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Relaxation of highly vibrationally excited pyridine §8Hs) by collisions with carbon dioxide has been
investigated using diode laser transient absorption spectroscopy. Vibrationally hot pyEtine40 660

cm1) was prepared by 248 nm excimer laser excitation followed by rapid radiationless relaxation to the
ground electronic state. Pyridine then collides with,C@bpulating the high rotational CQtates with large
amounts of translational energy. The £@ascent rotational population distribution of the higjfd = 58—

80) tail of the 000 state was probed at short times following the excimer laser pulse to measure rate constants
and probabilities for collisions populating these £i@tational states. Doppler spectroscopy was used to
measure the CQrecoil velocity distribution ford = 58—80 of the 000 state. The energy-transfer distribution
function, P(E,E'), from E' — E ~ 1300-7000 cm! was obtained by re-sorting the state-indexed energy-
transfer probabilities as a function AE. P(E,E') is fit to an exponential or biexponential function to determine

the average energy transferred in a single collision between pyridine and\E0 obtained are fit parameters

that can be compared to previously studied systems (pyrazife, i@ethylpyrazine, and pyrimidine/Gp
Although the rotational and translational temperatures that describe pyridinef@@yy transfer are similar

to previous systems, the energy-transfer probabilities are much sni{BgE') fit parameters for pyridine/

CGO, and the four previously studied systems are compared to various donor molecular properties. Finally,
P(E,E') is analyzed in the context of two models, one indicating ®@&,E') shape is primarily determined

by the low-frequency out-of-plane donor vibrational modes, and the other that indicatéXE&) shape

can be determined from how the donor molecule final density of states changeARvith

. Introduction of Av = 0.0003 cm! (0.0001 cn1?), an order of magnitude
narrower than the room-temperature width of a rovibrational
transition for simple molecules such as £(.0042 cnt?).
IThus, it is possible to spectroscopically measure not only the

energy transfer has long been an important and fruitful field of nur‘_nber_ of CQ bath molecules scattered into a particular
study. Of particular importance is an understanding of the fate rovibrational state and the rate constant for the energy-transfer

of complex molecules possessing chemically significant amounts Process but also the amount of translational recoil using Doppler
of energy. Key to understanding the overall rate of product spectroscopy. In this manner, a detailed picture of the energy-
formation in unimolecular processes is the energy-transfer {ransfer process can be obtained through the eyes of the bath.
probability distribution functionP(E,E'), which describes the StUdIeS us!ng this technlq_ue have led to a wealth of understand-
probability that a molecule initially at enerds, will possess, ~ nd regarding the dynamic features of both-v'V and V —
following a collision, energy.2 Despite the importance of this RT energy-transfer processes from aromatic donors, on the verge
function, and 85 years of interest in energy transfer and its ©f unimolecular breakup, to simple bath molecules such as
relationship to unimolecular processes, it has only been in the CO2," 141722 H;0,'> and more recently DCF
past 10 years that experimental techniques have measured this In addition to the dynamic information obtained in these
function3-° studies, it is possible to reconstruct the state-resolved data to

The transient IR laser probe technique, developed by Biylin,  obtainP(E,E’).3 An understanding of the relationship between
and currently used by Mullf=2° and our lal?*~22 is capable molecular properties arff(E,E') is beginning to develof21.22
of studying the relaxation of relatively complex molecules with Several molecular attributes have been associated with various
chemically significant amounts of energy by collisions with features ofP(E,E'), including donor density of states, number
spectroscopically tractable bath molecules. The power of this of donor molecule vibrational modes, as well as the number of
technique lies in the use of high-resolution spectroscopy to study|low-frequency modes, and the proximity of the donor molecule
energy gain by simple bath molecules. Lead salt diode lasersto its dissociation threshold. Two models have provided parti-
(or alternatively F-center lasers) have a frequency bandwidth cular insight into understanding the shape and magnitude of
- - : ~ P(EE). The firstis arf(E,E') model1®21.22which uses different
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Scientists have long recognized the importance of collisions
and energy-transfer processes in understanding the overal
kinetics and dynamics of unimolecular processés. a result,
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Rule2-15which has shown a correlation between the shape of 195 ———
P(E,E") and the way the donor density of states changes with c a
AE. This work is part of our ongoing efforts to understand what 19 [ i
molecular properties affect the shape and magnitud®BE'). - o Skt

Here we present results of the collisional relaxation of highly E 185 L bt
vibrationally excited pyridine' = 40 660 cn1?) by collisions < F
with a bath of CQ. State-resolved data of rotational and E‘“ 18 E R
translational excitation of Calong with the energy-transfer £ C |
rate constants and probabilities are re-sorted to olR€HE") " ]

. . . . 175 [ -
for this system, which we then compare to previously studied 5 ;
systems at this internal energy. Particular attention is paid to r :
comparing trends in the shape ®(E,E') with trends in 17 b o e o
molecular properties, as well as testing the success of these two 1200 1400 1600_ 1800 2000 220{_]1 2400 2600
models at understanding and predicti@E,E'). Rotational Energy (cm™)
Figure 1. Boltzmann plot of the nascent rotational distributions in

Il. Experimental Section the ground vibrational level of CQollowing excitation by collisions

with vibrationally hot pyridine. The solid line is the best linear least-
The UV pump, IR probe technique used to study the squares fit to the experimental points measured over the rarge
collisional relaxation of highly vibrationally excited pyridine 33}33@,2&?'3?:iﬂfjﬂﬁsbgf%gr;ﬁE;f;#'ﬁffgg{} grf]‘; :[LZ?n ”ggﬁire
has.been described In.detall elseWh@rt-herefo-re, o_nly a brief for CO;, mole’cules scattered into the hidfstates is 1046 88 K.
outline of the method is presented here. A 1:1 mixture of gas-
phase pyridine and CQlows through a 3.0 m Pyrex collision
cell at a total pressure of 20 mTorr. A 248 nm KrF excimer

laser (Lamda Physik Complex 201) is used to excite the-S appropriate C@line and averaging the absorption over ap
" P g o -
S transition of pyridine:***Pyridine UV absorption increases proximately 100 excimer laser shots. A dual channel techfique

linearly with laser intensity up to 23 mJ/émenergy-transfer is employed to account for short-term fluctuations in the diode

studies were performed at several laser intensities between #aser intensity. and a reference line schéhis used with the
and 20 mJ/crhto ensure that the energy-transfer results were X Y, P
center line measurements to correct for longer term drifts in

in ndent of laser intensity. Th intensities resul in .
dependent of laser intensity ese intensities resulted qthe system. Additional short-cell and long-cell reference pro-

typical fraction of excited pyridine molecules betweer 1073 1 . .

and 2 10 2. Electronically excited pyridine then undergoes ggggtraeft :;1%Qgrégﬂgget?hieﬁégﬁetge ra:)?:JSf:l)tl)lijlitt(iee?sctiél)tterrtlar\]/si;oLastle

rapid radiationless internal conversiorsX ps) into highly measured systems. Line shape measu?ements are eprformed%

vibrationally excited states of the ground electronic state with . yS ’ P P °ad Dy
locking the diode laser frequency to the peak of a scanning

a nearly unity quantum yiel#. Energy gain into individual -
A it : Fabry—Perot Etalon fringe (free spectral range289 MHz).
rotational states of the GQ00°0) vibrational state resulting Absorption by CG is then measured at a series of-30

from collisions with vibrationally hot ground electronic state frequencies distributed evenly over the line shape. averaaed over

pyridine is monitored by probing the transient absorption of IR 108 excimer laser shots at gach frequenc Pe, 9

light (A = 4.3 um) that is collinearly propagated with the UV - . d y- .

beam through the collision cell. The highly resolved (0.0003 P%”d'ne (Aldr.".:h’ H.PLC grade) and pyrazine (Aldrich,

cm 1) IR laser (Laser Components) is used to probe the scattered99+ %) were purified prior to experiments using no fewer than
three freeze (77 Kypump-thaw cycles, and research-grade

CO, molecules via the antisymmetric stretch transition of,CO . s )
m 0,
To ensure that only a single diode laser mode is detected, theCoz (Intermountain Airgas Inc., 99.999%) was used without

infrared light is passed through a single grating monochromator further purification.
(Acton Spectra pro 500i) before being focused onto a liquid
nitrogen cooled InSb detector (Judson Technologies). The
detector and pre-amplifier (Perry Amplifier) combination hasa A, Rotational and Translational Excitation of the Carbon
rise time of approximately 400 ns, shorter than one-fourth the Dioxide Bath. Transient CQ populations in varioud states of
gas kinetic collision time (Jus). The signal from the InSb  the ground vibrational level, ranging froth= 58—80, were
detector is digitized and stored on a LeCroy LT342 Waverunner monitored via infrared absorption following UV excitation of
digital oscilloscope before being transferred to a computer for pyridine at 248 nm. Because the g@otationa?’—32 and
further analysis. Approximately four percent of the infrared light  translationa® energies change with each collision, the distribu-
is split off and passed through a reference line. The referencetions probed at short times after the excimer laser pulse represent
beam passes through a monochromator and is focused onto ahe nascent collision dynamics without significant relaxation.
high-gain InSb detector (Judson Technologies); the output Results for these studies are consistent with similar studies on
of the reference detector is used as input to a lock-in amp- other systems in that significant excitation of the high,CO
lifier (Stanford Research Systems). The lock-in amplifier rotational states indicates a large degree of rotational excitation.
generates an error signal that is fed back to the diode laserA Boltzmann plot of the rotational distribution created by
control electronics allowing active stabilization of the laser collisions of CQ with hot pyridine (Figure 1) indicates that
frequency. rotational distribution over this range of finatates is described
Determination of rovibrational-state populations requires a by a single rotational temperature. The measured rotational
measurement of both the transient absorption at the center oftemperature of 104@& 80 K, within the range of rotational
the line and the Doppler broadened line shape; therefore, twotemperatures reported for previously studied systems, indicates
types of measurements are collected for each rotational statethat collisions with pyridine scatter GOnolecules into hight
the transient fractional absorption)/l, after 1us (one-fourth states transferring large amounts of rotational energy in a single
the gas kinetic collision time of 4s) and the Doppler-broadened  collision.

full width at half maximum (fwhm). The center line measure-
ment is obtained by locking the diode laser frequency to the

Ill. Results
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Figure 2. Nascent Doppler broadened line shape for the absorption
transition CQ (00°0;J=70)— CO, (00°1;J=69) probing C@molecules
excited by collisions with vibrationally excited pyridine. The line
shape was obtained using a flowing mixture of 10 mTorr pyridine and
10 mTorr CQ. The points represent the fractional IR absorption of
CO;, collisionally scattered in the @0, J = 70 state measured ds
following 248 nm excimer laser pumping of pyridine. Absorption
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TABLE 1: Full Width at Half-Maximum Doppler Line
Widths,2 Translational Temperatures? and Center of Mass
Translational Temperatures® for the Process Pyriding +
CO,(00°0) — PyridineE + CO,(00°0,J,V)d

final CO,
rotational levell Avops CMT 12 Turans KP Teom, KE
58 0.0079+ 0.0004 1012t 115 1410+ 180
64 0.0106+ 0.0007 184Gt 240 2710+ 380
66 0.0086+ 0.0007 123Gt 200 1750+ 310
70 0.0099+ 0.0007 162Gt 220 2360+ 350
72 0.0106+ 0.0006 186Gt 210 2730+ 280
74 0.0110+ 0.0007 200Gt 250 39504+ 390
76 0.0116+ 0.0007 224Gt 275 3330+ 430
78 0.0114+ 0.0007 218Gt 260 3220+ 410
80 0.0131+0.0012 287Gt 520 4300+ 800

2 The measured full width at half-maximum of the transient Doppler
line widths for the transitions C{D00,J) — CO,(00°1,J—1), deter-
mined 1us after pyridine excitation in a 1:1 sample of pyridine:CO
at a total pressure of 20 mTorr. The thermal Doppler line width for
CO; at T = 298 K is Avg = 0.0042 cm™. ® The final translational
temperatureTyans is Obtained from fitting the experimentally determined
Doppler lineshapes to a Gaussian function, and it is related to the line

measurements are averaged over approximately 100 excimer laser shot&idth, Avess (full width half-maximum) through the expressidgn{K)

fired at 1 Hz at each frequency across the line. The solid line is the

= mA(Avepd?(8R In 2(vp)?), wherem is the mass of C@ c is the

best nonlinear least-squares fit to a Gaussian function. The line width SPeed of lightR is the gas constant, and is the wavenumber at the

obtained from this fit is 0.010& 0.0006 cn1!. For comparison, the
fwhm of a CQ line shape withTans= 300 K is approximately 0.0042
cm L

The projection of lab frame CfQrecoil velocities onto the

laser probe axis was determined from measurements of the

Doppler broadened lineshapes of the final CQational states.
As seen in Figure 2, a Gaussian function accurately fits the

measured lineshapes, indicating that a single translational

temperature can suitably describe the,@@nslational excita-

tion. Figure 2 shows the transient absorption line shape obtained

from a measurement taken at4 after excimer laser excitation
of a mixture of 10 mTorr of pyridine and 10 mTorr of GO
The line width (fwhm) obtained from probing GGcattered
into J = 70 is Av = 0.0106+ 0.0006 cn1?, corresponding to

a lab frame temperature of 1860 K. For comparison purposes,

the line width of a transition probing GOmolecules with a
room-temperature velocity distribution sy = 0.0042 cntl.
Previous studiés indicate that the post-collision velocity

center of the absorption linéThe final center of mass translational
temperatureT,,,,, is obtained from the expressian,(K) = Tyans +
(Tans — D(Mco/Mpyriding), Where T, .« is the temperature describing
the CQ lab frame velocity,T is the ambient cell temperature, and
is the mass of C@and pyridine, respectively. The internal energy of
pyridinefollowing 248 nm excitation i& = 40 660 cnT™.
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distributions are isotropic; thus, measured translational temper-Figure 3. The fwhm Doppler line width of absorption transitions

atures describe the three-dimensional speed distribution of the

CO, molecules following collisions with highly vibrationally
excited pyridine.

Full-width, half-maximum Doppler line widths for the
absorption transitions probing scattering idtgtates between
58 and 80 are given in Table 1, along with the corresponding
lab frame translational temperatures, and the pyriding/CO

relative (center of mass) translational temperatures, which are

probing high rotational states of G®llowing excitation by collisions
with vibrationally hot pyridine E = 40 660 cnm?) is plotted against

the final rotational statd. The lab frame translational temperatures,
which are determined from the measured line widths, are given on the
right y-axis. The line widths are measuredu$ following 248 nm
excimer laser excitation of the pyridine, ensuring that the measured
velocity distributions are nascent: ~ 4 us). The fwhm appropriate

for a 298 K velocity distribution is 0.0042 crh The line width forJ

= 62 appears to be an outlier from remainder of the results.

more relevant for determining the actual energy transfer in thesetimes much less than the mean gas kinetic collision time can

collisions. As can be seen in the data in Table 1, collisions
scattering C@ molecules into high angular momentum states
produce broad (high-temperature) velocity distributions, sug-

gesting that these collisions are accompanied by large transla-

tional energy transfers. Gine widths also vary nearly linearly
with the final rotational angular momentum as was observed in
other system$810.21.22Thijs near linear relationship, illustrated
graphically in Figure 3, is an indication of a constant pyridine/
CO, effective impact parametés?

B. Final State-Resolved Energy-Transfer Rate Constants
and Probabilities. The state specific rate constarg, for
excitation of CQ from a thermal distribution into staté at

be obtained from the expression

;_ [COy00%0,3,v)]
2 [CO, [pyriding™] t

1)

[COy]p is the bulk carbon dioxide number density, [pyridife

is the number density of pyridine molecules excited by the

excimer laser pulse to an energy;, determined from the UV

absorption, and [C€00°0,J,V)] is the state specific CO

concentration, obtained from infrared absorption measurements.
The absolute rate constants for the excitation of, @@o

the highd tail of the (0F0) vibrational state by collisions with
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TABLE 2: Rate Constants® (kj) and Probabilities® (k}/ky;) Donor® +CO —Donorf+CO *
for the Energy-Transfer Process Pyriding'+ CO,(00°0) — 5 2 2
PyridineE + CO,(00°0,J,V) b, W e
- = Pyrimidin IR
final CO, B : E
rotational levell 1044 10° Proh, T _ 6x10° Pyrazine 3
58 2.3+ 0.6 3.6+0.9 &g E
64 2.0+ 0.5 3.1+ 0.8 ¥ 2 a0 ]
66 1.6+ 0.4 2.5+ 0.6 % =~ X E
70 1.3+£0.3 2.0£05 § 3
72 1.2+ 0.3 1.8+ 0.5 = = 2x10° 3
74 1.0+ 0.3 1.6+ 0.4 B = E
76 0.8+£0.2 1.2+ 0.3 2 3
78 0.6+ 0.1 0.2+0.2 s : . | E
80 0.6+ 0.1 0.3+0.2 0
-7000 -6000 -5000 -4000 -3000 -2000 -1000
2 All rate constants are given in units of émolecule® s™%. ® The E-E' (em™)
probability for energy transfer is given as Prokr klzlku_v whereky, is Figure 4. Plots of the highAE tail of the energy-transfer probability
the Lennard-Jones kinetic collision rate constant. It is defined (see ref gistripution function describing the first Lennard-Jones collision
43) asky = @(dco, + Dpyridging/2](8ks T)/(774)] ¥2Q12, Where dco,= between a vibrationally excited donor molecule (pyridine, pyrimidine,
4.5 A, ref 44 doyrigine = 5.27 A (assumed to be equal to that for benzene, pyrazine? CsFe.2 or methylpyrazin®) at energyE’ ~ 41 000 cnt* and
ref 44), kg is Boltzmann’s constant, andis the reduced mas€1.is  3°cq, bath molecule resulting in CQexcitation into high rotational
the Lennard-Jones collision integral given by t_he foIIowmg expression: gngular momentum stated 58—82) of the ground vibrational level.
% Q1,=[0.636+ 0.567 logkT/e1,)] *, wherees, is the pyridine-CO; E is the energy of the hot donor molecule following the collision.

well depth witheco/k = 195 K, ref 44 epypidindk = 445.21 K, ref 45,

and e, = iding ¥2. The Lennard-Jones collision rate constant . .
for p?ﬁdinéjéoépg{dggs K is 6.45x 10-1° cn? molecule 5L J, temperature-dependent studies are not necessary to determine

the average initial relative velocity; these have been calculated,

hot pyridine € = 40 660 cn?) are given in Table 2. These @S before, using a translational gap law mddel.

rate constants are scaled both on an absolute scale and to The energy-transfer distribution function for single collisions

previous pyrazine/C&scattering studiésuch that data can be ~ between pyridine and carbon dioxide is plotted in Figure 4.

directly and accurately compared to other studies at 248 nm. (Note that the probability is plotted agairst-E' whereE' =

Table 2 also includes the Lennard-Jones scattering probabilities40 660 cn* andE is the final donor energy.) Comparing the

for excitation of each final rotational state. The probability that €nergy-transfer distribution function obtained from fhve 58—

a COo molecule is scattered into a particu|ar finhlstate is 80 data to one C_)btamEd fro_m _data extrapolaf[ed over the full

defined as the energy-transfer rate constitdivided by the range of CQrotational states indicates tHe(E,E') in the energy

Lennard-Jones collision rate constant, rangeAE > 1300 (shown in Figure 4) is well determined in
these experiments (see ref 3). A primary aspect of this work is

K to determine how molecular properties affect the energy-transfer
Prod = —= ) probability distribution function; thereforeP(E,E') for the
K. s pyridine/CQ system is compared tE(E,E') obtained from

similar studies of pyrazing® hexafluorobenzen&? methylpyra-
The choice of the Lennard-Jones has been discussed elsdwherezine and pyrimidiné! excited to the same energy and relaxed
and is used for consistency in comparing results system to by CO,. To facilitate comparison, Figure 4 also conta({E,E’)
system, even though it has been shown to be in error by asfor these previously studied species. For all donor molecules,
much as a factor of 2 for systems similar to those studied¥ere. Single collisions withAE > 2000 cnt* are clearly evident;

C. Energy-Transfer Probability Distribution Function. however, this “supercollision” tail behaves differently for each
The energy-transfer probability distribution functid®(E,E’), molecule. Because(E,E') is a normalized function, curves for
for the large AE region can be obtained from state-resolved different molecules must either cross each other or be identical
data reported here using a conversion process detailed elseover the entireAE range. This requires that any comparison
where? Because the conversion of quantum-state-resolved betweenP(E,E') for different systems specify both final and
probabilities toAE-indexed probabilities requires both the €0  initial energy to be meaningful. As a result, it is convenient to
final states (well defined in these experiments) and, @@ial fit the measuredP(E,E')s to a model function, such that one or
states (defined only by the initial temperature distribution), two values can be used for comparison.
detailed temperature-dependent measurements of the energy- The energy-transfer distribution functions shown in Figure 4
transfer process along with an energy-transfer gap law modelae peen fit to both a single and a biexponential functional
were used to prowde the lgverage. initial rotqtlonal state for ¢orm As also seen in previously studied systém&2isingle-
POl S Syter I eyl sudid cases, S exponenta fiing of PIEE) provides a poor . 1o the

g ) experimentally obtained distribution function, when normaliza-

difference in rotational energy between the initial and final states : . . -
for a linear molecule goes as the differencelinuncertainty tion <_5md detailed balance are considered; however, the biexpo
in the final state produces a greater error than does uncertaintyn

in the initial state. Using 28.7 as the average initial rotational The normalized, biexponential model, which has been used to

state for previous temperature-dependent studies would resulthI_U(_je both strong %nd weak collisions, is given for down
in a error of 2.2 and 5.1% fol = 82 and 58, respectively.  collisions according t
Because this error is about the same as or smaller than other
experimental errors associated with this experiment, tempera-p, = - _ (1 —f)exp{—(E — E)la} +fexp{—(E' — E)/y}
ture-dependent studies have not been performed for the pyridine/P( B) = 1— +B)+f(y+ 0
1l (1= Do+ p) +1(y +9)
CO, system and we have used 28.7 as the average initial
rotational state to calculafe(E,E"). Unlike the average initial E<E (3)
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Figure 5. Plot (noisy line) of the energy-transfer distribution function
for the pyridine/CQ system withE' = 40 660 cnt! along with the
best-fit biexponential model function (eq 3) (solid line). The best fit
parametersd, 3, v, 0, and f) are defined in the text following eq B.

is the energy of the hot donor molecule following the collision. The
P(E,E’) shown is calculated on the basis of the estimated valuds of
= [IO= 28.7 for the mean initial rotational statd, for collisions
populating highJ; states §; ~ 58—80) of CO.

In this modela is the average energy transfer for downward
“weak” collisions, andy is the average energy transfer for
downward “strong” (“super”) collisions. The up collision side
of the model function is similar with differences being the
exchange oE andE' and the substitution oft and y with

J. Phys. Chem. A, Vol. 112, No. 12, 2008547

rate constants are determined. Because of excimer beam
divergence over the length ofet8 m cell, a short-cell study is
necessary to obtain a scaling constant for long-cell measure-
ments. The Nd:YAG pumped Ti:sapphire laser beam used in
the Mullin experiments does not suffer from the same degree
of divergence as does the excimer; however, a similar scaling
procedure is presumably performed in their studies as well.
However, this would not explain differences in the rotational
and translational temperatures. Additionally, we perform a
second experiment to scale our rate consténfhis second
scaling procedure scales our results to the pyrazingi@ak

of Flynn® and gives the same scaling factor as the short-cell
procedure, within experimental error.

A more interesting possibility for the differences between the
Mullin studies and the current work is the onset of a strong-
collision channel. Similar onsets have been observed in energy-
dependent studies of the pyrazine/®stemt’~1° Mullin and
co-workers observed similar changes Tay, Tyans and k)
between 286 and 281 nm. In those studiBs, Trans andk;
increased by 26%, 32%, and a factor of 2, respectively. They
attributed this enhancement of energy transfer to vibronic
coupling and the presence of a new electronic state.Tkpr
and Tyans the change was a step and the new values remained
constant with energy from 281 to 246 nm; however, the rate
constant continued to increase essentially linearly with increasing
internal energy. This suggests that there may be more than one
factor involved, one that creates a change in the rotational and
translational distributions and one that enhances the energy-
transfer rate constant. An additional factor that has been shown

andd, the respective average energy transfers for the upwardto result in energy-transfer enhancement as a function of energy

“weak” and “strong” collisions. The up collisions parameters
are related to the down collision parameters by detailed
balance’®® The separation into strong and weak collisions is

is the proximity to dissociation. In classical trajectory calcula-
tions of collisional relaxation of S©by Ar, Lendvay, Schatz,
and Harding’ observed thatAEOinitially increased linearly

somewhat arbitrary; however, the biexponential model is used with internal energy; however, as $&pproached the threshold

in systems where the larg&E tail of P(E,E') has a greater
probability than can be fit with a single-exponential function.

for dissociation the dependence of energy transfer on internal
energy became even stronger than quadratic.

Because both the strong and weak-collision channels are peaked Although there is no new electronic state between 251 and

at AE = 0 cn%, f cannot be literally interpreted as the fraction
of supercaollisions, although it is sometimes referred to as this.
However, the fraction of largAE collisions does get larger
with increasing. The relative importance of supercollisions in
P(E,E"), however, depends on the magnitude of bo#ndy.

The energy-transfer probability distribution function along with
the best fit, biexponential model function (eq 3) is shown in
Figure 5 for the pyridine/C@system.

IV. Discussion

A. Comparison to Pyridine/CO, Studies at Lower Internal
Energies. Mullin and co-workers have studied the relaxation
of vibrationally excited pyridine by C@following excitation
at 251, 259, 266, and 271 nth1?They observed that energy-

248 nm in pyridine, there does appear to be some factor that
results in the onset of a strong-collision channel. The rate of
pyridine internal conversiéh has been shown to increase in
this energy region; however, the increase in internal conversion
rate is not nearly as dramatic as the increase in going from the
S — S transition region to the S— S region (36 006-38 000
cm™1, 277-263 nm). It is interesting to note that Mullin and
co-workers did not observe an enhancement in the 270 nm
range. Energy-transfer studies at higher energy than 248 nm
and lower than 271 nm are necessary to understand the increases
observed here. In addition, energy-dependent studies of pyridine
dissociation are also necessary to determine the threshold for
unimolecular dissociation, which is between 248 and 193%tm,
and evaluate the affect of dissociation on pyridine energy

transfer rate constants, rotational temperatures, and translationairansfer in this energy range.

temperatures were independent of internal energy over this

B. Comparison to Other Donor/CO, Systems at 248 nm.

region. Each of these parameters obtained in the present study-o|lisions with vibrationally hot pyridine that scatter G@to

are larger than those measured in the Mullin experiméigs.
= 1040 vs 850 K (a 20% increasf)ans (J = 70) = 1860 vs
1520 K (a 9% increase),arkg is greater by a factor of 3.

the high rotational states of the ground vibrational level have
many of the same features seen in previous studies involving
vibrationally hot donor molecules and cold €0he rotational

Although pyridine multiphoton UV absorption in the present distribution that describes post collision carbon dioxide is
study would provide a simple explanation of the observed characterized by a temperature of 1040 K, which places pyridine
differences, we have studied the energy transfer at UV intensitiesin the middle of other donor molecules studied at this internal

ranging from 5 to 20 mJ/cfnbelow the onset of multiphoton
absorption at~23 mJ/cnd; over this rangeTot, Tirans andk%

energy (methylpyrazin®, 725 K; GFe,° 795 K; pyrazine® 1300
K; pyrimidine?! 1680 K). Even though there is @ priori

are independent of laser intensity. Another possible explanationreason to suppose that a temperature will describe any part of

for largest of these differencek%[ could be the way absolute

the rotational distribution created by collisions with vibrationally
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Figure 6. CO; relative (center of mass) translational temperatures collision, Prol; = kJZIkLJ, between vibrationally excited donor mol-

describing translational energy gain by £@ collision with vibra- ecules (pyridine, pyrimidine, methylpyrazinesFg, and pyrazine) and
tionally excited pyridine, pyrimidiné; methylpyrazine? CeFs,° and CQ; as a function of final C@rotational state. Note that over the entire
pyraziné as a function of final C@rotational stateT;°™ describing range of finall states, collisions between vibrationally excited pyridine
pyridine/CQ collisions is similar to the temperature describing pyri- and CQ have the lowest probability of populating the high Ctates.
midine/CQ collisions. The slope of{°" as a function of final C@ For other systems studied, energy-transfer probabilities in this range

rotational state is similar for pyrazine, pyrimidine, and pyridine, of AE cross one another, as can also be seen in Figure 4, when
indicating that the effective impact parameter for each of the donors probability is re-sorted as a function afE.

In collisions with CQ is similar. the difference in integrated probability, P{gh for collisional

hot molecules, because a single temperature does characteriz8Xcitation of the C@high-J tail. For pyridine/CQ collisions,
these highd states of C@ (00°0), it can be viewed as a the integrated prql.)abmty, determined by the sum of theTenergy-
convenient measure of the amount of rotational excitation. Note transfer probabilities (Pref) from J = 5880, is Profj;’ =

that the indicated rotational temperatures only describe the0.0259, and Prdl" = 0.0387, 0.0902, 0.128, and 0.108 for
high-J tail (J = 58—80) of the rotational distribution, and may methylpyraziné? pyrazine? CsFs,° and pyrimidineZ* respec-

be very different from any temperature that describes lower tively. Because the total energy-transfer probability is normal-

rotational state¥ In fact, for the systems studied thus faigat  ized, other energy-transfer events, includingWprocesses and
~ 41 000 cntl, the rotational distribution must be described scattering into the low}states of the ground vibrational level,
by at least two different temperatures f&(E,E') to be must be more probable in the pyridine/€&ystem than other
normalized. systems.

In addition to significant rotational excitation, G® excited Mullin and co-worker$' have studied excitation of both

translationally by collisions with pyridine, as indicated by the Vibrationally ground and excited Gy collisions with pyridine
broad lineshapes of various highstates probed in this study. following 266 nm excitation. They found that excitation of the
A comparison of the center of mass temperature data from Tablehigh-J tail of ground state C@was 7.7 times more frequent
1 to similar data for previously studied systems, shown in Figure than excitation of the 0Q vibrationally excited state. A
6, indicates that pyridine imparts a similar amount of transla- comparison to collisional processes involving vibrationally
tional energy to C@in collisions as pyrimidine, but less than  excited pyrazine at 266 nm indicated that excitation of the High-
pyrazine and more than methylpyrazine ogF€ As stated tail of ground state C&via collisions with vibrationally excited
above, the linear relationship between translational excitation Pyrazine was 13 times more probable than excitation of
(as determined by\v) and final rotational state indicates that Vibrationally excited C@ They concluded that the enhancement
the pyridine/CQ effective impact parameter is constant forCO  0of CO, vibrational excitation in collisions with pyridine was
excitation over this range of final GQotation state:1° As due to the large 2.2 D pyridine dipole moment. The small
seen in Figure 6, not only is the center of mass temperature forPro’ for pyridine/CQ relative to other donor/COsystems
pyridine/CQ linear with the finalJ state but also the slope is  at 248 nm may be due to enhance#V processes or enhanced
similar to that for pyrazine and pyrimidine, suggesting that these energy transfer to low of the ground vibrational state; however,
three systems have similar effective impact parameters, notbecause neither of these has been studied, further investigation
surprising given the similarities between these three moleculesis necessary to determine definitively the reason for the small
in structure and mass. Prody" observed in the pyridine/GCsystem at 248 nm.
Although scattering of C@into high<J levels following A key aspect of the energy-transfer studies being conducted
collisions with vibrationally excited pyridine has been observed in our lab involves a desire to understand how the shape and
in these studies with similar rotational and translational tem- magnitude of the energy-transfer probability distribution func-
peratures as other systems, the associated energy-transfeion, P(E,E'), is related to molecular properties of the molecule
probability for pyridine/CQis significantly less than previously  involved in the collisional relaxation process. Energy-transfer
studied systems. Figure 7 shows the probability of populating studies aE' ~ 41 000 cn1! of pyrazine, GFs, methylpyrazine,
the highd states of CQ@ following collisions with various and pyrimidine with carbon dioxide suggested that the strong-
vibrationally excited donor molecules. For all g@tational collision energy-transfer magnitude was related to the donor
states probed in this study, the probability for scattering is proximity to threshold for unimolecular dissociation, and the
smallest when the collision partner is pyridine, although pyridine fraction of strong collisions (or supercollisions) was related to
and methylpyrazine have similar probabilities for scattering into the number of donor molecule vibrational modes witk 500
the highest states probed. The small energy-transfer prob- cm™1.21 Table 3 lists parameters for exponential and biexpo-
abilities for pyridine/CQ scattering are further highlighted by  nential fits to the experimentally obtain®{E,E'), along with
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TABLE 3: Energy-Transfer Probability Distribution I - 1a
Function Double Exponential Fit Parameters (Characteristic % 410°L 1h
Energy-Transfer Frequencies for Both Strong and Weak B r -
Down Collisions, Fraction of Strong Collisions, and Average i = ]
Down Collision Energy) as Well as the Total Number of & 3107 ]
Donor Vibrational Modes, Number of Low-Frequency e N ]
Vibrational Modes, Precollision Density of States, and =T 210°[ ]
Photodissociation Lifetime 28 r ]
g C ce ] ]
72  AERP o 74 S < 500 £ 110°0 66l 1
(em™) (em™) (em™) fd £ pE)  (us) cmih r J - * = il ..* ]
CoFel 1411 809 620 0.15 30 2.4 102 13 3 03 e Methylpyrazine |
methylpyrazin® 1527 682 441 0.05 33 84107 ~16 4 &8 - Pyridine ]
pyraziné 2532 536 296 0.05 24 39108 ~6 2 M
pyrimidine?! 3342 576 292 0.03 24 1810% ~1 2 4510® 510" 5510 610" 6.510"
pyridine 1731 529 337 0.03 27 2:0104 2 Slope of In[p(E'-AE)]

@ The characteristic strong energy-transfer magnitude as determined,:igure 8. Correlation between the shapeR(E,E’) as determined by
from the biexponential fit of the>(E,E') data.” The average energy  the piexponential fit parameters ¢land 1) and the energy-dependent

transferred in a single downward collision involving vibrationally  gtate density of the donor molecules. Squares represent the characteristic
excited donor and CODetermined using the exponential fit parameters energy-transfer magnitude for “strong” collisiong(and the circles

obtained from an exponential fit of tHe(E,E’) data for each system.  gre the characteristic energy-transfer magnitude for “weak” collisions
¢ The characteristic weak energy-transfer magnitude as determined from(a) based on the application of Fermi's Golden Rule to collisional

the biexponential fit of theP(EE) data. The fraction of strong deactivation of vibrationally excited donor molecules in collisions with

collisions as determined from the biexponential fit of B(&,E’) data. CO,. Pyrazine, GFs, methylpyrazine, and pyrimidine data are from
€ The total number vibrational normal modes for the donor molecule. ats 3 "9 10 and 21. The shape of the energy-transfer distribution

! The vibrational density of states for the donor molecule at the energy fynction as a function oAE mirrors the shape of the final donor density
following the absorption of a 248 nm photon calculated using @ of states as a function of energy transferr&E). The shape of both
Whitten—Rabinovitch algorithn® 9 The photodissociative lifetime of the strong and weak-collision region B(E,E') is correlated with the
the donor molecule after 248 nm absorption. Lifetimes fafFeC donor molecule’s final density of states.

methylpyrazine, pyrazine, pyrimidine, and pyridine are obtained from

refs 9, 47, 48-50, 51, and 38 respectively The number of vibrational

normal modes with frequency less than 500 &émNormal-mode . . . ,

frequencies for gFs, methylpyrazine, pyrazine, pyrimidine, and pyridine ~ function of the slope obtained from plotting i{E' —AE)] vs
are obtained from refs 52 and 53, 54, 55, 56, and 5, respectively. AE?S for the collisional relaxation of pyrazirfeCeFg,° meth-

ylpyrazine!® pyrimidine?! and pyridine (this study) by CO
As can be readily seen, the inverse of both the strong and weak

various donor molecule properties. Increasing strong-collision characteristic energy-transfer values is linearly related to the
energy-transfer parameter) (generally correlates with decreas-  sjope of Inp(E'—AE)] vs AE. The results fit remarkably well,
ing average downward energy transfer, weak-collision energy- especially considering that the weak-collision parameter is
transfer parameteod, “fraction” of strong collisionsf), number  optained by extrapolation of the data. This correlation between
of normal modes, density of states, dissociation lifetime, and density of states aré(E,E’) suggests that the energy dependence
number of normal modes with < 500 cnT™. These particular  of the donor density of states is responsible for the shape of
molecular properties have been examined because results fromp(g ). Mullin and co-workers have shown that this relationship
classical trajectos/-*94%and quantum scatteriffgcalculations  holds true for the shape of the tail of the distribution for other
have been interpreted to indicate that low-frequency modes, gromatic donofg-4 at slightly lower energies, as well as for
particularly those with out-of-plane character, are the modes geactivation by collisions with watép.
primarily responsible for large single-collision energy-transfer  There are several interesting aspects about the relationship
events, and that energy-transfer efficiency increases with donorpetween the shape &E,E’) and the energy-dependent shape
internal energy, linearly at low energy and stronger than of the donor density of states, as seen in Figure 8. First, strong-
quadratic at energies approaching dissociation threshold. Donorcollision energy-transfer magnitude, is smaller for donor
density of states correlates most aCCUrater with the various molecules whose density of states decrease more rap|d|y with
energy-transfer parameters listed in Table 3. Of course, stateAE. For G, the donor with the second most vibrational modes
density is influenced by the other molecular properties listed. and the most low-frequency modes, the final state density falls

A Fermi's Golden Rule mod& 152122 has successfully  off more rapidly than the other donors studiegFEalso has
shown the shape oP(EE) is correlated with the energy-  the smallest value of. Pyrimidine and pyrazine, on the other
dependent shape of the donor molecule density of states. Thishand, which have the fewest modes and the fewest with low

model is given according frequency, have the shallowest drop off in density of states with
final energy and the largest value of A second interesting
P(E,E") O |Vy|?0(E) p(E') 4) feature is that the strong and weak-collision parameters have
an opposite correlation with the slope of g’ —AE)]. The
where p(E) is the density of states at ener§yand Vi is the strong-collision parametery] becomes smaller as the donor

matrix element[i|H|f[] that couples initial and final states. To  density of states falls off more rapidly with internal energy,
test the effectiveness of this model in correlating the shape of and the weak-collision parameten)(becomes larger with a
P(E,E") with the energy dependence of the donor density of steeper density of states slope. This may be an indication of a
states, we compare the results from this study with the resultsdifferent type of energy-transfer process, one for weak collisions
of several previous energy-transfer studies involving collisional and one for strong collisions. Furthermore, as the slope of In-
relaxation of highly vibrationally excited donor moleculds ( [o(E'—AE)] becomes steeper (i.e., the decrease in the final donor
~ 41 000) by carbon dioxide. Figure 8 shows a plot of the density of states becomes more precipitous as a functi@) of
inverse of the characteristic energy-transfer parameters (thethe strong and weak energy-transfer parameters approach each
“slope” of P(E,E')) obtained by fittingP(E,E’) to eq 3 as a other. In other words, the distinction between weak and strong



2550 J. Phys. Chem. A, Vol. 112, No. 12, 2008 Johnson et al.

TABLE 4: Fractional Vibrational Mode Populations for v;6 a Low-Frequency Out-of-Plane Mode, for Five Donor Molecules
(Pyridine, Pyrimidine, Pyrazine, Methylpyrazine, and CgsFg) at E' = 41 000 cnt! Calculated at Three Different Mode Energie$

AE = 2000 cnmt AE = '4000 cmt AE = 8000 cn?t
donor molecule v (cmri)P © f,d ° fyd © fyd
methylpyrazine 1162407 5 0.067 10 0.022 20 0.0021

V160461 5 0.065 9 0.024 18 0.0021
V16 0.132 0.046 0.0042
CsFs v16 120 17 0.042 34 0.013 67 0.0011
pyrazine V162340 6 0.058 12 0.024 24 0.0038
V160416 5 0.068 10 0.028 20 0.0043
V16 0.126 0.053 0.0081
pyrimidine V162347 6 0.058 12 0.024 24 0.0043
V160 398 6 0.068 11 0.029 21 0.0040
V16 0.126 0.053 0.0083
pyridine V162373 6 0.058 11 0.024 22 0.0031
V160403 5 0.068 10 0.027 20 0.0036
V16 0.126 0.051 0.0068

aE' =41 000 is the approximate internal energy of the donors after the absorption of a 248 nm UV phthwational normal-mode frequencies,
v (cm™Y), for C¢Fs, methylpyrazine, pyrazine, pyrimidine, and pyridine are obtained from refs 52 and 53, 54, 55, 56,-&6@ B&spectively.
¢ Minimum number of quanta for each vibrational mode necessary to effect an energy transfer of atHeast= AE/hv. 9 Fraction of
donor molecules withy quanta of each vibrational mode at eneEgy= 41 000 cm* calculated according to eq SBecauses is doubly degenerate
in CsFs, the probability forviea andvie, have been added together for pyridine, pyrimidine, pyrazine, and methylpyrazine to facilitate comparison.

collisions becomes smaller arR(E,E') approaches a single- the mode. The fraction of molecules in a given mode at a certain
exponential function. Presumably, at the point where these energy can be calculated according?to

two curves intersectP(E,E') changes from biexponential to

single-exponential, being described by one energy-transfer ps_1(E' — vhwy)

parameter. An interesting test case is a system with either more f; = iT (5)
modes or a larger fraction of low-frequency modes, whose state s

density dependence falls off even more steeply thgify @at wherep{(E) andps_1(E' — vhw;) are the density of states for all

\évr?::giezave a single-exponentid(E,&) at these internal S o;cillators at energ¥{’, and tr_le density of states for all
’ o ) oscillators except the mode of interest at an energ¥ of-
Although the application of Fermi's Golden Rule here vhi. v is the frequency of the mode of interest,is the
indicates that the donor vibrational frequencies determine the ;i ational quantum number of that mode, aBdis the mode
shape ofP(EE), it is not clear if some modes are more gegeneracy. Table 4 tabulates the fraction of moleculeggn
important in the energy-transfer process than other modes, ancky the five different donor molecules & = 41 000, at three
if so, which ones. Clearly, low-frequency modes make the gifferent mode energies. Even thouglain CsFs has the lowest
greatest contribution t®(E,E') shape because of their effect  frequency and should therefore be the most efficient donor mode
on how the donor-state densities depend on internal energy.according to computational work, the fraction offig molecules
However, this Fermi's Golden Rule model seems to say that ith 2000 cnt? of energy invisis smaller than the other donors;
an increased fraction of low-frequency modes, which leads to therefore, 1 in CgFs would need to be more 3 times more
a steeper change in the energy dependence of the donor densitficient thanv, in the other donors to have the same energy-
of states, leads to weaker supercollisions, in contradiction to tgnsfer probability at\E = 2000 cnt’. When AE = 8000
the observations from quantum scattefingnd trajectors?4° cmLis consideredy:s for CsFs would need to be 8 times more
results mentioned above. Therefore, despite a clear relationshipstficient thanyy for pyrazine and pyrimidine to have the same
between shape, donor vibrational mode frequency, and donorenergy-transfer probability. Thus, even though low-frequency
density of states, it is not clear how specific donor mode modes may have larger energy-transfer cross sections, the
characteristics (frequency and motion) play a role in the shapefraction of molecules with enough energy in low-frequency
and magnitude oP(EE). modes to affect a given energy transfer is smaller than the
Quantum scatterirfgand trajector§?“°calculations indicate  fraction of molecules with enough energy in the same higher-
that the lowest-frequency donor mode is the most efficient at frequency mode.
transferring energy. It also indicates that the lower the frequency A “fractional energy-transfer distributionf(E,E'), model has
of a given mode, the more efficient the energy transferakgr ~ been reported elsewhel®?122This model takes into account

the most efficient mode in the benzene/He calculatféribis both the efficiency with which a donor vibrational mode can
means that € (with vi6 = 120 cnml) is more efficient than impart energy in collisions and the ability of the mode to impart
pyrazine {162 = 340, v16p = 416 cnrl), methylpyrazine ii6a that energy (the fraction of donor molecules with sufficient
= 407,v16p = 461), pyrimidine ¢16a= 347,v16p = 398 cn1}), energy in the mode to transfer a givexk). Energy-transfer

or pyridine (¢16a= 373,v16p = 403 cnTY); however, efficiency efficiency is determined from the points whe?¢E,E') is equal

is only half the equation. One must also consider the number using vibrational mode fractions calculated at the energy where
of molecules populating a mode with enough energy to impart P(E,E') cross using eq 5. Because mode fractions are needed
AE. If the population of a given mode at a given energy is small, to obtain the efficiency factor, only one vibrational mode can
the magnitude of the energy transfer associated with that energybe compared at a time and those modes must have the same
would be small, regardless of the energy-transfer efficiency of molecular motion. Thus it is necessary to assume that energy-
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0.14 e that implicates low-frequency, particularly out-of-plane modes
012 b P /}: ] as the supercoII|S|_on gateways. Ti(E,E') model fu_r}her clears
[ | —= - Perfluorobenzene /) ] up the apparent discrepancy betwee.n .the Fermi's Gplqlen Rule
. O01F _—_r_:-r\,'"‘:‘rli|&@i-']‘11;.\’m?““‘ f,* ] model that suggests that supercollisions are maximized for
>" E Y- - Pyrimidine ; ] donors with high-frequency stiff modes and computational
g 008 E - 3 studies that indicate supercollisions are maximized by low-
2006 & frequency floppy modes, because fllg,E') model considers
E i 1 not only of the efficiency of a given mode at transferring energy
0.04 |- p but also of the number of molecules in that mode with a
0.02 [ et E sufficient energy to imparfAE to the bath in a collision. A
i !_;,: = ] consistent picture is developing that connects low-frequency

0 N PR R N PR T S i i H AW i
-9000 7000 25000 ~3000 1000 dono_r_wbratlonal motion to the shape I@(E,E)_, in particular,
= specific low-frequency modes to supercollisions.

E-E' (cm™)
Figure 9. f(E,E') function (fractional mode populations times an v/, Conclusion
efficiency factor) for the/;6 out-of-plain mode for pyridine, pyrimidine,
pyrazine, methylpyrazine, andsks as a function ofAE = E — E' The relaxation of highly vibrationally excited pyridin&,
(cm™). f(E,E) is calculated according_ to a method detailed in _ref_s 10 = 40660 le) in collisions with a bath of carbon dioxide has
and 21. The shape of the§&,E') functions have the same qualitative been studied using infrared diode laser spectroscopy to probe
shape as experimentB(E,E") in Figure 4. Note that functions cross d bath | les. Th . | lati d
one in the same way as experimeriE,E). scattered bath molecules. The nascent rotational populations an

recoil velocity distributions for rotational states in the high-

tail (J = 58—80) of the 000 level of CQ were measured. The

transfer results entirely from a single mode and(&E') curve recoil velocity distributions indicate that bath molecules scattered
is created for each vibrational mode that has a molecular motioninto _highJ states of the ground vibrational level undergo
common between the donors. Thg vibrational mode of GFs significant translational and rotational excitation. However,

must be 3.3 times more efficient than the same pyrazine quantum-state-resolved energy-transfer probability data indicate
molecular motion at transferring energy according to this method that pyridine/CQ energy-transfer events occur less frequently
and 3.1, 2.7, and 2.9 times more efficient than the equivalent than has been observed in previously studied systems with this
pyrimidine, pyridine, and methylpyrazine motion, respectively. amount of internal energy.

Efficiency factors are also determined for other molecular  State-indexed energy-transfer probabilities have been re-sorted

motions common among the donors. as a function oAE to extract the high-energy tail of the energy-
This efficiency factor is then multiplied by the mode transfer distribution functiorR(E,E'). P(E,E') for pyridine has
populations obtained from eq 5 at various energies)(to give been compared tB(E,E') for CeFs, pyrazine, methylpyrazine,

f(E,E') for that mode. If we assume the energy-transfer events and pyrimidine obtained previously. Although collisions that
that populate the larg&E portion of P(E,E') result entirely from transfer large amounts of energy are evident for all molecules,
energy leaking out of16, using the fractional populations from  the “supercollision” tail behaves differently for each. Double
Table 4, we can calculate the fractional energy-transfer distribu- €xponential fits toP(E,E’) give the following results. The
tion functions for pyrazine, pyridine, pyrimidine, methylpyra- “fraction” of “strong” collisions is found to bé = 0.03, the
zine, and GFs for collisional energy transfers to G@ver AE characteristic parameter of “strong” collisions is found toybe

= 2000-8000 cn1?. Thef(E,E') curves forvis are shown in = 1731 cnt!, and the characteristic parameter of “weak”
Figure 9 and qualitatively match the shape of the experimental collisions is found to bea. = 337 cm? for pyridine/CQ
P(E,E')s shown in Figure 4 in terms of curve crossing and collisions. The shape of the largét tail of P(E,E) for pyridine,
general trends of the curves relative to each other. In fact, theas determined by, indicates that pyridine is in the middle of

f(E,E") curves created usinges more closely match the(E,E') the range of strong-collision energy-transfer donors studied to
shape and trends than those created using other donor vibrationaflate in terms of magnitude.
modes common between all the donor molecules. Two models have been used to consider the effects of

In using this model, one must recognize the limitations. First molecular properties oP(E,E'). An f(E,E') model, which
it is only possible to determine relative efficiency of the same considers both donor mode efficiency and population, most
molecular motion between different donors; it is not possible accurately mirrors the shape B{E,E') when low-frequency
to determine the relative efficiency of different modes within out-of-plane donor modes are assumed to dominate the large
the same donor molecule. Second, even though donor modeAE energy-transfer processes, and a model based on Fermi’s
efficiency is most likely different at different values &E, Golden Rule indicates that the way in which the donor density
because the efficiency factor can only be determined at pointsof states changes witAE determines the shape &fEE').
of equal energy-transfer probability, a constant efficiency factor When considered together, these two models provide a consis-
is used for allAE. Finally, one can only consider the effect of tent picture indicating thaP(E,E') shape is governed by low-
vibrational motion common to all donors. Even with these frequency donor motion, which are the gateways through which
limitations, this model suggests that the lowest-frequency mode energy leaks out of the donor into the bath.
for each donor is the principal determiner of the shape of
P(E,E'), even though energy transfer likely results from energy ~ Acknowledgment. This work was performed at Brigham
leaking out of all vibrational modes. Tlig,E") model functions Young University with support from the BYU Mentoring
are consistent with the Fermi’'s Golden Rule model, which Environment Grant. J.A.J. acknowledges support from the BYU
indicates thatP(E,E') shape is governed by how donor-state Office of Research and Creative Works Fellowship program.
densities change which is in turn governed primarily by the low- J.A.J., M.M., and D.G.M. acknowledge support from the
frequency modes. THEE,E') model functions are also consistent Department of Chemistry and Biochemistry Undergraduate
with the quantum scatterifjand classical trajectof§*°work Research Awards program.
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