ RT energy-transfer

channel. Unfortunately, bulk pyrazine/water relaxation data are
3 _1 2 not available, so a direct comparison is not possible. Collisional
§kBT0 - EmHzOEszO quenching data for vibrationally excited pyrazfand ben-
zene® however, often yield similar average energy loss values,
To solve for the relative change in kinetic energy, some especially for polyatomic bath molecules (such as,QCH;,
assumption must be made about the valu&ofNumeric values NHs, and Sk). Therefore, data for the benzene/water system
for [AEwand+ki have been calculated usiiig = 300 K, which is should provide a reasonable estimate of the total average energy
the ambient temperature prior to collisions between hot pyrazine joss from hot pyrazine. The energy loss data indicate that
and water. These values are presented in Table 1 for eachhenzene withE,i, = 24 000 cmi? transfers 373 ct on average
transient line width measured. per collision with water. At the excitation energies used in our
In a similar way, the change in rotational energy for the experiments, the average energy loss value should be even
scattered water molecules is given by the difference between|arger. The rotational and translational excitation @H000)
final and initial energies. The final energi&; are known that accompanies largeE collisions accounts for only a small

eXaC-tIy for eaCh- rotational state pl’Ol:?ed, but the .eXaCt initial fraction of the total average energy lost from pyrazine per
rotational energies are not selected in our experiments. Thecgllision with water.

mean initial rotational energy can be defined using an initial
rotational temperaturgy(J) so that the mean change in rotational
energy can be written as

which reduces further to

The change in translational energy in the lab frame is thus related
to the change in kinetic energy in the center of mass reference
frame. Thefinal kinetic energy of scattered water molecules

It is important to recognize that thHeAE[Jand [AEyand b
values reported in Tables 1 and 2 have been calculated assuming
that, prior to undergoing a collision with hot pyrazine, the water

3 molecules have initial energies near the mean of 300 K rotational
[AE (= Eo — ékBTO(‘]) and translational distributions. It is possible that th©H000)
molecules probed in our experiments actually originate from
To determineAE,y, it is necessary to make some assumption the high-energy tail of the 300 K Boltzmann distribution and
aboutTy(J). Numerical values folAE,«[have been determined have initial energies that are higher than the mean of a 300 K
usingTo(J) = 300 K, the ambient temperature prior to collisions distribution. Most of the water molecules in the initial bath
with excited pyrazine. Values fdAE,,Jare shown in Table  certainly have initial energies near the mean energy, and the
2. Values for the mean total energy laad€E . from pyrazine number density decreases sharply with increasing energy. This
associated with energy gain into the nascent rotational states offactor will favor energy transfer involving molecules with
water studied are shown in Table 2 and result from summing energies near the mean. In contrast, the likelihood of rotational
the average rotational and translational energy changes for eaclexcitation is expected to increase for smaller changes in angular
final water state. The observed line widths from Table 1 display momentum, and this propensity would favor the precollision
little variation over the range of rotational states studied, and molecules that are from the high-energy tail of the initial
they correspond to an average energy chang@\Bfand:k ~ rotational distribution. Translational excitation in the scattered
335 cntl. This average value has been used for calculating water is also expected to be enhanced by higher initial collision
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Figure 7. Comparison of average relative translational energies for
H,0 (000) and CQ@(00°0) (from ref 23), in the center of mass reference
frame, resulting from collisions with highly excited pyrazir&{ =

37 900 cn1l). The average translational energy is determined using
Eandhi = { (Mpyr + M)/Mpy}{ 1.5 (Tirangiany , as described in the text.
Notably, the nascent translational energies fe©OHO000) are only
slightly greater than the precollision relative energies, and they do not
correlate with the final rotational energy ob@® (000) or with theJ,

Ka or Kc quantum numbers. This is in marked contrast to the quenching
behavior associated with GQD0°0), in which the scattered GQOCP0)
molecules have translational energies that are characterized by trans
lational temperatures as high as 4000 K and correlate directly with
rotational energy.

velocities, although only modest recoil velocities were found
for the rotational states studied, so this probably has little impact
on the initial velocity distribution. It is clear from these
considerations that thHé\ECvalues reported are best interpreted
as upper limits.

2. Comparison of HO and CO, as Quenchers of Vibra-
tionally Excited Pyrazine. It is quite informative to compare
our results for water as a collisional quencher of vibrationally
excited pyrazine with earlier studies from this 4athat used
CO; as a collision partner with pyrazine excited at 266 nm.
Our transient absorption measurements reveal that beth H
(000) and CQ (00°0) can undergo substantial rotational
excitation after a single collision with pyrazine containifg,
= 37 900 cmtl. The nascent rotational temperatureTgf =
920 K for H,O (000) rotational states with,,; = 1000-2000
cm1lis comparable td;,; = 1200 K for the nascent distribution
of CO;, (00°0) states withE,,; = 1250-2800 cntl. For both
H,O and CQ baths, collisions that result in excited rotational
levels of the vibrationless bath state also put energy into
translation between hot pyrazine and the bath molecule. The
average nascent relative translational energies of (0C0°0)
and HO (000) are shown in Figure 7 as a function of the
rotational energy. For 0 (000), the relative translational
energy between collision partners is fairly small, with ori$35
cm™! being deposited into the center of mass kinetic energy
from the vibrationally hot pyrazine. In addition, the translational
energy gain for HO (000) rotational levels witl,o; > 1000
cm! does not correlate with the final rotational state. This is
in marked contrast to the translational energy gain that is
observed for rotationally excited G@D®0) after collisions with
hot pyrazine. For collisions that result in the hidlstates of
CO, (00P0), relative translational energy gains of 16@D00
cm~1 are reported and the magnitude of the translational energy
gain increases monotonically with the postcollision rotational
state of CQ. These large increases in relative translation

J. Phys. Chem. A, Vol. 102, No. 48, 1998769

between pyrazine and GQO0) J = 56—84 result iN[AEqa ]
values for individual C@states that are much larger than those
seen for the high-energy rotations of®(000). The relatively
small recoil velocities of rotationally excited,& (000) highlight
dynamic differences in the relaxation mechanisms, which will
be discussed in the next section.

The state-resolved energy gain data reported here provide one
of the first opportunities for comparing the details of the energy
transfer that makes up the high-energy tail R(E,E) for
different bath species. We now consider the extent to which
the high-energy part d®(E,E') that does not include vibrational
excitation of the bath contributes to the overall energy loss from
hot pyrazine. We have found that excitation of rotationally
excited HO (000) states withE,t > 1000 cnt! accounts for
average energy losses from pyrazine-&0 cnt? per collision.

A similar calculation for collisions that result in GG0@0)

with Ejot = 1250-2800 cnt! yields an average energy loss
from pyrazine of~150 cnt? per collision, with the largest
contribution coming from vibration-to-translation energy trans-
fer. Thus, the V— RT relaxation channel that results in the
rotationally excited states of GQOM0) is more effective at
cooling hot pyrazine than is the equivalent channel that results
in rotationally excited HO (000). It is also interesting to note
that relative to the overall average energy loss measurements,
the high-energy part d?(E,E') for water is even less important

to the relaxation of pyrazine than in the case of,C@e can

use the average energy loss data for benzene as a model for
pyrazine relaxation. These data indicate that benzeneByith

= 24 000 cni! transfers 373 cimt on average per collision with
H,0, while for a CQ bath, only 208 cm! are transferred on
average. While our data forJ® (000) and C@(00°0) energy
gain result from pyrazine molecules with higher internal energy,
it is clear that the high-energy tail &{(E,E') for H,O (000) is
negligible, while for CQ (00°0), the high-energy collisions
contribute substantially to the overall relaxation. This result is
somewhat surprising when it is considered that water is a better
overall quencher of highly vibrationally excited benzene relative
to CO,. However, the results reported here highlight the
differences in the shapes and magnitudes of the high-energy
(i.e., supercollision) tail of the energy-transfer distribution
functions for the bath gases. It is known that collisions with
vibrationally hot pyrazine result in vibrational excitation of £O
but the accompanying rotational and translational energy gain
is negligible so that the contribution of the-# V channel to

the pyrazine/C@ system is minimal. It is not yet known
whether vibrational energy gain in water will involve substantial
rotational and translational excitation. However, we conclude
that vibrational excitation of HO as well as rotational/
translational excitation of thiow-energy rotational statesf

H,O (000) must be important in water’s overall ability to quench
highly vibrationally excited molecules. Experiments to measure
collisions that excite vibrations in water are currently underway
in our laboratories.

3. Mechanism for Rotational and Translational Excitation
in H,O (000). Our transient absorption measurements on the
rotational and translational energy gain in the ground vibra-
tionless state of KD following collisions with highly vibra-
tionally excited pyrazine have revealed some very interesting
and unusual results. Notably, a considerable amount of
rotational excitation is found in #0 (000) but only minimal
translational excitation is associated with states having high
rotational energies. In addition, the nascent distributions,af H
(000) translational energies show little variation for the final
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rotational states investigated. These results imply that the making the closest approach to pyrazine. In addition, the
collisions responsible for energy gain in rotation and translation hydrogen atoms will present themselves several times during a
of H,O (000) preferentially involve the hydrogen atoms on water collision. Taken together, these factors increase the probability
and not the oxygen center. This is understood by recognizing that the hydrogen atoms in water will participate in the collision
that the center of mass in water is located very near the centerwith hot pyrazine and lead to rotational, not translational,
of the oxygen atom. Thus, a direct hit on the oxygen atom has excitation of water. On the other hand, the large moment of
no means to provide torque on the water molecule and this typeinertia for CG makes the time scale for GQotation longer
of collision would result in large recoil velocities between the than the typical collision time. This fact, along with the
collision partners with very little rotational excitation imparted. dumbbell shape of C£) makes it possible for both rotational
In contrast, essentially every hit on hydrogen, with the exception and translational excitation to occur.
of a direct collision that occurs simultaneously along bothHD We plan to test these ideas by performing additional experi-
bond axes, is capable of producing rotational excitation in water. ments on energy gain inJ@ (000) following collisions with
Because the hydrogen mass is so small, the moment of inertiahot pyrazine. Temperature-dependent experiments will test the
of the water molecule is small, and therefore collisions with importance of the electrostatic orientation model. This model
the hydrogen atoms result preferentially in enhanced rotational predicts that, at reduced initial thermal energy, more efficient
angular momentum rather than linear momentum in the water orientation will occur, resulting in enhanced rotational excitation
molecule. without excessive Doppler line-broadening. As the initial
We now consider several potential reasons for the observedthermal energy is increased, electrostatic orientation will
relaxation behavior of highly excited pyrazine witha® One  compete with thermal kinetic energy, making orientation less
possibility is that attractive interactions between pyrazine and likely and increasing the likelihood of a collision with the
water lead to orientation of water as the collision partners 0Xygen atom in water. This would cause more energy to be
approach. Water has a large dipole momant(1.8 D), which partitioned into the translational motion of water, and our
leaves the hydrogen atoms with partial positive charges. Thus,ransient absorption signals should exhibit an increase in their
the most favorable interaction between pyrazine and water DOppler-broadening. The rotational time scale model, however,
occurs with the hydrogen atoms closest to pyrazine. This Predicts that the rotational excitation of water should be
interaction is particularly attractive in light of pyrazine’s €ssentially independent of temperature. The number of rotations
electron-richz-cloud and axial lone pairs on the nitrogen atoms, Per second will increase as)t”%, but the collision time, which
and this is reflected in the Lennard-Jones well depth of 809 S inversely proportional to the average velocity, scaleTps’.
cm L In the limit of low-velocity collisions, the most favorable ~ Since the number of rotations per collision is the product of
electrostatic orientation of the water can be achieved during its the rotational frequency and the collision time, this quantity wil
approach to pyrazine, which would result in nearest approach 'émain invariant to temperature. Additional experiments are
of the hydrogen atoms. This mechanism is consistent with the Planned to clarify the role of molecular rotations in the
modest recoil velocities that are observed, since orientation of cOllisional relaxation of hot pyrazine. We plan to usglDas
the hydrogen atoms toward pyrazine would shield direct hits @ duénching gas instead o%@, thus reducing the number of
on the water center of mass. In contrast, it is noteworthy that, rotations as the collision partners approach without substantially

for collisions of pyrazine and COwhere large amounts of recoil changing the mass o_f the quencher. It_ wil al_so be possible to
are observed, the interaction well depth is only 195&m test for effects resulting from the rotational time scale model

o . . by measuring recoil velocities of 000) in lowJ states.
Another factor to consider in the collision dynamics of water y g 29 (000)

ith hot ine is the i le of molecul tati lati The lower] states of water have a smaller number of rotations
with hot pyrazine IS the ime scale of molecular rotation relative per collision, and it is anticipated that more collisions would
to the duration time of a collision. At 300 K, the average

. . A o involve the oxygen atom of water. Thus, the probability of
rtillatlve yelocny b.et.weer.l pyraz'f‘e an'd Wate. = 660 m translational excitation should increase, accompanied by minimal
s 1, and if the collision distance is defined using the Lennard-

3 I width. which timate dt~ 6 A then th rotational energy gain. This effect would be observed as
ones wel width, which we estimate et~ , then the broadening in the transient Doppler line shapes for the low
average duration of a collision is 0.92 ps. The rotational

frequencyw of water at 300 K can be determined for rotation rotational levels of water.
about each principal axis usii§Lbt = Yolw? = ks T, where

| is the average of the moments of inertig Iz, andlc along
the A, B, andC axes andv has units of rads'. Solving forw

and dividing by 2r yields a rotational frequency = 2.3 x

10" rotations s. Multiplying the collision time (0.92 ps/
collision) by the rotational frequency;, reveals that water
undergoes 2.1 rotations per collision on average. It is quite

Summary

In summary, we have reported the first rotationally resolved
study of collisional energy transfer from a highly vibrationally
excited aromatic donor to a water bath. These studies have
investigated the nascent energy gain in the rotational and
translational degrees of freedom in®1(000) that results from

interesting to compare this result with a similar calculation for
COy/pyrazine collisions. At 300 K, the average relative velocity
for pyrazine and C@is = 470 m s and an average collision
time is 0.85 ps if the Lennard-Jones well width is estimated at

collisions with highly excited pyrazine having,, = 37 900
cm~L. Previous studies that focused on donor energy loss have
shown that the overall quenching efficiencies are greater for
water than for C@ as a bath. The goal of the present study

d~ 4 A. At 300 K, the rotational frequency for GQs 3.8 x was to investigate the means by which large energy transfer
10" rotations s?, indicating that CQ, on average, undergoes via the V— RT channel contributes to the overall relaxation of
only 0.3 rotational cycles per collision. The picture that emerges hot pyrazine through collisions with water. With respect to our
is of water rotating several times during an encounter with hot experiments, there are three factors that contribute to the overall
pyrazine while CQ, with its larger moment of inertia, does not  quenching efficiency of a given excited donor molecule. They
even complete one rotational cycle. With water’s center of mass are the magnitude of the energy transferred into a specific bath
almost on the center of the oxygen atom, molecular rotation of state in a successful collision, the probability that such an event
an approaching water molecule will involve the hydrogen atoms occurs, and the number of acceptor states into which energy
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can be transferred. Our measurements reveal that collisionsC., Eds.; American Chemical Society: Washington, DC, 1997.

between highly excited pyrazine and water can result i® H
molecules with large amounts of rotational energy but that this
rotational excitation is accompanied by only a small amount of

(5) Cottrell, T. L.; McCoubrey, J. C. IMolecular Energy Transfer in
Gases Butterworth Scientific: London, 1961.

(6) Keeton, R. G.; Bass, H. B. Acoust. Soc. An1976 60, 78.

(7) Yardley, J. T.Introduction to Molecular Energy TransfeAca-

translational energy. Thus, the amounts of energy lost from demic: New York, 1980.

pyrazine in the V— RT energy-transfer channel are relatively
small, especially when compared to the equivalent channel in

(8) Heymann, M.; Hippler, H.; Plach, H. J.; Troe,d.Chem. Phys.
1987 87, 3867.

(9) Hippler, H.; Otto, B.; Troe, Ber. Bunsen-Ges. Phys. Chetfg89

CO, (00°0), which is characterized by a substantial high-energy g3 428

tail in P(E,E'). The primary reason for the reduced energy-

(10) Hippler, H.; Troe, J. IBimolecular Collisions Ashfold, M. N.

transfer magnitude is that the translational component of energyR., Baggott, J. E., Eds.; Royal Society of Chemistry: London, 1989.

gain in HO (000) is much smaller that than for GQDCP0).
We attribute the lack of large recoil velocities in theG4(000)

scattering to a combination of intermolecular attraction and mass

(11) Barker, J. R.; Toselli, B. Mint. Rev. Phys. Chem1993 12, 305.

(12) Rossi, M. J.; Pladziewicz, J. R.; Barker, JJRChem. Physl983
78, 6695.

(13) Yerram, M. L.; Brenner, J. D.; King, K. D.; Barker, J. R.Phys.

effects and we conclude that the greater overall efficiency of Chem.199Q 94, 6341.

water as a quencher of vibrationally excited molecules must
involve channels other than the one investigated here. This™"

highlights a key finding of this study, namely, that larg&

collisions are not associated with the-¥RT relaxation channel
in pyrazine/HO energy transfer. Instead, the importance of the
V — RT channel depends on molecular details of the bath and J.

its interactions with the excited donor.

molecular features of the bath control largé& energy loss
processes from highly excited molecules.
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