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Long Range Collisional Energy Transfer from Highly Vibrationally Excited Pyrazine to CO
Bath Molecules: Excitation of the v= 1 CO Vibrational Level”
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Collisional energy transfer from highly vibrationally excited pyrazine to CO bath molecules has been studied
by use of an infrared diode laser to probe the vibrational, rotational, and translation degrees of freedom of
scattered CO molecules. Here the excitation of the €6 () bath molecule vibrational state is investigated
after a collision with highly excited, vibrationally “hot” pyrazine. Only a small amount of rotational and
translational excitation accompanies the production of €& (), implicating a “soft” collision, long-range

force energy transfer mechanism. The amount of CO scattered into #hé state at 2170 cri is small

when compared to the amount of g€zattered into the analogous’0@evel of CQ at 2349 cm? by collisions

with pyrazine molecules having 40 640 chof internal vibrational energy.

Introduction studies have focused on scattering events that result in the
excitation of the rotational and translational degrees of freedom
of bath molecules such as G& and CG7 in their ground
vibrational state, which represent the dominant short-range
repulsive-force energy-transfer mechanism. However, earlier
studies of the vibrational excitation of G@fter collisions with
highly vibrationally excited pyrazine revealed that vibration
vibration (V—V) energy transfer to the 00 level of CQ also

ccurred, mediated mostly through a long-range, attractive force
mechanisnf.Sharma and Brd&!°have used such a long-range
interaction model to describe near-resonant\W energy
transfer. For example, scattering probabilities for energy transfer
‘between CQ@ (00°1) and N (v = 1) are characterized by an
inverse temperature dependence in which the excitation prob-
ability increases as the temperature decreases, a clear signature
of long-range attractive-force energy-transfer processes. This
behavior has been observed experimentally for a variety of
systems in addition to C4N,, such as the deactivation of
hydrogen halides with different bath molecufés??

The SharmaBrau long-range, V-V energy-transfer model
has also been applied successfully to the probability of scattering

Collisional energy transfer from highly excited molecules has
mainly been studied to unravel the role of this process in
unimolecular reactions, which are important in such fields as
combustion and atmospheric chemistry. Most experimental and
theoretical studies focus on monitoring the collisional deactiva-
tion of the highly excited donor and yield quantities such as
the average energy transferred. More recently, efforts have bee
focused on obtaining the energy transfer distribution function
P(E, E'), which is the probability for a donor to lose an amount
of energyAE = E — E' in a collision. Among the experimental
methods employed to determine these energy transfer distribu
tion functions are kinetically controlled selective ionization
(KCSI),}8infrared fluorescence (IRF)and infrared diode laser
probing®>=° In parallel with these experimental techniques,
classical trajectory calculations by Luther and Lenzer and co-
workers2310py Bernshtein and Oréf,;*2and by Higgins et al®
have provided a detailed picture of the collisional energy transfer
process in addition to the average energy transferred. Clary et
al’* have also investigated energy transfer in highly excited
benzene/rare gas collisions using vibrational close coupling, . ' X )
infinite-order sudden quantum scattering, and classical trajectory Nt the low rotational states) (= 0—40) of the antisymmetric
methods. Recently, experimental methods that prepare selected0®Y) stretch level of Coafter collisions with highly vibra-

quantum states of the highly vibrationally excited donor, such tionally excited pyraziné.In contrast to this hear-resonant
as the pumpdump-probe techniqué® have been used to energy-transfer process that characterizes the excitation of the

obtain a more detailed, quantum-state-resolved picture of someloW rotational states of C_p(0001) by hot pyrazine, evidencg

collisional relaxation processes. for a slightly more repulsive-force energy-transfer mechanism
The diode laser probe technique, which has been developed was also observed for scattering into the higher rotational states

and successfully uséd to study the collisional transfer of ( > 41) of the CQ 001 vibrational state. These scattering

energy from highly vibrationally excited molecules to small bath events exhibit a probability that is essentially flat with temper-
molecules, provides unambiguous quantum-state-resolved jn-ature. o

formation about the collisional excitation of the bath molecule. ~ In the present work, the excitation of the CO< 1, J) levels
Through the use of this experimental approach, two dominant due to coII.|S|ons with highly V|brat|onally gxuted pyrazine has
energy-transfer mechanisms have been found to control thePeen studied for the purpose of determining the importance as
collisional deactivation of highly vibrationally excited pyra- Well as the mechanism for these collision events. The experi-

zine%? hexafluorobenzenand methylpyraziné Most of these ments reveal a detailed picture of the rotational as well as
translational excitation of CO molecules scattered into the first

T Part of the special issue “A. C. Albrecht Memorial Issue”. vibrational state. A comparison of these findings with results
*Present address: New York School of Medicine, New York, NY 10016. for the collisional excitation of the (0@) antisymmetric stretch
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state in CQ provides further insight into the mechanism for
guenching highly vibrationally excited molecules.

Experimental Section

The diode laser probe technigue, used here to study collisional
energy transfer, is described in detail in previous waofkt6.23.24
Briefly, a constant amount of a pyrazine/CO gas mixture flows
through a 3-m-long jacketed, insulated cell, which is maintained
at constant pressure by an MKS flow control system. Total gas
pressure is adjusted to obtain a mean gas kinetic collision time
of 4 us. The optimum ratio of pyrazine and CO was found to
be approximately 1:2 for maximum signal. Partial pressures of
pyrazine and CO are verified by measuring their UV and IR
absorption, respectively. Experiments are performed between
247 and 339 K by circulating methanol refrigerant (FTS Kinetics
refrigerator) or hot water (Neslab Instruments heater) through
a glass-jacketed cell.

A 248 nm KrF excimer laser (Lambda Physik), operating at
0.5 Hz, is used to excite the pyrazine:

pyrazine+ hv (248 nm)— pyrazine* (1)
Pyrazine* then transfers energy to the CO bath molecules
through collisions:

pyrazine*+ CO (v =0)— CO (v =1, J, V) + pyrazine
2)

wherev is a specific vibrational statd, is the final rotational
state, and/ is the final lab frame recoil velocity. Scattered CO
(v = 1) is probed with a continuous-wave IR diode laser (Laser
Analytics):

COw=13V)+hv(4.8um)—CO@¥=2,1+1,V)
3
The IR diode laser beam is propagated collinearly with the UV

light (by use of a dichroic beam splitter) through the collision
cell and directed through a monochromator to a liquiethioled

Seiser et al.
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Figure 1. The IR transition CO{=1,J=6)—CO v =2,J=17)

at 2142.47 cm! is probed after 248 nm excitation of pyrazinetat

0 in a mixture of 6.7 mTorr CO with 13.3 mTorr of Pyrazine. The rise
in the transient absorption corresponds directly to an increase in the
number density of CO(= 1, J = 6) molecules, due to collisions with
highly vibrationally excited pyrazineE(= 40 640 cn1'). The solid

line is a smooth fit to the experimental data. The data fit corresponds
to a double exponential with the general foom= —mg + my
exp(—myt) + ms exp(—myt), wherem,—ms are fitting parameters artd

is time. The IR transient signal shown here is averaged over 500 excimer
laser shots.

contains on average 29 data points and each point is averaged
over ~100 excimer laser shots.

In all experiments, the transient absorption by the collisionally
excited CO is acquired by a dual-channel detection method. The
ratio of the ac- and dc-coupled IR absorption signal is recorded
on the digital oscilloscope, which is the equivalent of measuring
Al/l. This method makes the IR transient absorption independent
of small fluctuations in the diode laser intensity.

CO spectral grade gas from Spectra Gases (99.995%) was
used in the experiments. Pyrazine (Aldrich;199) was purified

InSb detector (Santa Barbara Research). The IR transient signalia several freezepump-thaw cycles.

is displayed on a digital oscilloscope (LeCroy), which is

connected to a PC (Gateway) for subsequent data storage angkesylts

analysis.
The scattered population of vibrationally excited CO in a

(1) Rotational Excitation of CO (» = 1). After a collision

specific rotational state is obtained from transient absorption With highly vibrationally excited pyrazine, a small percentage
Signa|s' which are measured by |0cking the diode laser to the of CO molecules are excited into the first vibrational level. Other

center of a CO rotational line of the= 1 — v = 2 vibrational ~ CO/pyrazine experiments confirm that the dominant energy-
transition. For this purpose approximately 10% of the IR light transfer mechanism is the scattering of CO into high rotational

is directed through a gas discharge reference cell containingstates of the groundv(= 0) level = 20-36)!" The same
CO, to an additional InSb detector, which is connected to a
lock-in amplifier (Stanford Research Systems). A feedback loop
between the diode controller and the lock-in amplifier keeps
the diode laser frequency precisely at the center of a specific
CO line in the reference cell during data collection. The
vibrationally excited CO in the reference cell, which is used
for locking the diode frequency, is produced by a high-voltage
discharge {10 kV, 40 mA, DC) through 100 mTorr of Nand
60 mTorr of CO?® All transients measured for specific rotational
states are averaged over 500 excimer laser shots.

For measurements of the CO line width, the diode laser is
locked to the fringe of a scanning Fabtlperot Etalon, which

trend was also observed in collisions of highly vibrationally
excited donors with CgY8:16.24gnd similar results have been
obtained for CO/pyrazine collisions from trajectory calcula-
tions13

In contrast to the CQ(= 0) ground vibrational stat¥,the
present experiments focus on probing rotational states of CO
(v = 1) near the center of the room-temperature Boltzmann
distribution, which corresponds to a most probable rotational
state ofJ = 7 (T = 300 K). The small signal-to-noise ratio,
arising from the relatively small number of CO molecules
scattered intar = 1, allowed us to record transient absorption
signals only betweed = 4 andJ = 18. A typical transient

can be placed in the reference cell arm. CO Doppler-broadenedsignal for scattering into CQ/(= 1, J = 6), which was probed

line profiles are collected by scanning an Etalon fringe (and,
hence, the diode laser) across a GOH1, J, V) + hv — CO
(v=2,3 £ 1,V) absorption line near 4.8m. Each line shape

through the following transition in the R branch:

CO@=1,=6)+hv(4.8um)—CO @ =2J3=7) (4)
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is displayed in Figure 1. The excimer laser fireq & 0, and

the change in absorption can be directly viewed as an increase

in the population of COy= 1,J = 6). In contrast to transients
obtained for scattering into high rotational states of the ground
(v = 0) vibrational level, transients for scattering into= 1
show a slower rise time.

Due to the small signal-to-noise ratio, the absorption a$ 1
after the excimer laser pulse was determined through an
exponential fitting method rather than by reading thesl
amplitude value directly off the oscilloscope. Figure 1 includes
a double-exponential fit to the experimentally measured transient
absorption signal. The absorption amplitude asis equivalent
to the slope of the double-exponential fittat 0. The following
equation is used to fit the experimentally measured transients:

y=-—my+me™+me ™ (5)
wherey is the transient absorption amplitude;—-ms are the
parameters of the fit, andis the time in microseconds. The

initial slope of the double exponential corresponds to the
derivative of the fitting function at= 0, which is expressed as

dy
dt|e=o0

—mt _ Smaty _
m,m,e mmge o = —Mmmy; — mMymy

(6)

For the small signals in the present experiments, eq 6 is
equivalent toy(t) — y(0) evaluated at = 1 us.

The absorption values determined from these exponential fits
generally agree within 30% with the values measured directly
off the oscilloscope at is. These differences are the result of
noise fluctuations in the transient absorption signal. For example,
inspection of the absorption &t = 1 us in Figure 1 shows a
slight difference between the value for the absorption determined
from the fitted exponential compared to the value obtained from
the noisy experimental curve.

The IR absorption for eacld state measured is used to
calculate the rotational population for CO molecules scattered
into a specific rotational state in the first vibrational € 1)
level after a collision with highly vibrationally excited pyrazine.

A plot of the logarithm of population/®@+ 1) versus the

rotational energy is used to determine the rotational temperature

of the CO molecules scattered into the first= 1) vibrational
state. Figure 2 shows these “Boltzmann plots” for three different
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Figure 2. “Boltzmann plots” for CO scattered into= 1 after collision
with highly vibrationally excited pyrazine at three different initial cell
temperatures. The axis corresponds to IfNy/(2J + 1)], whereN; is
equal to the population of CQ & 1, J), and thex axis is the rotational
energyBJJ + 1). The slope of a linear least-squares fit line corresponds
to —B/kTo, whereB = 1.931 cm? is the rotational constant for CO,

k is the Boltzmann constant, afidy is the rotational temperature, which
was calculated for all three initial cell temperatures. The error limits
for all T,ot were determined from the standard deviation in the slope of
the linear least-squares fit.

(2) Translational Excitation of CO (v = 1). Doppler-

initial cell temperatures. In each case the rotational temperatureproadened line profiles were obtainedt(at 1 us after excitation

is approximately equal to the initial cell temperature, indicating
that the transfer of vibrational energy from pyrazine to GO (
= 1) is not accompanied by any significant rotational excitation
of the CO bath molecules. In addition, within experimental error,
we cannot detect a difference in slope for the lbstates (4

11) and the highl states (12-18) in the Boltzmann plot. A
slight change in the slope of the Boltzmann plot for higher
rotational states was observed for O@olecules scattered into
the 01 state after a collision with highly vibrationally excited
pyrazine® Although a similar trend is expected for CO molecules
transferred inta = 1, this effect cannot be seen clearly in the
data, due to the scatter in the experimental points arising from
the relatively small signals. The quality of the transient
absorption signals deteriorates with increaslmye to the drop

in population with J, thereby limiting the experiments to
rotational states no higher thdn= 18. [The absorption cross
section for CO ¢ = 1 — 2) is approximately a factor of 10
smaller than that for CO(0(°1 — 00°2), which contributes to
the relative difficulty of probing highd states of CO compared
to COy]

of pyrazine by 248 nm laser light) for the transition CO~ 1,
J=6)—CO (v=2,J=7) at cell temperatures of 247, 298,
and 339 K. The measured line shapes and their Gaussian fits
are displayed in Figure 3. In contrast to the GGH0) ground-
state transitions C@(= 0,J) — CO (v = 1, J £ 1), the full
width half-maxima (fwhm) of the infrared transition line widths
for CO molecules scattered into = 1 show no significant
broadening compared to the line shapes calculated from the
ambient cell temperatures. The translational temperatures, which
can be calculated from eq 7 below, indicate that the translational
excitation is small for CO molecules scattered inter 1.

MC*(Av,yp)?

8RIn 2(vy)* 7)

trans

HereM is the mass of CCx is the speed of lightAvgpsis the
fwhm of the experimentally measured lifkeis the gas constant,
and v is the center frequency of the rotational transition.
Although CO molecules scattered into highktevels of the
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Figure 3. Doppler broadened line profiles for the CO € 1, J = 6) — CO( = 2, J = 7) transition are shown at three different initial cell
temperatures. The experimental data correspond to the solid circles, fitted to a Gaussian line shape represented by the solid line in the plots. The
fwhm (full width at half-maximum) was determined from a nonlinear least-squares fit of the data to the Gaussian line profile, and used to calculate
Transfor CO (v = 1, J = 6) molecules produced by collisions of CO with highly vibrationally excited pyrazine. Each data point corresponds to an
average o100 excimer laser shots taken at4 after the excimer fires in a gas mixture of total pressure 20 mTorr with a CO:pyrazine ratio of

1:2.

first vibrational state might be expected to exhibit slightly more TABLE 1: Experimentally Measured Rate Constants k)2

translational excitation than molecules scattered into thellow f%rTI?]yrazB% + ct:% (ﬁ T 0) —~ Ptyrazme +CO(w=1JV)

states ofv = 1, the small signals in these highlevels made & hree Diferent el ' emperatures

line width measurements for these states difficult to obtain.  final rotational state ke’ at ko’ at ko’ at
(3) Final Rotationally Resolved Rate Constants.The J 247K 298 K° 339 K°

number densities of the excited- and ground-state species are 4 3.5x 103 8.3x 10;‘ 3.1x 101:
used to calculate the rate constant for scattering into a specific g j-gx 1&4 g-gx igm g-ix igm
rotational state of the first vibrationally excited level of CO. 7 X X 19x 1014
The collisional energy transfer is as follows: 8 38x 104 6.8x 104 3.8x 1014
_ _ 11 24x 104  48x10% 3.1x 10
pyrazine*+ CO (v = 0) — pyrazine+ CO (v = 1,J,V) 12 1.9x 10 43x10% 24x 10
(8) 13 14x 10% 35x 10 2.0x 104"

16 14x 10 40x10*% 15x10

17 6.1x 1015 1.9x10¥ 65x 107

The rate of excitation of CO into the first vibrational level can s “
then be described by 18 15x 107 1.3x 107
aThe units forky’ are cubic centimeters per molecule per second;
d[CO (v=1,3,V)] 3 - rate constants are calculated from eq 10 in the text. The error in the
dt =k, [CO (v = 0)][pyrazine*] (9) rate constants is approximatelz35%.° Temperature of the CO/

pyrazine gas mixture before energy transfer collisions take place.

wherek;’ is the rate constant for scattering into a specific pulse att = 0, and At is the time interval aftet = 0 at
state. For single-collision conditions (short times), the above which the absorption used to calculate the population [CO

equation can be expanded and rearranged to give (v =1, 3, V)] is measured. In these experimests= 1 us.
The rotationally resolved rate constants calculated in this way
J_ [CO(w=1,J V)] (10) can be found in Table 1 for the three different initial cell
2 [CO@= 0)]o[pyrazine*},At temperatures studied. The total rate constants for scattering into

CO (v = 1), which are integrated over the final rotational states,
where [CO ¢ = 0)]o is the initial bulk density of CO, can be found in Table 2. This table also contains the hard-sphere
[pyrazine*}, is the density of pyrazine excited by the excimer and Lennard-Jones collision numbers and the average amount
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TABLE 2: Integrated Rate Constants and Collision
Numbers for the Process Pyrazine*+ CO (v = 0) —
Pyrazine + CO (v = 1) at Three Different Initial Cell
Temperatures

Teel ko' 2 [AEyi[
(K)  (cmPmolecule®s™?)  kugk'®  kukrc  (cmY)
247 45%x 10718 721 1074 2.0
298 9.5x 10713 373 519 4.2
339 4.7x 10713 806 1075 2.0

2k, is the rotationally integrated rate constant for scattering into
CO (v = 1) after a collision with highly vibrationally excited pyrazine.
The integrated rate constant can be calculated fkehn= k(2] +
1)d-BIHDKTL/Q, wherek,’ is the rotationally state-specific rate constant

J. Phys. Chem. A, Vol. 107, No. 40, 2008195

(see Figures 2 and 3), and the measured rotational and
translational temperatures for the GG£ 1, J = 4—18) states
were found to be only slightly above their ambient values. As
in the case of Cg these data provide clear evidence for a
dominant long-range energy-transfer mechanism in which
vibrational excitation in hot pyrazine is exchanged for vibrational
energy in the cold CO bath molecules via “soft” collisions.

In the case of collisional excitation of carbon dioxide by hot
pyrazine, evidence was also found for a less important energy-
transfer mechanism that led to production of higjstates in
(001). The levels (001, J) with J = 41-55 were found to be
characterized by a rotational temperature slightly above that for

tabulated in Table 1. Any state-specific rate constant can be used tothe levels fromJ = 3—39, indicating excitation via slightly

computek;’ as long as the CO population scattered into @&=(1, J)
follows the same rotational temperatufg. The values in the table
for each temperature are obtained by averagindg¢healculated from

k.’ in Table 1 for all final rotational states. Rotational temperatures
(Tro) are obtained from the plots shown in Figure®Zhis ratio gives

the mean number of hard-sphere collisions required to excite:GO (
1). The hard-sphere collision rate constant is calculated kem=
71(dco + doyd2)4/8ksT/mu, wheredco = 3.75 A, doyr = 5.35 A kg is

the Boltzmann constant, apds the reduced mass for the CO/pyrazine
pair. ¢ This ratio gives the mean number of Lennard-Jones collisions
required to excite COu(= 1). k.5 is the Lennard-Jones collision rate
constant, kg = m(deco + dpy/2)A/8ksT/mu(2e/KT)Y30(2/3), where

dco = 3.75 A, dpyr = 5.35 A kg is the Boltzmann constan, is the
reduced mass for the CO/pyrazine pains the Lennard-Jones well
depth, and” is the gamma functiorz. was obtained frona = (ecoepyr) V2,
whereeco = 73 cntt and epy,r = 303 cnt were taken from ref 27.

4 [AE,ipUis the mean energy transferred per Lennard-Jones collision
resulting in the excitation of COu(= 1), [AE,is[= (ko'/ k.;)(2170.20
cm 1), where 2170.20 crit is the energy of the CQu(= 1) vibrational
state.

of vibrational energy transferred to C@ £ 1) after a collision
with highly vibrationally excited pyrazine.

Discussion

(1) Identification of the Energy Transfer Mechanism.One

harder, more rotationally inelastic collisiohsGiven a most
probable] of 16 for the CQ(0C°0) level at room temperature,
the decreasing importance of producing¥0Q > 41) from
(00°0, J) via a mechanism witlAJ = & 1 is not surprising.
The population in the initial feeder states for such a mechanism
(00°0, J > 40) decreases rapidly with which in turn decreases
the importance of any mechanism originating from these states.
In contrast rotationally inelastic (harder collision) events that
produce (001, J > 41) from feeder levels such as f00J ~
16—30) would be favored for these highlevels.

In the present study, the rotational temperature plots for CO
(v = 1) showed no evidence of different slopes for the lower
(J=4-11) and higherJ = 13—18) rotational states probed in
the experiment. This is probably not surprising as @&=(1)
states withJ = 13—18 can still be fed via aAJ = + 1
mechanism from CO = 0) states that have significant
population, since the most probable and the average rotational
states J) for CO near room temperature are 7 and 10,
respectively. Due to the small signals in the present experiments,
states above CQv(= 1, J = 18), where rotationally inelastic
events might be expected to be more important, could not be
probed. [A comparison of the population ratios GO« 0,J =
13)/CO ¢ = 0,J = 7) to CQ, (00°0, J = 42)/CQ, (000, J =
16) and CO ¢ = 0,J = 18)/CO ¢ = 0,J = 7) to CQ, (0CP0,

of the main purposes of these experiments was to determined = 56)/CQ; (00°0, J = 16) indicates roughly that the onset of

the importance of vibrational excitation of the CO bath
molecules arising from collisions with highly vibrationally
excited pyrazine and to identify the mechanism of this collisional

the more inelastic mechanism ought to take place beginning at
CO (v = 1, J = 18), assuming only population factors are
important in determining the relative importance of this mech-

energy transfer. Previous studies of the deactivation of pyrazineanism compared to the long-range process.)

following collisions with CQ, which produce vibrational

The rate constants defined by eqs 9 and 10 and presented in

excitation in the bath gas, suggest that “soft” encounters (whereTable 1 show considerable variation withstate. However,
energy transfer takes place at a distance large compared to théecause the transition moment for the GG0 — 1) transition

Lennard-Jones characteristic length sigma) are likely to be
important for this proces®? In the case of energy transfer to

CO,, most of the CQ molecules are scattered into the low
(J = 3—39) rotational states of the @Dlevel through a long-

is essentially independent dffor J > 5, the rate constants for

a soft-collision energy-transfer mechanism, mediated by this

infrared transition moment, would also be expected to be almost
J-independent. The apparent variation of the energy transfer rate

range attractive force mechanism in which the change in angularconstant in Table 1 arises from the use in eq 10 ofttiel

momentum for C@ going from the (0€0, J) levels to the
(00°1, J) levels follows “dipole selection rules’AJ = J —

J = £ 1). The translational recoil of the GOmolecules
[measured through the Doppler profiles of the a1, J) —

CO, (00°2, J + 1) infrared transitions] was also found to be
small, consistent with a soft-collision energy-transfer picture.
The small change in angular momentum and the small recoil

ground-state population, [CQ & 0)]o, in the expression for
ko. This definition is consistent with the normal assumption in
kinetic rate equations that thetal initial population is available
for a given scattering event. For a soft-collision-mediated
process, on the other hand, the state @& (1, J) can only be
reached from the two states C@<£ 0,J + 1) and CO { = 0,

J — 1) due to the restrictions imposed by the dipole selection

velocity are the signature of resonant vibrational energy transfer rules. Thus, in eq 10 if we replace [C® £ 0)], by the more

in which vibrational energy initially contained in the pyrazine
molecule is exchanged for vibrational energy in the ,CO
molecule with little or no energy going into the translational or
rotational degrees of freedom.

restricted initial feeder state populations [CO= 0, J + 1)]o
+[CO (v = 0,J — 1)]o, the apparent variation iky’ would all
but disappear. In fact the Boltzmann temperature plots in Figure
2 are a signature of the variation in the [CO=€ 0,J + 1)]o +

In the present study, the rotational and translational excitation [CO (v = 0, J — 1)]o populations, which are the feeder states

of CO (v = 1) due to collisions with hot pyrazine was analyzed

for scattering into CO« = 1, J). Thus, the apparent variation
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110 TABLE 3: Final Rotational State Specific and Rotationally

' ' ',' ‘ ' A J=a Integrated Lennard-Jones Probabilities for Excitation of CO
10 [ a ] P (v =1, J) Due to Collisions with Pyrazine*
o I 11 333 final rotational state  proh_ at proh.y* at proh.s? at
R 1] & »n J 247 Ko 298 K 339 K
- ® J=13
g L v + ] g ig 4 72x10°% 17x10* 6.2x 1075
-'E 410 L * & M ] - 5 9.7x10° 19x10* 8.4x 107
e A L4 . 1 6 8.2x10° 1.8x10* 6.1x 1075
e [ s 7 9.8x 10°5
Ca © M ] 8 79%x 105 14x10*% 75x10°
[ o o ] 11 5.0x 105 9.7x 10°° 6.0x 10
T 12 40x10° 86x10°  47x10°
240 260 280 300 320 340 360 13 3.0x 105 7.2x 105 4.0x 105
Cell Temperature (K) 16 2.8x 10° 8.2x 10° 2.9x 10°°
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Figure 4. Shown is the temperature dependence of the rate constant, g %gi %gg ggi igs L3x 107
ko, for scattering of CO« = 0) — CO (v = 1, J) at three cell o '
temperatures for eight different final rotational statesis defined in Rotationally Integrate@L; for CO
eq 9 in the text. The error bar shown represents typical fluctuations 9.3x10% 1.93x10°% 9.3x10*
found for a single] state at different cell temperatures. Rotationally Integrate@,, for CO;
in the individualky’ rate constants really reflects the variation 95x10°% 7.2x10°3 5.1x 1073
in the population of ground-state molecules, CO= 0, J), Ratio CQ/CO
since the probability for a CQu(= 0 — 1) scattering transition 10 4 5

is essentially independent dffor a dipole transition-moment-

mediated process. ; : . e
The cell temperature dependence of the rotationall resolvedcon-St-ant given in Table 1, arld, is the Lennard-Jones gas kinetic
p p y collision rate constant calculated as described in footaofeTable 2.

rate constants’, provides a less clear picture of the mechanism o pjtial temperature of the CO/pyrazine gas mixture before energy
than in the case of C{ Figure 4 shows a plot of the transfer collisions take place.

experimentally measured rate constahtg, for CO at three

different cell temperatures. The rate constants for all firshtes with Highly Vibrationally Excited Molecules. Table 3 shows
exhibit the same type of fluctuation as a function of cell the Lennard-Jones probabilities for scattering into specific
temperature, with the room-temperature rate constant for all rotational states of the first excited level of CO. On average all
measured final rotational states being slightly larger than the P.; for CO are almost an order of magnitude lower than the
values at 247 and 339 K. Nevertheless, the error limits for the probabilities determined for Ccattered into the 0@ level®
measurements at different temperatures are significa36%o), In fact, the Lennard-Jones probabilities integrated over all final
and the changes in probabilities with temperature must be rotational states, which can also be found in Table 3, show that
considered essentially fl&t.Previous pyrazine collisional cool- only 0.1% of the CO molecules are excited into the first
ing experiments with C@as the bath clearly showed an inverse vibrational state in the deactivation of highly vibrationally
temperature dependence (probability increasing as temperaturexcited pyrazine. A comparison of the integraiggs for CO

apProh; = kyY/ku;, whereky’ is the measured state-specific rate

decreases) for scattering into the lowéstates (e.g.J = 15 and CQ in Table 3 shows that the excitation of the?00evel

and 17) in the 0P level® In contrast scattering into highdr of CO;, is approximately 510 times more efficient compared
states § = 35—50) exhibited an essentially flat temperature to the excitation ok = 1 of CO. A resonant vibrational energy
dependence, similar to that observed here for the £6 (, J) exchange between pyrazine and £ CO would be expected
levels withJ running from 4 to 17. to have a probability that scales like the infrared band strengths

A decrease of thé8-dependent rate constants with increasing (squares of the infrared transition moments) for the,CO
temperature is usually linked to a long-range attractive-force (00°0 — 0°1) and CO { = 0 — 1) infrared transitions. As
energy-transfer mechanisi®1922 The behavior of all rate  noted above, the band strength for CO is approximately 10 times
constants for CO molecules scattered into= 1 show smaller than that for C§ in excellent qualitative agreement
temperature fluctuations that appear to be relatively flat, a with this picture. Resonant energy transfer processes such as
dependence that might be expected for a mixed repulsive/this are also known to be sensitive to the energy mismatch
attractive-force mechanism, since the repulsive force mechanismbetween the vibrational levels of the donor and the acceptor. In
has a probability that increases with temperature in contrast tocomparing energy transfer from hot pyrazine to GO~ 1)
the behavior for the attractive force process. The difference in with transfer from hot pyrazine to G@00°1), such factors are
temperature behavior between CO and,@@ay be related to  not likely to play an important role. First, the energy gaps for
the differences in their infrared transition moment squared, the acceptor molecules are rather similar (2170 cfor CO
which is smaller by a factor of 10 for C@& 0 — v = 1) than and 2349 cm! for CQ,). Even this relatively small difference
for CO, (00°0 — 00°1). On average, this must necessarily lead might be significant except for the second factor, which is the
to COp = 0,J — v =1, J + 1) collisional excitations that  high density of vibrational states for hot pyrazine in the
take place at shorter range for CO than the analogous(@¥D, experiments (in excess of ¥states/cm? at the donor energy
J— 001, J £ 1) collisional scattering. It is interesting to note  of 40 640 cnh). This virtually guarantees that the pyrazine
that in both the CO and Crases, finall states that exhibita  vibrational energy loss will match exactly the energy gain in
flat temperature dependence for the excitation probabilities the acceptor for any transfer in the range3@00 cntl. The
(J = 4-17 for CO and] = 35—50 for CQ,) are characterized relevant matrix elements for donor pyrazine in the two experi-
by cool rotations and translations, a very clear sign of “soft” ments may differ, of course, but there is little information
collision energy transfer. available to assess the importance of such changes at the present

(2) Comparison of the Energy Transfer Probabilities for time. Such effects are likely to be small for gaps that differ by
Scattering into CO (v = 1) and CO, (00°1) Due to Collisions only 2349— 2170= 179 cnT™
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