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Vibrational Deactivation of Highly Excited Hexafluorobenzene
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Highly excited hexafluorobenzene (HFB) molecules in the electronic ground state were prepared by infrared
multiphoton absorption by CQlaser pumping using the P(38) line at 1029.43 &mThe vibrational
deactivation of the highly excited HFB by monatomic collider gases was monitored by time-resolved infrared
fluorescence (IRF). Deactivation measurements were made for the noble gas colliders He, Ne, Ar, Kr, and
Xe. The bulk average energy transferred per collisiéhE(T] for these colliders was found to increase from

He through to Ar; however it subsequently decreased from Ar through to Xe. This is different than the trend
found in the quasiclassical trajectory calculations by Lenzer et al., which predict a decrease in the average
energy transferred per collision from He to Ar to Xe. (Calculations were not reported for Ne and Kr.) However,
similar trends in related energy-transfer parameters have been reported for the deactivatibn, ah@

CgF15 by the same series of five noble gases. A comparison is made with previous experimental measurements
for the colliders He and Ar which were obtained using UV excitation of the HFB. For the same monatomic
colliders, thellIAEMvalues for HFB are much greater than those for the closely related aromatics, benzene,
toluene, and pyrazine.

Introduction controlled by varying the fluence of the excitation laser. The
disadvantage in using IRMPA is the uncertainty in the initial

oL e s
ing significant amounts of vibrational energy is an essential energy distributiorf:> Nevertheless, the average excitation

excitation and deexcitation mechanism in many gas-phaseenergy is readily determined, and it has been shown that under
reactions: Despite its importance, there is a paucity of appropriate conditions the results extracted from the data depend

knowledge concerning collisional deactivation from highly solely on this; i.e., they are independent of the initial distribu-

. . . . R 8,9 i i
excited molecules, and many important questions await defini- tion®° Ina recent dlr§Ct comparison of the UV and |R|\/|PA
tive answers. Two key questions are (i) what is the form of methods of excitation in collisional energy-transfer studies, we

the collision energy step size distribution functiB(E',E) and ~ have shown that for the same molecule and collider gas pair
(i) what is the dependence of average energy transferred perthe two methods produce identical results within experimental
collision on the internal energy of the excited molecule? For €rror®
example, the energy dependence has been shown to be cénstant, In the direct studies of large molecule collisional energy
linear} linear but rolling off at higher energiésnd linear above transfer, time-resolved monitoring of the energy content of the
a certain threshold enerdyln the present paper we report the highly vibrationally excited molecules has been carried out using
results of experiments that provide insights into the second of IRF or hot-band UV absorption spectroscdpylRF has
these questions. generally been used with cyclic ring systems, usually aromatics,
Direct measurements of collisional energy transfer from excited by internal conversion (IC) following visible/UV
highly excited molecules have usually relied on UV pumping excitation (hereafter referred to as IC-IRF), as has UV absorption
of a molecule to an excited electronic state, followed by spectroscopy (hereafter referred to as IC-UVA). There have
nonradiative intramolecular transfer to high-lying vibrational peen very few studies using the combination of IRMPA coupled
levels in the ground electronic state as the means of statewith time-resolved IRF (hereafter referred to as IRMPA-
preparatiort:> Producing an ensemble of excited molecules IRF) 5711
_th_r(_)ugh rapid |r_1ter_nal_con_ver3|on has the advantage that the HFB has excellent attributes for energy-transfer studies. It
initial energy dlStI’IbutIO!’l IS extremely narrow anql defined, is a large molecule that undergoes rapid IC after UV excitation
centered about the excitation Wavglength of the “gh.t SOUTCE \yith near unit guantum efficienc?. 14 This allows initial-state
gﬁ:?ﬁatlir\]/féar:]e(ghncjgI?c?rhi(z[i(t)igli)brcse(;));prg(t)igrslsfwllgrg)e: %rgsﬁztsioirs] preparation using an excimer laser at either 193 or 248 nm.
of highly excited molecules in the ground electronic state with HFB s very stable, requiring 1700 K to initiate any thermal
decompositiof? and>60 000 cnt? for photochemical decom-

various initial internal energi¢s’ An ensemble of excited S e . . -
molecules are produced which become vibrationally equilibrated posm(_)n. . Becaus_e of these_ photophysical prop_erﬂes, collisional
deactivation of highly excited HFB has previously been the

during and shortly after the IR pulse. The average internal subject of experiment313 and complementary theoretical
energy the excited molecule initially reaches after IRMPA is ) ; ' .
9y y studies'®17 Previous workers have used the IC-UVA technique

* Flinders University. with excitation at 193 nm?12 Ichimura et af? carried out
* University of Adelaide. measurements for the colliders Ar,NO,, and HFB, while

Collision-induced energy transfer between molecules contain-
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Damm et alt3 investigated the colliders He, Ar,,NO,, C3Hg, TABLE 1: Lennard-Jones Parameters and the Energy
n-CgH1s, andn-CgFis. Dependence of the Average Energy Transferred per
f - Collision, MAED

HFB has two very strong IR absorption bands at 1007 and
1530 cn11,18the former being coincident with G@aser output, _ o eks  10%%, —[AED
thus making it a suitable candidate for IRMPA-IRF studies and collider (nm)  (K)  (cm’s™) ke? (cm™)
allowing direct comparison between the IRMPA-IRF and IC- He 0.255 10.22 6.98 (4.680.14)x 103 69+2
IRF techniqued? In the present study, we used the technique Ne 0.282 320 392 (6.420.17)x 102 96+ 3
of IRMPA-IRF with CO, laser pumping at 1029.43 crhand ﬁ[ V)° 0.347 1135 415 (aa(sz'éi 8‘28§§ ig3 ggig
time-resolved IRE of the band at 153Q thn Experimental Kr 0.366 178 360 (5.9 0.15)x 10° 88+ 3
results were obtained for the monatomics He, Ne, Ar, Kr, and xe 0.405 230 359 (5.440.12)x 10° 82+1
Xe as collision partners. The analysis of the IRF decays leadsHFB 0.619 323 5.21

to insights into the variation of the bulk average energy aEvaluated from fits to the linear form—AEM = k,IEC]
transferred per collisioiAE] with internal energy of the HFB b Evaluated at 15 000 cmi. © IC-IRF experimen'tép

molecules. To obtain insights into this behavior at higher

internal energies, we have undertaken limited studies using IC-internal energies, it leads to a range of initial energies since

IRF with excimer laser pumping of HFB at 248 rifh.Our molecules within the sample can absorb an integer number of
results are compared with previous experimental Workand photons, ranging from zero upward. Problems arise because
with recent quasiclassical trajectory calculations on the deactiva-the distribution can be bimodal, resulting from a near thermal
tion of highly excited HFB by He, Ar, and X&.17 population of those molecules that did not absorb and a higher
energy distribution of molecules that absorbed many phatons.
Experimental Section As discussed previoush,in the case of HFB there are two

experimental measurements of UV absorption spectra before
and after IRMPA, suggesting that the distribution produced is
not bimodak!22and this is likely to be true for the conditions

of our experiments. The IRMPA-IRF data were analyzed
assuming that all HFB molecules absorb. This leads to a
particular value for the average number of photons absorbed,
and hence average initial energy, that determines the slope of
the (IAEDversus internal energy curve. Confirmation of the
validity of this assumption was obtained by comparing the
energy dependence OfAE[Mobtained from the IRMPA-IRF
experiments for Ar with that obtained from the IC-IRF experi-
ments (see also Table 19.

From measurements of the laser fluence bef®rg,and after,
Do, the cell (with corrections for attenuation from cell
windows), the average energy absorbé@[T) can be calculated
via the relationshiff

The experimental system for the IRMPA-IRF experiments
is a more elaborate version of the experimental design used for
recent studies of the collisional deactivation of vibrationally
excited CQ and NO.*° A full description of the experimental
system is given elsewhet®. Briefly, infrared laser radiation
from a pulsed C®@laser (Lumonics TEA 103-2) tuned to the
P(38) laser line at 1029.43 crhis directed through a Galilean
telescope and then into a cylindrical fluorescence cell con-
structed from stainless steel and fitted with NaCl end windows.
The IRF from the excited HFB molecules was monitored
perpendicular to the laser beam axis through a Mgige
window and a band-pass filter centered at 1486%cflbandwidth
167 cml) with a liquid nitrogen cooled HgCdTe detector
(Infrared Associates) equipped with a matched preamplifier
(combined rise time-400 ns). The detector/preamplifier output
was captured by a digital storage oscilloscope (LeCroy 9310)
and transferred to a laboratory computer for analysis. The ) .
oscilloscope was used to average decay curves &80 pulses Q= N_E In(q) 'n) (1)
at a laser pulse repetition frequency oflL Hz, to achieve ou
adequate signal-to-noise rqt|os. whereN is the concentration of the molecule of interest in the

Extreme care was taken in the measurements of the average.. i andL is the cell length. This equation is valid for a
number of IR photons absorbed per HFB molecule. The energycollfmated laser beam and .absorptimﬂo%?o When all

of each pulse before and after the cell was recorded S'mu"a'molecules are excited, as assumed in this study (see above),

neously using two pyrolectric joulemeters. This allows the then TD(Ts equal tolEMat time zero. The fluences used in
energy absorbed, and hence the average number of IOhOtorl?nis work yield average initial energies of16 000+ 1500
absorbed per molecule, to be determined for each pulse. Thiscm_l

is then averaged over a number of pulses. Full details are given
by Gascooke et &P

IRF decay traces at various bath gas pressures were recorde
with a constant HFB pressure, typically 2.5 mTorr. This very
low pressure was necessary to minimize blackbody radiation
and to avoid any errors associated with large temperature rise
within the cell. The low HFB pressures used also allow greater
accuracy in the analysis of the data, which involves an
extrapolation to infinite dilution in collider gas (see Results).

He (BOC), Ne (Spectra Gases), Ar (BOC), Kr (Spectra
Gases), and Xe (Spectra Gases) were used directly as supplie
CsFs (Aldrich, 99.9%) was degassed using several freeze
pump—thaw cycles prior to use.

Variation of Internal Energy with Time. The experiments
easure IRF intensity as a function of time. IRF traces typical
f those observed in the IRMPA experiments are shown in
Figure 1. The usual methods for extracting the variation of the
internal energy with time from these data have been described
S‘oy Barker and co-workers?® They involve extrapolating the
experimental intensity versus time decay curves to time zero
where the initial energy is known. In recent data treatments,
the IRF decay curves were converted from a time scale to a
ollision scale, and the fitted parameters in the intensity versus
ollisions expression were extrapolated to the limit of excited
molecule infinitely dilute in collider ga& The changes in IRF
intensity with time (or number of collisions) can then be
associated with changes in internal energy with time (or collision
number) using calculated calibration curves.
While IRMPA is an extremely useful method for preparing We have chosen a different approach that involves fitting
an initial ensemble of highly excited molecules at variable initial the internal energy versus time behavior directly to the

Results
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Figure 1. Infrared fluorescence decay curves for excited HFB prepared
by IRMPA in the presence of the indicated pressures of Xe collider
gas.Pyrs = 2.5 mTorr.

experimental data. Full details are given elsewRe&beit a brief
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Figure 2. Average energy transferred per collision as a function of
collision fraction for Xe collider gas.

collision frequency’’ The form ofE(Z) thus obtained is analytic
(sinceE(t) is analytic), and an expression is readily derived for

outline is presented here. The internal energy is assumed todE(Z)/dZ, the bulk average energy transferred per collision,

follow the general functional form
E(t) = E; exp[—k,(t — to) — k (t — t)’] ©)

whereE, is the initial excitation energy ankl,, k;,, andto are
variable parameters in the fitting proceduitg.is an adjustable

parameter necessary for the automated fitting procedure to

overlay the experimental and fitted decay traces. In practice
the fitted value ofty is identical for each data set. This

functional form was chosen because an exponential is the mos

widely used form for modeling energy decay, and through the
presence of a second term (#), the expression additionally
allows for the roll-off in the average energy transferred per
collision as reported by previous workers’

An initial set ofk,, ki,, andty parameters is used to generate
anE(t) function, as per eq 2. Thig(t) function is converted to
an IRF intensity versus time function, IRF( using the
theoretical expression relating the IRF intensity to the bulk
average energ¥?* The applicability of the theoretical relation-

ship has been extensively tested, and no occurrences have been

found where the relationship has failed to h&fd. An IRF
intensity versus time curve, IB( is generated from the
combination of IRF() and a function BBR{, used to describe
blackbody radiatio® This is necessary because, in general,
the IRF signal contains components from both IRF and

MAE] Thus, from eq 2

MAEM= —OEMk, * — 4k, In(TEMWE)]"  (3)
wherekz, andkz, are related td, andk;, via the transformation
from time to collision number. The bulk average energy is the
average over the population distribution, and as the energy

’ distribution evolves with time, onlYIAELT) which is the bulk

first moment, can be obtained directly from the evolution of
tthe average enerdy TheselIAEfunctions refer to particular
mixtures of HFB and collider gas and thus include both HFB
HFB collisions and HFB-collider collisions. To extract the
HFB—collider value alone, thes@AEDfunctions must be
extrapolated to infinite dilution of HFB in the collider gas. This
is done by plottindIAE[Tas a function of the collision fraction,
F., for a series of internal energy values, as shown in Figure 2
for Xe collider gas. The collision fraction is given by

F = kEJNc

=—
l{JNC + kEJNp

wherek; andk’; are the Lennard-Jones collision frequencies

of the collider and parent gases respectively, HpendN, are
the number densities of collider and parent molecules, respec-

(4)

blackbody radiation (present due to the generation of heat duringtively. By extrapolating eacHIAEIversusF plot to F. = 1,
the collisional relaxation process). Thus, the experimental a IAEMvalue corresponding solely to HFRollider energy
decays consist of a superposition of an IRF decay curve and atransfer is obtained at each ener@fEl This gives a set of

blackbody radiation rise. The calculated fRis convoluted
with the detector response function, SBFdetermined experi-
mentally, to yield the calculated functid(t). I(t) is compared
with the experimental decay curve, the paramekgrsk,, to,

points that is fit to the following functional form to obtain the
final energy dependence GIAE[TI

(IAEM= MEMk,? — 4k, In(MEDE,)] 2 (5)

and Aggr are adjusted, and the process is repeated until the
calculated and experimental traces converge; the entire proces3 he energy range for the applicability of eq 5 is from the initial

is automated. The Levenberdylarquardt method of nonlinear
least-squares fittirf§ was used to match &f(t) function to an
observed IR emission trace.

Extraction of Average Energy Transferred per Collision
as a Function of Internal Energy. The IRF decay curves are
measured over a range of HFB dilutions in the collider gas.
For each curve, i.e., each dilution, valueskgf k., andt are
determined as described above, givingEt) function. This
expression folE(t) is converted to one foE(Z), whereZ, the
collision number, is determined frotrusing the Lennard-Jones

average energy down to 5000 chn The values follIAE
obtained from the data analysis are included in Table 1. The
uncertainties are the standard errors resulting largely from the
extrapolation in the collision fraction plot (Figure 2). For all
collision partners the parameters rev@aAlE[lTto be essentially
linear with energy (see Figure 3). The magnitude of the
nonlinear term compared with the linear term, illustrated through
a comparison of the ratios of these two terms when the average
energy has fallen to half its initial value, is typically a few
percent. Thus, for small values kf, eq 5 reduces tAIAET=
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Figure 3. Average energy transferred per collision as a function of

average internal energy; results for Ar (UV) are from ref 10.

TABLE 2: Average Energy Transferred per Collision,
—[AE(cm™Y), for the Deactivation of HFB by Noble Gases

—[MAEfor MEM(cm™?) =

excitation
collider 518006 4030% 24000 15000 method ref
He 300 ~286 ~16ZX ~57 UV—-193nm 13
110 69 IRMPA this work
200 theory-QCY 16
Ne 154 96 IRMPA this work
Ar 196 153 91 61 UW193nm 12
540 ~476 ~333 ~19C¢ UV—-193nm 13
327 198 126 UV-248 nm 10
194 122 IRMPA this work
149 theory-QCY 16
Kr 139 88 IRMPA this work
Xe 130 82 IRMPA this work
85 theory-QCT 16

aPhoton energy at 193 niPhoton energy at 248 nri Estimated
from Figure 9 of Damm et & 9 Quasiclassical trajectory calculations.

—ki[E Thek; values found by fitting to this linear form for
the colliders used in this study are shown in Table 1. Also
shown in Table 1 are the values for the Lennard-Jones
parameters ankl ;. The parameters for He, Ar, and HFB were
taken from Damm et at3 and those for Ne, Kr, and Xe were
taken from Mourits and Rummen$. The values fokk,_; were
calculated using the empirical equation of Neufeld a®4dibr

the collision integral.

Discussion

Since we have obtained a functional form fGAE[Mfrom
our data, we can compare our values[@DREMwith those

Gascooke et al.

Damm et al'® as being obsolete because of the use of a UVA
calibration curve obtained with an insufficient database. Our
results for a full series of five noble gas colliders facilitate the
establishment of a trend within the series. The average energy
transferred per collision for these colliders was found to increase
from He through to Ar; however, it subsequently decreased from
Ar through to Xe.

The maximunmIAE[observed for Ar collider suggests that
there is a preferred deactivator mass in the noble gas series. It
is worth noting that the trend observed in our study is very
similar to that observed by Tard9who used the technique of
IRMPA coupled with time-resolved optoacoustics to investigate
the deactivation of gF14 and GFig by the same series of five
noble gases as used in our work. Tardy found that the relative
collision efficiency (the deactivation rate constant relative to
the hard-sphere collision rate constant) increased from He to
Ne to Ar and then decreased to Kr followed by a slight leveling
off for Xe. While the absolute values of this relative collision
efficiency may have uncertainties, the observed trends for a
series of similar colliders with a given excited species should
be reliable for comparative purposes. Tardy carried out a
satisfactory analysis of his results in terms of the simple billiard
ball model (impulsive collision) by treating the excited poly-
atomic as a pseudodiatomic molecule and using the equation
presented by Bensdh.

Lenzer et al%17 have carried out quasiclassical trajectory
calculations on the deactivation of excited HFB (and benzene)
by some mono- and polyatomic colliders, including the noble
gases He, Ar, and Xe. The calculations were carried out for
initial energies of 14 000, 24 000, 34 000, 40 700, and 53 270
cm™1, but the authors used their results at 24 000 trfor
detailed comparisons between input parameters in the calcula-
tions and between calculations and experimental results. Their
calculations for HFB at 24 000 cmh are shown in Table 2. As
pointed out by Lenzer at al%' the agreement between their
trajectory calculations and experiment is excellent for benzene
but less satisfying when compared with the experimental results
of Damm et al3 for HFB. While the trajectory calculations
for the magnitudes dfIAETare in reasonable agreement with
our experiments for Ar collider, they are somewhat higher than
experiment for He and lower than experiment for Xe. Also,
the trend predicted by the trajectory calculations is a continuous
decrease in the average energy transferred per collision from
He to Ar to Xe, in contrast to our experiments which show a
maximum for Ar in the noble gas series. Lenzer and Luther
suggest that inadequacies in the trajectory calculations for HFB
are probably due to an insufficient representation of the
intermolecular potential between F and Ar atoms.

There is considerable debate concerning the variation in the
average energy transferred per collision with internal energy.
Figure 3 shows the linear energy dependend@Xitfor each

measured in previous studies, which have used initial excitation monatomic over the energy range studied. This is consistent

at 193213 and 248 nm. All results for HFB with noble gas
colliders are shown in Table 2. In a recent comparative study
of HFB with Ar collider gas using both IC-IRF and IRMPA-
IRF techniques, we demonstrated the viability of the IRMPA-
IRF techniqué?® Previous experimental studi@4s of HFB
collisional energy transfer based on the IC-UVA technique
reported results for two of the noble gases, He and Ar. Allowing
for extrapolation of the different studies to different energy
regimes, comparison of our results with those of Damm &t al.

with trends observed in earlier work based on IC-IRF and IC-
UVA studies when extrapolated to low energléd® Also,
despite the differences in absolute valuesIXEMbetween
trajectory calculations and experiment, the energy dependence
of MIAEpredicted by the trajectory calculations is essentially
linear16.17

The results obtained here for HFB may be compared with
data on aromatics of similar size (e.g., benzene, toluene,
pyrazine)>2® For convenience of qualitative comparison, the

shows reasonable agreement for He, but the agreement is novalues forlIAE[Mat 24 000 cm? are shown in Table 3, but the

as good for Ar. The results obtained by Ichimura e¥2&dbr

relativities are essentailly the same at 15 000-tmThe

Ar are somewhat lower, but their results were assessed bycollisional deactivation of HFB shows much highBAE]
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TABLE 3: Average Energy Transferred Per Collision,
—[AE(cm™1), for Deactivation of Excited Aromatics
by Noble Gases

—[MAE[at EM= 24 000 cm? for collider

excited
molecule He Ne Ar Kr Xe ref
HFB ~162 ~333 13
91 12
198 10
110 154 194 139 130  this work

benzene 23 20 30 34 36 2
toluene 62 77 112 110 124 2
pyrazine 22 33 32 51 52 23

values (between 3 and 10 times larger) when compared to these
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