
Collisional Relaxation of Highly Vibrationally Excited cis-ClFCdCFCl Prepared by
Multiphoton Excitation

Eduardo A. Coronado and Juan C. Ferrero*
INFIQC, Departamento de Fı´sicoquı´mica, Facultad de Ciencias Quı´micas, UniVersidad Nacional de Co´rdoba,
Agencia Postal 4, C.C. 61, Co´rdoba 5000, Argentina

ReceiVed: August 13, 1997; In Final Form: September 30, 1997X

Highly vibrationally excited gas-phasecis-ClFCdCFCl was prepared with a pulsed, high-powered pulsed
TEA CO2 laser operating at 948 cm-1, and the subsequent collisional relaxation was followed by infrared
fluorescence from theν2 mode (1168 cm-1). Energy transfer data were obtained for Ar and ClFCdCFCl
molecules as collisional partners. The exponential decay of the average energy together with the linear
microcanonical dependence ofI(E) on 〈E〉 in a wide energy range allowed for the determination of the
dependence of bulk average energy transfer per collision,〈〈∆E〉〉, on the average energy,〈〈E〉〉. In both cases,
〈〈∆E〉〉 is found to be a linear function of〈〈E〉〉. As the energy decay profiles are exponential, they are
independent of the shape of the initial distribution and of the fraction of molecules excited, allowing one to
obtain the dependence of the microscopic first moment ofP(E′,E), 〈∆E〉, on 〈E〉. The following dependences
of 〈∆E〉 on 〈E〉 were found:〈∆E〉P ) 4.5( 1.0- (7.3( 1.5)× 10-3〈E〉 cm-1 for self-relaxation and〈∆E〉M
) 0.63( 0.06- (1.0( 0.1)× 10-3 〈E〉 cm-1 for the relaxation with Ar.

Introduction

Collisional energy transfer (CET) of highly vibrationally
excited molecules (HVEM) remains one of the most important
problems in many chemical as well as photochemical processes.
The loss of vibrational energy from HVEM is of particular
importance in the field of unimolecular chemical reactions where
the collisional deactivation of molecules with chemically
significant amount of energy has been studied for roughly seven
decades.1,2

The interest in this process is due in part to the decisive role
it plays in determining the rate at which molecules react to form
new products. Early studies were focused in small molecules
and low excitation levels with the aim to understand the
fundamental process which control the intermolecular energy
exchange and the rate and mechanism by which internal modes
were equilibrated by collisions.3-5 These processes are now
well understood, in contrast to the relaxation mechanism for
HVEM. While the relaxation of molecules at low energy has
provided much of the conceptual framework for understanding
vibrational energy transfer, it is the high-energy regime that is
crucial for a quantitative treatment of unimolecular reactions.
The large density of states of HVEM greatly complicates the
use of conventional state resolved spectroscopic techniques,
although some advances have been recently reported.6 The
collisional relaxation process in the high-energy regime is
described in terms of the collisional transition probability
P(E′,E), for transition from energyE, before collision, to a state
with internal energyE′, after the collision. The direct measure-
ment of this fundamental function has not yet been performed,
although some efforts for its characterization are currently in
progress.7-9

The choice of molecules amenable to experimental energy
transfer studies depends on the availability of adequate tech-
niques to excite them to high vibrational energy levels as well
as to monitor the relaxation process. The most commonly used
method to prepare HVEM is electronic excitation followed by
fast internal conversion to high-lying vibrational levels of the

ground electronic state while time-resolved UV absorption
(UVA) and infrared fluorescence (IRF) has been applied to
follow the energy decay.10,11 These direct methods yield the
bulk average energy transferred per collision,〈〈∆E〉〉

whereN(E,t) is the population distribution function and〈∆E(E)〉-
is:

The desired quantity is〈∆E(E)〉, since it is a microscopic
property which depends solely on the nature of the collisional
partners and not onN(E,t). If the initial excitation energy is
well-known and the initial energy distribution is narrow enough,
it is possible to obtain〈∆E(E)〉, extrapolating the average energy
lost profile at initial time. However as the energy distribution
spreads out, only the bulk first moment〈〈∆E〉〉 can be obtained
directly from the evolution of the average energy.
In general〈〈∆E〉〉 is a function of the internal energy,E. In

most cases, such as cycloheptatrienes, toluene, azulene, benzene,
benzene-d6, and toluene-d8, the results of UVA and IRF methods
showed that〈〈∆E〉〉 is almost a linear function of internal energy
with a roll-off at the highest energies investigated.11,12 For some
small molecules such as CS2 and SO2 the dependence is
quadratic over the entire range studied12,13 while for NO2 the
dependence isalmost linear up to 4000 cm-1 and becomes
quadratic and even steeper at higher energies.14 It should be
noted that only for linear dependencies, the relationship between
〈〈∆E〉〉 and 〈〈E〉〉 is the same than that of〈∆E〉 on 〈E〉.
Since the preparation of HVEM in the ground electronic state

by UVA is restricted to those molecules with adequate photo-
physical properties, infrared multiphoton excitation (IRMPE)
constitutes a useful alternative method, with the limitation that
the initial distribution is poorly characterized and that, in the
case of small molecules, could even be bimodal. Notwithstand-
ing, a variety of molecules can be easily excited to different
initial energies by simply changing the incident laser fluence.X Abstract published inAdVance ACS Abstracts,November 15, 1997.

〈〈∆E〉〉 )∫0∞ 〈∆E(E)〉N(E,t) dE (1)

〈∆E(E)〉 )∫0∞ (E′ - E)P(E′,E) dE′ (2)
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Hence, to apply IRMPE to energy transfer studies, it is important
to analyze the influence of the distribution function on the
determination of〈∆E〉.
Master equation calculations using unimodal and bimodal

initial distributions showed that exponential average energy
decays are independent of the shape ofN(E,t).15 In that work,
bimodal distributions consisted of a fractionq of molecules lying
in high vibrational energy levels and the remaining fraction, 1
- q,populating low vibrational levels. These calculations were
performed using the same dependence of〈∆E〉d on 〈E〉 for both
ensembles and showed exponential relaxation, irrespective of
the value ofq. From these theoretical results we concluded
that IRMPE could be a useful method to study CET of HVEM,
even in the case of bimodal distributions.15

In a previous work we have studied the relaxation of CDCl3

prepared by IRMPE and compared different approaches to
obtain the microscopic dependence of〈∆E〉 on 〈E〉.16 In that
work, the CET process was studied under selected experimental
conditions to ensure that bottlenecks to absorption were absent
and hence the energy distribution was unimodal.
In this paper we use time-resolved infrared fluorescence to

monitor the internal energy content of an intermediate size
molecule likecis-ClFCdCFCl at energies below the reaction
threshold for isomerization. This molecule shows a pressure
dependent absorption of IR photons under irradiation with a
high-power CO2 laser indicating the presence of a bimodal initial
distribution. The rotational hole is removed at very high
pressures, so it is possible to study CET in the presence of
variable fractionation. In addition, it presents a strong IR
emission from theν2 mode at 1168 cm-1, from which the time
evolution of the infrared intensity and also the evolution of the
average energy could be followed.

Experimental Section

The experimental set up has been described previously.16 A
TEA CO2 laser tuned to the P(14) line resonant with theν9
mode ofcis-ClFCdCFCl corresponding to 948 cm-1 was used
as excitation source. The IRF signal was viewed through a NaCl
side window by a 1 mmdiameter HgCdTe (Infrared Associates)
cryogenic photovoltaic detector, sensitive from 5 to 10µm,
equipped with a matched preamplifier.
A 24 cm length, 5 cm diameter Pyrex cell was used. The

modeν2 at 1168 cm-1 was isolated using a MgF2 window. In
all the experiments the IRF signal was amplified using a
Tektronik 7633 oscilloscope, digitized with a Thurlby 524 DSA,
stored, and averaged with a computer. The laser repetition
frequency was 1 Hz.
The laser pulse energy was measured with a Scientech

pyroelectric detector and the beam was kept parallel using a
set of BaF2 lenses. A spectrum analyzer (Optical Engineering
16 A) was used to tune the laser to the desired wavelength. All
the experiments were performed at a fluence of 1 J cm-2.
Pressures were measured with capacitance manometers (ranges
0.001-10 and 0.1-100 Torr). Samples of CFCldCFCl (Pierce
Chem Co.) were degassed and distilled under vacuum before
use. FTIR spectrum and gas chromatographic analysis showed
that the samples consisted of a mixture of thecis and trans
isomers in acis/transconcentration ratio of 0.9. Ar was passed
through several traps at 77 K and stored in glass bulbs. The
experiments were performed in samples containing 200-700
mTorr of the mixture of isomers with the addition of 2.0-27.0
Torr of Ar as bath gas. To improve the signal/noise ratio, 200-
300 IRF curves were averaged. The IRF signals were limited
by a 0.5µs rise time of the infrared detector/preamplifier system
and the measured decay rates ranged from 4.8× 104 to 3.8×
105 s-1.

The number of photons absorbed as a function of the Ar
pressure was also measured under the same conditions. These
measurements were carried out with a dual arrangement of
pyroelectric detectors, and the ratio of the transmitted to the
incident intensity was obtained by a Scientech power ratio meter,
averaging at least 20 signals in every case.

Results and Discussion

Previous studies performed with a mixture ofcis- andtrans-
ClFCdCFCl showed that thecis isomer could be selectively
excited to yieldtrans-ClFCdCFCl with a low reaction prob-
ability (10-2), even at relatively high energy fluences (5 J
cm-2).17 Since the present experiments were performed at a
lower fluence (1 J cm-2) and with a mixture of both isomers
diluted in Ar, the IRF lost profile could be considered free of
any chemical process.
A typical IRF decay is shown in Figure 1. The signals

followed single-exponential functions of the type:

where〈〈I(E,t)〉〉 is the macroscopic IRF intensity, which is an
average of the microcanonical intensityI(E) of the observed
vibrational mode over the excited energy distributionN(E,t),
andr is the relaxation rate. The microcanonical IRF intensity,
I(E), is related to the internal energy content of the molecule
by the following equation, due to Durana and McDonald.18

whereA1,0 is the Einstein coefficient for spontaneous emission
for the 1-0 transition of theith mode,hνi is the energy of the
emitted photon, andFs(E) andF(E-nihνi) are the density of
vibrational states for alls oscillators at energyE and that for
s - 1 modes, respectively, omitting the emitting mode and
energy contained in it. For theV2 mode of cis- ClFCdCFCl
the relationship betweenI(E) and 〈E〉, calculated according to
eq 4, was found to be linear over a wide energy range (2000-
40000 cm-1). As a consequence, the observed intensity〈〈I-
(E,t)〉〉, is also a linear function of the average energy〈〈E〉〉,
that is

Figure 1. Typical infrared fluorescence decay for the relaxation of
cis-ClFCdCFCl with Ar at a fluence of 1 J cm-2. ClFCdCFCl and Ar
pressures are 0.458 and 14.500 Torr, respectively.

〈〈I(E,t)〉〉 ) A+ B exp(-rt) (3)

I(E) )
1

Fs(E)
hνiA

1,0 ∑
n)1

modes

niFs(E-nihνi) (4)

〈〈I(E,t)〉〉 ) I(〈〈E〉〉,t) ) r + s〈〈E〉〉 (5)
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Combining eqs 3 and 5 results in

whereC ) A - r/s andD ) B/s. Then the average energy
decay is also exponential with the same relaxation rater as the
IRF decay. From this decay the energy dependence of the bulk
average energy transferred can be obtained from the exact
expression19

whereω is the collisional frequency.
As the energy lost profiles are exponential, the dependence

of 〈〈∆E〉〉 on 〈〈E〉〉 is linear:

Then, combining eqs 7 and 8, the evolution of the average
energy is given by

where 〈〈E〉〉0 is the initial average energy of the excited
molecules.
Comparing eq 6 with eq 9 we identify the relaxation rate as

r ) bω. Thus the coefficientb is obtained directly from the
IRF decay rate.
When the system reaches the equilibrium Boltzmann energy

distribution,〈〈∆E〉〉 ) 0. This corresponds to the limitt f ∞
in eq 9, which yields

Since the coefficientb can be obtained from the relaxation rate
r, the coefficienta is calculated from eq 9 provided that〈〈E〉〉,
the average energy of the Boltzmann distribution at the
temperature of the experiment, is known.
The relaxation rates for different pressures of ClFCdCFCl

as a function of collisional frequency of added Ar are shown in
Figure 2. The global relaxation rater is expected to be the
sum of two contributions (“linear mixing rule”): the self-

relaxation of ClFCdCFCl by collisions with coldcisandtrans
molecules,rP, and the relaxation with Ar,rM.

ωM andωp are the collisional frequencies for Ar and ClFCdCFCl,
respectively. The collisional numbers used to convert pressure
to collisional frequencies were 1.16× 107 and 1.5× 107 Torr-1

s-1 for collisions of ClFCdCFCl with Ar and with ClFCdCFCl,
respectively. The Lennard-Jones parameters are shown in Table
1. Figure 2 shows that the global relaxation rate is a linear
function of Ar collisional frequency, for each ClFCdCFCl
pressure, in agreement with eq 11. Equation 11 also predicts
that all the straight lines of Figure 2 must have the same slope
(bM) for each substrate pressure. A least-squares fit to the
experimental points yielded the values ofbM and rP at each
pressure of ClFCdCFCl. A plot ofrPas a function of collisional
frequency of ClFCdCFCl also yielded a straight line with
approximately zero intercept, from whose slope the value ofbp
was obtained (Figure 3).
The values ofrP, bP, aP, bM, andaM are shown in Table 2.
Assuming that the linear mixing rule is valid, then

As the decays are exponential for all the mixtures ratios of
parent and bath gas,〈〈∆E〉〉 for both species should be linearly
dependent on〈〈E〉〉,

Figure 2. Relaxation rates for different pressures of the mixture of
cis- and trans-ClFCdCFCl as a function of Ar collisional frequency
at a fluence of 1 J cm-2. (9) 0.700 Torr, (4) 0.458 Torr of ClFCdCFCl,
(O) 0.240 Torr.

〈〈E〉〉 ) C+ D exp(-rt) (6)

-
d〈〈E〉〉
dt

) ω〈〈∆E〉〉 (7)

〈〈∆E〉〉 ) a+ b〈〈E〉〉 (8)

〈〈E〉〉 ) - a
b

+ (〈〈E〉〉0 + a
b) exp(-bωt) (9)

〈〈E〉〉∞ ) - a
b

(10)

Figure 3. Relaxation rates obtained from the zero intercept of Figure
3 as a function of ClFCdCFCl collisional frequency.

TABLE 1: Lennard-Jones Parameters for the Collisional
Partners

species σ/Å ε/K

ClFCdCFCl 5.50 364
Ar 3.47 114

TABLE 2: Relaxation Rates rP and Coefficient bM Obtained
from Figure 3 for Each Pressure of ClFCdCFCl

pressure of the
mixture ofcis/trans-
ClFCdCFCl (mTorr)

rP/103

(s-1) bM/10-5
aM/10-2

(cm-1) bP/10-4
aP/10-1

(cm-1)

240 25( 2 100( 2 63( 1 70( 6 44( 4
460 56( 3 102( 5 64( 3 81( 5 50( 3
700 70( 4 100( 3 63( 2 67( 4 42( 3

r ) rM + rP ) ωMbM + ωPbP (11)

〈〈∆E〉〉 )
ωP

ωM + ωP
〈〈∆E〉〉P +

ωM

ωM + ωP
〈〈∆E〉〉M (12)

〈〈∆E〉〉M ) aM + bM〈〈E〉〉 (13)
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whereaP andaM are the values that make〈〈∆E〉〉 ) 0 at thermal
equilibrium.
When the system reaches equilibrium,〈〈E〉〉 ) 〈〈E〉〉∞ and

〈〈∆E〉〉 ) 0. With this condition and replacing eqs 13 and 14
in eq 12 results in

so that

The value of〈〈E〉〉 for cis-ClFCdCFCl calculated from a
Boltzmann equilibrium at 298 K is 629 cm-1, which together
with the values ofbM andbP allowed for the calculation of the
coefficients aM and bM from eq 16, so that the following
expression for the dependence of〈〈∆E〉〉 on 〈〈E〉〉 are obtained,
for each collisional partner:

Note that the data obtained for self- relaxation results from
collisions of excitedcis-ClFCdCFCl with bothcis and trans
isomers.
In the above analysis, a macroscopic property, i.e., the

dependence of〈〈∆E〉〉 on 〈〈E〉〉, was obtained from a knowledge
of the bulk relaxation rate at different collisional frequencies
of the bath gas. Now two important points arise concerning
the energy range where this dependence holds and whether the
macroscopic dependence of〈〈∆E〉〉 on 〈〈E〉〉 is equal to the
microscopic dependence of〈∆E〉 on 〈E〉.
An answer to the first point requires a knowledge of the

average energy of the initial distribution. To accomplish this,
the average number of photons absorbed per molecule were
measured under the same experimental conditions as the IRF
relaxation experiments. The results are shown in Figure 4. The
average number of photons absorbed per molecule increases
with pressure as a consequence of rotational hole filling,
allowing that a larger fraction of molecules interacts with the
laser. At high enough pressures, when rotational relaxation is
fast compared with the rate of laser pumping, a unimodal energy
distribution is formed, but at pressures below this limit only a
fraction of molecules interacts with the laser. Then〈n〉
represents a mean value over the whole ensemble, but it does
not necessarily provides a direct measurement of the average
energy of the fraction of absorbing molecules.
In general, ifq is the fraction of molecules excited with

average energy〈〈E〉〉q, the average energy of the whole ensemble
would be

where〈〈E〉〉1-q is the average energy of the fraction(1 - q) of
molecules that remain in low vibrational energy states.
An additional complication in the determination of the initial

average energy could be introduced by V-T processes, during
the pulse. Considering that the laser pulse length is about 200
ns, at a collisional frequency of 1× 108 s-1 the parent molecules

suffer about 20 gas kinetics collisions during the process of
excitation. Modeling calculations performed for molecules of
similar type showed that the absorption process occurs in the
first 200 ns and that it is not affected by energy transfer to Ar
during the laser pulse.16 In the present case, from the
experimental relaxation rates it can be deduced that att ) 200
ns, the energy has fallen, at most, to 0.93 its initial value, even
in the most favorable experimental conditions for vibrational
relaxation used (0.7 Torr of ClFCdCFCl and 27 Torr of Ar).
Thus we conclude that the measured value of〈n〉 is not seriously
affected by the relaxation process. The absorption measurement
shows that〈n〉 varies between 7 and 15, which corresponds to
average excitation energies in the range 7000-15000 cm-1.
Note, however, that if only a fraction of molecules is excited,
then 〈n〉 is distributed only on this fraction and consequently
the excitation energy〈〈E〉〉q should be higher. Thus the above-
mentioned energy range represents a lower limit to the true
initial value.
The second point has been the subject of some discussion.15,19

For exponential average energy decays, the microscopic de-
pendence of〈∆E〉 on 〈E〉 is independent of the shape of the
initial distribution. Model calculations showed that if〈∆E〉 is
linearly dependent on〈E〉 the energy decay is exponential and
independent of the fractionq of molecules excited.15 As the
decays are exponential at all the pressures investigated, it follows
that the dependence of〈∆E〉 on 〈E〉 can be extracted even in
the case that the fractionq and consequently〈〈E〉〉q varies. This
fact can be rationalized taking the time derivative of eq 19

where 〈〈∆E〉〉q and 〈〈∆E〉〉1-q represent the average energy
transferred by the ensemble of molecules having average energy
〈〈E〉〉q and〈〈E〉〉1-q, respectively. As the average energy decay
of the whole ensemble is exponential, the coefficients of the
energy dependence of〈〈∆E〉〉q and 〈〈∆E〉〉1-q must be linear
functions of〈〈E〉〉, i.e.

〈〈∆E〉〉P ) aP + bP〈〈E〉〉 (14)

〈〈∆E〉〉 )
ωP

ωM + ωP
(aM + bM 〈〈E〉〉∞) +

ωM

ωM + ωP
(aP +

bP 〈〈E〉〉∞) ) 0 (15)

〈〈E〉〉∞ ) -(aMωM + aPωP

bMωM + bPωP
) ) -

aM
bM

) -
aP
bP

(16)

〈〈∆E〉〉P ) 4.5( 1.0- (7.3( 1.5)× 10-3〈〈E〉〉 cm-1 (17)

〈〈∆E〉〉M ) 0.63( 0.06- (1.0( 0.1)× 10-3〈〈E〉〉 cm-1

(18)

〈〈E〉〉 ) q〈〈E〉〉q + (1- q)〈〈E〉〉1-q (19)

Figure 4. Average number of photons absorbed per molecule as a
function of Ar pressure at a fluence of 1 J cm-2 and a pressure of
0.220 Torr of the mixture ofcis- and trans-ClFCdCFCl.

d〈〈E〉〉
dt

) q
d〈〈E〉〉q
dt

+ (1- q)
d〈〈E〉〉1-q

dt
(20)

) q〈〈∆E〉〉q + (1- q)〈〈∆E〉〉1-q (21)

〈〈∆E〉〉q ) a1 + b1〈〈E〉〉 (22)

〈〈∆E〉〉1-q ) a2 + b2〈〈E〉〉 (23)
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Thus, the experimentally determined coefficientb, which is
independent of pressure, is a linear combination of the micro-
scopic coefficientsb1 and b2, weighted by the fraction of
molecules in each ensemble, i.e.

Since q changes with pressure whileb remains constant, it
follows that:

where q and q′ represent different fractions of absorbing
molecules. Equation 25 holds only ifb1 ) b2, which implies,
from eq 24, that they are also equal tob. That is both ensembles
relaxes with the same coefficient. This situation corresponds
to the observations of the present experiments, since although
the fraction of molecules changes with pressure, the coefficient
b remains the same.
Note that at different pressures of ClFCdCFCl, parallel

straight lines are obtained, which implies that the linear sum
rule (eq 11) is valid in all the pressure range investigated.
A more significant magnitude than〈∆E〉 is the average of

deactivating collisions〈∆E〉d.19 However, it cannot be directly
obtained from experiment but could be calculated from〈∆E〉
provided that the collisional transition probabilities were known.
Since this is not feasible, calculations of〈∆E〉d rely on a
reasonable choice ofP(E′,E). A frequently used function is
the simple exponential transition probability model, defined as

whereR is almost equal to〈∆E〉d. Using this model together
with eqs 17 and 18, the dependence of〈∆E〉d onE results21-22

for the self-relaxation and

for relaxation with Ar.
No attempt was made to use other currently used functions

for P(E′,E), such as biexponential models,23 since it has been
shown that for linear dependencies there is always a set of
differentP(E′,E) functional shapes that yields the same depen-
dence of〈∆E〉d on 〈E〉.24
To compare energy transfer data with related compounds, it

is useful to compare them in terms of collision efficiencies,
which is defined as25

For a linear energy dependence it also results that

The coefficientsbP and bM of the linear dependence are
calculated from the experimental relaxation rates (rP and rM)
provided the collisional frequenciesωP andωM are known. The
choice of ω is empirical but since they affect directly the
collisional efficiencies, caution must be taken when comparisons
are made. For halogenated substrates it is a common practice
to use hard-sphere collisional frequencies. As we have used
Lennard-Jones collisional frequencies, the above values of the
coefficients of the linear dependence of〈〈∆E〉〉 must be corrected
by a factor of 1.56 and 1.25 for the self-relaxation and for the
relaxation with Ar, since the hard sphere collisional numbers
used to convert pressures to collisional frequencies are 0.96×
107 and 0.93× 107 Torr s-1, respectively. With this correction,
at 8000 cm-1 γ ) (1.0( 0.2)× 10-2 for the self-relaxation
andγ ) (1.1( 0.2) 10-3 for Ar as colliding pair.
To our knowledge, there is not energy transfer data forcis-

ClFCdCFCl, so that a direct comparison of our results with
that obtained by other techniques is not possible. Table 3
presents the values ofγ together with that reported, using
different techniques, for other halogenated substrates, for the
relaxation with Ar.
Although a comparison is not straightforward, a simple model

presented by Tardy25 et al. about the influence of the complex-
ity of the substrate on the value ofγ could be helpful.
According to this model, the relaxation of a polyatomic molecule
is considered as contributions from all oscillators with their
energies “frozen” before collision so that the rate constant for
V-T relaxation is:

where the sum is extended over all the vibrational modes such
that∑iEi ) E andf(i,Ei) is the fraction of theith mode oscillator
which contains energyEi. The double sum may be reduced to
a single sum ifkV-T f(i,Ei) for one mode is larger than all the
others; there is a doorway oscillator.f(i,Ei) depends upon the
complexity of the vibrational frequencies of the substrate.
Depending upon specific limiting conditions, the number of
terms in the double sum of eq 31 may be reduced to a sum up
to a threshold, at which point the high-frequency modes due to
both small values ofkV-T and lowEi do not contribute to the
relaxation. A large polyatomic molecule is considered as having

TABLE 3: Collisional Efficiencies for Relaxation with Ar

substrate γ/10-3 g(E)quant gclass γint(quant)/10-3 γint(class)/10-3 νmin (cm-1) ref

cis-ClFCdCFCl 1.1( 0.2 0.11a 0.083 10( 2 13.7( 2.4 150 this work
CF2Cl2 1.2( 0.1f 0.13b 0.11 9.2( 0.8 10.8( 0.9 260 27

1.0( 0.3g 9( 3 9.0( 2.7 26
0.5h 3.8 4.5 28
1.70( 0.03i 13.0( 0.2 15.3( 0.3 25

1,2 -C2F4Cl2 14( 1f 0.077c 0.055 182( 13 252( 18 < 90 27
1,2- C3F6Cl2 20( 2f 0.064d 0.037 312( 31 540( 54 < 90 27
C3F8 7.6( 0.1i 0.064e 0.037 119( 1.6 205( 2.7 86 25

a The normal mode frequencies were taken from ref 32.b The normal mode frequencies were taken from ref 33.c The calculation is approximate,
since the normal mode frequencies used are those corresponding to 1,1-C2F4Cl2 (ref 34). d The normal mode frequencies were supposed to be the
same as those of C3F8. eThe normal mode frequencies were taken from ref 35.f Obtained by Setser et al. looking at populations depletions produced
by reactions of vibrationally excited CF2Cl2.27 g Thermal lensing experiments by Xu et al.26 h IR emission experiments of Karve et al.27 i Time-
resolved optoacustic experiments of Tardy et al.25,27

b) qb1 + (1- q)b2 (24)

qb1 + (1- q)b2 ) q′b1 + (1- q′)b2 (25)

P(E′,E) ) N(E) exp(E′ - E
R ) for E′ < E (26)

〈∆E〉d ) 76+ 9.3× 10-3〈E〉 cm-1 (27)

〈∆E〉d ) 33+ 2.2× 10-3 〈E〉 cm-1 (28)

γ ) -
〈∆E〉
〈E〉

(29)

γ ) -
〈〈∆E〉〉
〈〈E〉〉

(30)

kV-T ) ∑
i
∑kV-T(i,Ei) f(i,Ei) (31)
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one active oscillator (presumably the one with the lowest
vibrational frequency, since this would give a more impulsive
and more efficient collision) embedded in an energy source
comprised of the remaining oscillators. The deactivation of a
polyatomic with an average energy〈E〉 by a collision with an
atom is reduced to the relaxation of a pseudo-diatomic molecule
with an energy〈E〉osc. This simple model is supported by the
results of trajectory calculations for the relaxation of vibra-
tionally excited azulene, which indicate that only the lowest
vibrational frequencies are involved in the relaxation process.29

Assuming a rapid exchange of energy between oscillators,
the energy in the low-frequency mode before collision can be
written as〈E〉osc) g(E) 〈E〉, using quantum statistics to calculate
the factor g(E). The relaxation oscillator has an intrinsic
efficiencyγint that is a function of〈E〉osc; i.e.

As 〈∆E〉 is a linear function of〈E〉, it follows from eqs 10 and
31 that

Thus,γint is almost independent of the energy located on the
relaxation oscillator and will be an intrinsic property of that
oscillator depending mainly on its frequency. According to SSH
theory,γint must be an inverse function of its frequency.
The observed efficiency,γobs, is related toγint by

In this wayγint is obtained dividingγobsby the fraction of energy
that resides in the relaxation oscillator. Classical equipartition
of energy predicts that energy will be partitioned equally
between all modes. As Toselli and Barker have pointed out
the breakdown of classical equipartition of energy can skew
the apparent results of classical trajectory calculations.30 For
this reason, we have calculatedg(E) for the lowest frequency
mode at〈E〉 ) 8000 cm-1 using quantum statistics,g(E)quant,
and also using the classical approximation,gclass) 1/nosc, being
nosc the number of normal modes of the molecule.
The intrinsic efficiencies for relaxation with Ar, calculated

according to eq 33 are shown in Table 3. Note that, for the
same molecule, the quantum intrinsic efficiencyγint(quant)shown
in Table 3 is smaller than the classical intrinsic efficiency,
γint(class). This is due to the fact that the lowest frequency mode
always receive less energy than predicted by classical statistics.
It is observed, as expected, that the fraction of energy which

resides in the relaxation oscillator decreases with the complexity
of the substrate. This effect may produce a decreaseγobs,
opposed to the experimental observations. However the fre-
quency of the lowest frequency modes of these molecules is
the main factor controlling the intrinsic efficiency. With this
assumption, it seems reasonable that the intrinsic efficiency of
cis-ClFCdCFCl is lower than that of the halogenated ethanes
and propane, since these molecules have lower frequencies.
When comparing molecules with almost the same frequency

patterns the main factor controlling the relaxation isg(E). This
fact was nicely shown by Tardy31 et al. in the series going from
C3F8 to C8F8. In this context,γint should be almost the same
for all the halogenated ethanes and propanes given in Table 3,
provided they have almost the same lowest frequency. The

discrepancies observed in the intrinsic efficiencies for these
molecules are not easy to explain. Note, however, that the
classical values ofγint(class)for 1,2-C2F4Cl2 and C3F8 are in better
agreement than the quantum values.
The comparison with CF2Cl2 is not very clear, since the values

do not differ too much, (even using quantum statics to calculate
the factorg(E)) despite the lower frequency of the relaxation
oscillator ofcis-ClFCdCFCl. The differences may be due to
experimental errors or that there is not only one factor
determining the relaxation efficiency.
The interpretation of when the deactivator is polyatomic,

becomes more complex since it contains other energy sinks as
vibration and rotation. The values ofγint(quant)andγint(class)for
the self-deactivation ofcis-ClFCdCFCl are 9× 10-2 and 12
× 10-2 respectively. These values are almost equal to that
obtained for the self-relaxation of CF2Cl2 measured by time-
resolved optoacustic25 (γint(quant) ) 11.5× 10-2 and γint(class)
)13.6× 10-2) and thermal lensing26 (γint(quant) ) 12 × 10-2

and γint(class) ) 10 × 10-2). Note, however, thatγint for the
self-relaxation is greater by a factor of 10 compared withγint
for the deactivation with Ar.

Conclusions

This study shows that when the relaxation rates are obtaining
in conditions where a bimodal energy distribution is formed
the dependence of〈∆E〉 on E can be obtained for exponential
decays of〈〈E〉〉, under certain conditions. In this respect, we
have shown that if the experimental coefficientb of the linear
dependence of〈∆E〉 on 〈E〉 is independent of the fraction of
excited molecules, both components of the distribution must
have the same dependence of〈∆E〉 on 〈E〉. This was experi-
mentally observed for the collisional relaxation ofcis-
ClFCdCFCl with Ar as bath gas and allowed for the determi-
nation of the microscopic dependence of〈∆E〉 on 〈E〉.
The linear sum rule (eq 11) was verified experimentally, and

microscopic CET data was also obtained for the self -relaxation
of the parent molecule. The values ofγint for the relaxation
with Ar can be compared with related substrates considering
that there is a doorway oscillator, the one with the lowest
frequency, controlling the overall rate of relaxation.
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