J. Phys. Chem. A997,101,9603-9609 9603

Collisional Relaxation of Highly Vibrationally Excited cis-CIFC=CFCI Prepared by
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Highly vibrationally excited gas-phasges-CIFC=CFCI was prepared with a pulsed, high-powered pulsed
TEA CO, laser operating at 948 crh and the subsequent collisional relaxation was followed by infrared
fluorescence from the, mode (1168 cmt). Energy transfer data were obtained for Ar and GHTFCI
molecules as collisional partners. The exponential decay of the average energy together with the linear
microcanonical dependence HE) on [E[lin a wide energy range allowed for the determination of the
dependence of bulk average energy transfer per collifitvk1] on the average energyE In both cases,
MAEDis found to be a linear function dflE[] 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 momeR(Bf,E), [AE[Jon [E[] The following dependences

of [AEOon [ECwere foundfAER = 4.5+ 1.0 — (7.3 + 1.5) x 10 3EOcm ! for self-relaxation andAEL),

= 0.63+ 0.06 — (1.0 £ 0.1) x 103 (EOcm™ for the relaxation with Ar.

Introduction ground electronic state while time-resolved UV absorption
(UVA) and infrared fluorescence (IRF) has been applied to

Collisional energy transfer (CET) of highly vibrationally 11 Th irect meth ield th
excited molecules (HVEM) remains one of the most important I:Jouulﬁv;\tg(raaggeéggrgsifisferreiiSSe?Ic%(I:ItisiagE%%s yield the
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 WhereN(E,)is the population distribution function andE(E)
decade$? IS:

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 [AE(E) = j; (E' — E)P(E'E) dE' 2
new products. Early studies were focused in small molecules
and low excitation levels with the aim to understand the  The desired quantity iSAE(E)C] since it is a microscopic
fundamental process which control the intermolecular energy property which depends solely on the nature of the collisional
exchange and the rate and mechanism by which internal modesartners and not ohl(E,t). If the initial excitation energy is
were equilibrated by collisions.> These processes are now well-known and the initial energy distribution is narrow enough,
well understood, in contrast to the relaxation mechanism for it is possible to obtailAE(E)[] extrapolating the average energy
HVEM. While the relaxation of molecules at low energy has |ost profile at initial ime. However as the energy distribution
provided much of the conceptual framework for understanding spreads out, only the bulk first momefAEMcan be obtained
vibrational energy transfer, it is the high-energy regime that is directly from the evolution of the average energy.
crucial for a quantitative treatment of unimolecular reactions.  In generallAEIs a function of the internal energg, In
The large density of states of HVEM greatly complicates the most cases, such as cycloheptatrienes, toluene, azulene, benzene,
use of conventional state resolved spectroscopic techniqueshenzeneds, and tolueneds, the results of UVA and IRF methods
although some advances have been recently repbrt€de showed thafTAE[Tis almost a linear function of internal energy
collisional relaxation process in the high-energy regime is with a roll-off at the highest energies investigaté# For some
described in terms of the collisional transition probability small molecules such as €%nd SQ the dependence is
P(E,E), for transition from energ¥, before collision, to a state  quadratic over the entire range studiet while for NO, the
with internal energyE', after the collision. The direct measure- dependence islmostlinear up to 4000 cm and becomes
ment of this fundamental function has not yet been performed, quadratic and even steeper at higher eneddies.should be
although some efforts for its characterization are currently in noted that only for linear dependencies, the relationship between
progress.® [MAEMand EDis the same than that GAECon [EC]

The choice of molecules amenable to experimental energy  Since the preparation of HVEM in the ground electronic state
transfer studies depends on the availability of adequate tech-by UVA is restricted to those molecules with adequate photo-
niques to excite them to high vibrational energy levels as well physical properties, infrared multiphoton excitation (IRMPE)
as to monitor the relaxation process. The most commonly usedconstitutes a useful alternative method, with the limitation that
method to prepare HVEM is electronic excitation followed by the initial distribution is poorly characterized and that, in the
fast internal conversion to high-lying vibrational levels of the case of small molecules, could even be bimodal. Notwithstand-
ing, a variety of molecules can be easily excited to different
€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. initial energies by simply changing the incident laser fluence.
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MAEM= f;” [AE(E)IN(Et) dE (1)
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Hence, to apply IRMPE to energy transfer studies, it is important B———T T T 1
to analyze the influence of the distribution function on the !
determination of AEL]

Master equation calculations using unimodal and bimodal
initial distributions showed that exponential average energy L
decays are independent of the shap®&l(&,t).1° In that work,
bimodal distributions consisted of a fractiqof molecules lying
in high vibrational energy levels and the remaining fraction, 1
— @, populating low vibrational levels. These calculations were
performed using the same dependenceN&d on [E[for both
ensembles and showed exponential relaxation, irrespective of
the value ofg. From these theoretical results we concluded 5L J
that IRMPE could be a useful method to study CET of HVEM,
even in the case of bimodal distributiotfs.

20 |- B

<<IRF>>(a.u)
S
T
1

In a previous work we have studied the relaxation of CPCI of .
prepared by IRMPE and compared different approaches to T
obtain the microscopic dependencelfElon [E16 In that 0 10 20 30 40 50
work, the CET process was studied under selected experimental time/ s
conditions to ensure that bottlenecks to absorption were absenirigure 1. Typical infrared fluorescence decay for the relaxation of
and hence the energy distribution was unimodal. cis-CIFC=CFCI with Ar at a fluence b1 J cm2. CIFC=CFCl and Ar

In this paper we use time-resolved infrared fluorescence to pressures are 0.458 and 14.500 Torr, respectively.
monitor the internal energy content of an intermediate size
molecule likecis-CIFC=CFCI at energies below the reaction
threshold for isomerization. This molecule shows a pressur
dependent absorption of IR photons under irradiation with a

The number of photons absorbed as a function of the Ar
o Pressure was also measured under the same conditions. These
measurements were carried out with a dual arrangement of

high-power CQ laser indicating the presence of a bimodal initial py(oeleqtrlc dgtectors, aqd the ratio .Of the transmltteq o the
distribution. The rotational hole is removed at very high |nC|denf[ intensity was ob_tamed_byaSuentech power ratio meter,
pressures, so it is possible to study CET in the presence ofdveraging at least 20 signals in every case.
variable fractionation. In addition, it presents a strong IR
emission from the’, mode at 1168 cimt, from which the time
evolution of the infrared intensity and also the evolution of the  Previous studies performed with a mixtureoid- andtrans-
average energy could be followed. CIFC=CFCI showed that theis isomer could be selectively
. . excited to yieldtrans-CIFC=CFCI with a low reaction prob-

Experimental Section ability (1072, even at relatively high energy fluences (5 J

The experimental set up has been described previdfisy. cm2).17 Since the present experiments were performed at a
TEA CO; laser tuned to the P(14) line resonant with the  lower fluence (1 J crm?) and with a mixture of both isomers
mode ofcis-CIFC=CFCI corresponding to 948 crhwas used diluted in Ar, the IRF lost profile could be considered free of
as excitation source. The IRF signal was viewed through a NaCl any chemical process.
side window ly a 1 mmdiameter HgCdTe (Infrared Associates) A typical IRF decay is shown in Figure 1. The signals

Results and Discussion

cryogenic photovoltaic detector, sensitive from 5 to (4, followed single-exponential functions of the type:
equipped with a matched preamplifier.
A 24 cm length, 5 cm diameter Pyrex cell was used. The I(E, )= A + B exp(—rt) 3)

modev, at 1168 cm! was isolated using a MgFRwvindow. In . . . . D
all the experiments the IRF signal was amplified using a where [I(E,t)[Mis the macroscopic IRF intensity, which is an

Tektronik 7633 oscilloscope, digitized with a Thurlby 524 DSA, 2verage of the microcanonical intensi) of the observed
stored, and averaged with a computer. The laser repetitionViPrational mode over the excited energy distributl§(E, ),
frequency was 1 Hz. andr is the relaxation rate. The microcanonical IRF intensity,

The laser pulse energy was measured with a Scientechlb(E)hiSfr?:atgd to the i_nterr:jal energy conten;[jof the nrré?(ljecule
pyroelectric detector and the beam was kept parallel using aPY the following equation, due to Durana and McDoneid.

set of Bak, lenses. A spectrum analyzer (Optical Engineering 1 modes
16 A) was used to tune the laser to the desired wavelength. All I(E) = hy. ALO no(E—nhw) @)
the experiments were performed at a fluendeloJ cnT2 p(E) nZ\ e v

Pressures were measured with capacitance manometers (ranges

0.001-10 and 0.1+100 Torr). Samples of CFEICFCI (Pierce  whereAl?s the Einstein coefficient for spontaneous emission
Chem Co.) were degassed and distilled under vacuum beforefor the 10 transition of theith mode hv; is the energy of the
use. FTIR spectrum and gas chromatographic analysis showedmitted photon, angs(E) and o(E—nhv;) are the density of
that the samples consisted of a mixture of the and trans vibrational states for alt oscillators at energ§ and that for
isomers in aigtransconcentration ratio of 0.9. Arwas passed s — 1 modes, respectively, omitting the emitting mode and
through several traps at 77 K and stored in glass bulbs. Theenergy contained in it. For the; mode of cis- CIFE=CFCI
experiments were performed in samples containing-2iD the relationship betweeifE) and [(EL) calculated according to
mTorr of the mixture of isomers with the addition of 2.27.0 eq 4, was found to be linear over a wide energy range (2000
Torr of Ar as bath gas. To improve the signal/noise ratio,200 40000 cnl). As a consequence, the observed intengity
300 IRF curves were averaged. The IRF signals were limited (E,t)I) is also a linear function of the average enef@gl)

by a 0.5us rise time of the infrared detector/preamplifier system that is

and the measured decay rates ranged fromx41®* to 3.8 x

1P st {I(E,t) = I(MEY) = r + SIE (5)
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Figure 2. Relaxation rates for different pressures of the mixture of Figure 3. Relaxation rates obtained from the zero intercept of Figure
cis- andtrans-CIFC=CFCI as a function of Ar collisional frequency 3 as a function of CIFECFCI collisional frequency.
at a fluence b1 J cnT2. (M) 0.700 Torr, A) 0.458 Torr of CIFG=CFCI,

(O) 0.240 Torr. TABLE 1: Lennard-Jones Parameters for the Collisional
Partners
Combining egs 3 and 5 results in species olA K
EI= C + D exp(-rt) (6) CIFC=CFCI 5.50 364
Ar 3.47 114

whereC = A — r/s andD = B/s. Then the average energy ) . - .
decay is also exponential with the same relaxationrai®the ;I;QﬁLFEigzu.reRge If:acl));algthR;rtg;SrJrgnodf gﬁ:eéfjée,:néf’“" Obtained

IRF decay. From this decay the energy dependence of the bulk
average energy transferred can be obtained from the exact Pressure of the

iof mixture ofcigtrans  rp/10° aw/102 ap/107t
EXpressio CIFC=CFCI (mTorr) (s3) bw/10° (cm?) by10% (cm))
dIED 240 25+2 100+2 63+1 70+6 44+4

— ——— = wlIAE (7) 460 56+ 3 102+5 64+3 81+5 50+3

dt 700 70+4 100+3 63+2 674 42+3

whereaw is the collisional frequency. relaxation of CIFG=CFCI by collisions with colctis andtrans

As the energy lost profiles are exponential, the dependencemgleculesfp, and the relaxation with Amy.
of MAEon s linear:
r=ry+rp=oyuby+ obp (11)
MAEI= a + bE (8)
o ) wwv andw, are the collisional frequencies for Ar and CHECFCI,
Then, combining egs 7 and 8, the evolution of the average respectively. The collisional numbers used to convert pressure
energy is given by to collisional frequencies were 1.3610" and 1.5x 107 Torr!
a a s 1for collisions of CIFG=CFCI with Ar and with CIFG=CFClI,
MEM= — b + (I]]E[I]a + 5) exp(—bwt) 9) respectively. The Lennard-Jones parameters are shown in Table
1. Figure 2 shows that the global relaxation rate is a linear
where [E[g is the initial average energy of the excited function of Ar collisional .frequency, for egch CIFECFCI .
molecules. pressure, in agreement W|th_eq 11. Equation 11 also predicts
Comparing eq 6 with eq 9 we identify the relaxation rate as that all the straight lines of Figure 2 must have the same slope
r = bw. Thus the coefficienb is obtained directly from the  (Pw) for each substrate pressure. A least-squares fit to the
IRF decay rate. experimental points yielded the values lnf gnd re at.e.ach
When the system reaches the equilibrium Boltzmann energy Pressure of CIFECFCI. A plot ofr_p as afunctlon_ of co_II|S|on§1I
distribution, [TAEID= 0. This corresponds to the limit— oo frequency of CIFECFCI also yielded a straight line with

in eq 9, which yields approximately zero intercept, from whose slope the valug, of
was obtained (Figure 3).
a The values ofp, bp, ap, by, anday are shown in Table 2.
E= b (10) Assuming that the linear mixing rule is valid, then
Since the coefficienb can be obtained from the relaxation rate Wp Wy
r, the coefficienta is calculated from eq 9 provided th&f]) [MAEM= wy + wPD]Z&ED]; + wy + wPMEmﬂ" (12)
the average energy of the Boltzmann distribution at the
temperature of the experiment, is known. As the decays are exponential for all the mixtures ratios of
The relaxation rates for different pressures of GHTFCI parent and bath gafIAE[Mfor both species should be linearly

as a function of collisional frequency of added Ar are shown in dependent oMlE(T]
Figure 2. The global relaxation rateis expected to be the
sum of two contributions (“linear mixing rule”): the self- [IAELL, = ay + by, (M (13)
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IAEM = a, + b MEMD (14)
whereap anday are the values that mak&AET= O at thermal
equilibrium.

When the system reaches equilibriufEIN= [E} and
MAE= 0. With this condition and replacing egs 13 and 14
in eq 12 results in

HAE= L(aM + b,, OED)) + &(ap +
wy + 0p M wy + 0p
by LEI]) = O (15)
so that
_ aywy + apwp . V-
TEL = (waM T bpwp) ="h, b, 10

The value ofMEIfor cis-CIFC=CFCI calculated from a
Boltzmann equilibrium at 298 K is 629 crh, which together
with the values oby andbp allowed for the calculation of the
coefficientsay and by from eq 16, so that the following
expression for the dependenceldk E[on [IE[Mare obtained,
for each collisional partner:

MAEM = 4.5+ 1.0— (7.3% 1.5) x 10 *MEQcm ' (17)

(IAEML, = 0.63=+ 0.06— (1.0+ 0.1) x 10 *TEMcm * )
18

Note that the data obtained for self- relaxation results from
collisions of excitedcis-CIFC=CFCI with bothcis andtrans
isomers.

In the above analysis, a macroscopic property, i.e., the
dependence dfIAETbn [ET] 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 th

macroscopic dependence GIMEon EMis equal to the
microscopic dependence OAECon [EL]

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 Wergpendence ofAEClon [ELis independent of the shape of the

measured under the same experimental conditions as the IR

relaxation experiments. The results are shown in Figure 4. The
average number of photons absorbed per molecule increase

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. Théam

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 energylE(ly, the average energy of the whole ensemble
would be

(ML= qUIE] + (1 — g)MEd_, (19)
wherellELq is the average energy of the fractith— 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 Vprocesses, during

the pulse. Considering that the laser pulse length is about 200

ns, at a collisional frequency of:d 10® s~ the parent molecules

S
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Figure 4. Average number of photons absorbed per molecule as a
function of Ar pressure at a fluencd @ J cnt? and a pressure of
0.220 Torr of the mixture o€is- andtrans-CIFC=CFCI.
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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 puls¥ In the present case, from the
experimental relaxation rates it can be deduced that=a200

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 CIFECFCI and 27 Torr of Ar).
Thus we conclude that the measured valuahbfs not seriously
affected by the relaxation process. The absorption measurement
shows thathvaries between 7 and 15, which corresponds to
average excitation energies in the range 7008000 cntl.
Note, however, that if only a fraction of molecules is excited,
then mOis distributed only on this fraction and consequently

fhe excitation energyE[y 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 discussitn.
For exponential average energy decays, the microscopic de-

initial distribution. Model calculations showed thattkECis
linearly dependent offeClthe energy decay is exponential and
independent of the fractiog of molecules excited® As the
decays are exponential at all the pressures investigated, it follows
that the dependence GAEOon [(ECcan be extracted even in
the case that the fractianand consequentiyIE varies. This

fact can be rationalized taking the time derivative of eq 19

d dE dE
s
= qUAET] + (1 — )IAE_, (21)

where IAE] and OAEY 4 represent the average energy
transferred by the ensemble of molecules having average energy
[EMy and TE-q, respectively. As the average energy decay
of the whole ensemble is exponential, the coefficients of the
energy dependence QAE[Y and QAEL-4 must be linear
functions of IEL]) i.e.

[IAE] = &, + by LD (22)

MAEM_, = a, + b,IED (23)
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TABLE 3: Collisional Efficiencies for Relaxation with Ar

substrate ]//l(rs g(E)quant Oclass '}’int(quam)/:l-(-r3 Vint(classllcrs VYmin (Cmil) ref
cis-CIFC=CFCI 1.1+ 0.2 0.1% 0.083 10+ 2 13.7+ 2.4 150 this work
CRCl, 1.2+ 0.1 0.1 0.11 9.2+ 0.8 10.8£ 0.9 260 27
1.0+ 0.3 9+ 3 9.0+ 2.7 26
0.3 3.8 4.5 28
1.704+0.03 13.0+0.2 15.3+ 0.3 25
1,2 -GF4Cl, 14+ 1 0.07F 0.055 182+ 13 252+ 18 <90 27
1,2- GFsCl, 204+ 2f 0.064 0.037 312+ 31 540+ 54 <90 27
CsFs 7.6+£0.1 0.064 0.037 119+ 1.6 205+ 2.7 86 25

aThe normal mode frequencies were taken from ref’3the normal mode frequencies were taken from ref3he calculation is approximate,
since the normal mode frequencies used are those corresponding teFICL,Qref 34).9 The normal mode frequencies were supposed to be the
same as those of;E. € The normal mode frequencies were taken from ref Ebtained by Setser et al. looking at populations depletions produced
by reactions of vibrationally excited GEl,.2” 9 Thermal lensing experiments by Xu et?&l" IR emission experiments of Karve etZl.i Time-
resolved optoacustic experiments of Tardy etdl.

Thus, the experimentally determined coefficigntwhich is _ [AEO
independent of pressure, is a linear combination of the micro- YT T TED (29)
scopic coefficientsh; and b,, weighted by the fraction of
molecules in each ensemble, i.e. For a linear energy dependence it also results that
b=qgb + (1 —q)b, (24) (IAE
7T D (30)
Since q changes with pressure while remains constant, it
follows that: The coefficientsbp and by of the linear dependence are
calculated from the experimental relaxation ratesand ry)
ab, + (1 —ag)b,=qgb; + (1 —q)b, (25) provided the collisional frequencies> andwy are known. The

choice of w is empirical but since they affect directly the
where g and g represent different fractions of absorbing collisional efficiencies, caution must be taken when comparisons
molecules. Equation 25 holds onlybf = by, which implies, are made. For halogenated substrates it is a common practice
from eq 24, that they are also equabtoThat is both ensembles  to use hard-sphere collisional frequencies. As we have used
relaxes with the same coefficient. This situation corresponds | ennard-Jones collisional frequencies, the above values of the
to the observations of the present experiments, since althoughcoefficients of the linear dependencel@EImust be corrected
the fraction of molecules changes with pressure, the coefficient by a factor of 1.56 and 1.25 for the self-relaxation and for the
b remains the same. relaxation with Ar, since the hard sphere collisional numbers
Note that at different pressures of CHCFCI, parallel used to convert pressures to collisional frequencies arex.96
straight lines are obtained, which implies that the linear sum 107 and 0.93x 107 Torr s°%, respectively. With this correction,
rule (eq 11) is valid in all the pressure range investigated. at 8000 cm™! y = (1.0 4 0.2) x 1072 for the self-relaxation
A more significant magnitude tha\Elis the average of  andy = (1.1 + 0.2) 1072 for Ar as colliding pair.
deactivating collision§AELJ.1° However, it cannot be directly To our knowledge, there is not energy transfer datacfsr
obtained from experiment but could be calculated flabEl] ~ CIFC=CFCI, so that a direct comparison of our results with
prOVidEd that the collisional transition probabilities were known. that obtained by other techniques is not possib|el Table 3
Since this is not feasible, calculations GAE[{ rely on a presents the values of together with that reported, using
reasonable choice d?(E,E). A frequently used function is  different techniques, for other halogenated substrates, for the
the simple exponential transition probability model, defined as relaxation with Ar.
) Although a comparison is not straightforward, a simple model
P(E',E) = N(E) exF(E — E) forE <E (26) presented by Tard§et al. about the influence of the complex-
o ity of the substrate on the value gf 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:

wherea is almost equal taAELd. Using this model together
with egs 17 and 18, the dependencedE[] on E resultd!~22

[AE[]=76+ 9.3x 10 *Ecm * (27)
ky_t= k,_+(,E) f(i,E, 31
for the self-relaxation and VT ZZ v-r(LE)T.E) 1)
[AE[j= 33+ 2.2x 103 (Elcm * (28) where the sum is extended over all the vibrational modes such
thaty;E = E andf(i,E;) is the fraction of théth mode oscillator
for relaxation with Ar. which contains energli. The double sum may be reduced to

No attempt was made to use other currently used functions a single sum itky—7 f(i,E;) for one mode is larger than all the
for P(E,E), such as biexponential modéksince it has been  others; there is a doorway oscillatof(i,E;) depends upon the
shown that for linear dependencies there is always a set ofcomplexity of the vibrational frequencies of the substrate.
different P(E,E) functional shapes that yields the same depen- Depending upon specific limiting conditions, the number of
dence offAE[} on [ELP4 terms in the double sum of eq 31 may be reduced to a sum up

To compare energy transfer data with related compounds, it to a threshold, at which point the high-frequency modes due to
is useful to compare them in terms of collision efficiencies, both small values oky-t and lowE; do not contribute to the
which is defined & relaxation. A large polyatomic molecule is considered as having
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one active oscillator (presumably the one with the lowest discrepancies observed in the intrinsic efficiencies for these
vibrational frequency, since this would give a more impulsive molecules are not easy to explain. Note, however, that the
and more efficient collision) embedded in an energy source classical values Ofinclass)for 1,2-GF4Cl, and GFg are in better
comprised of the remaining oscillators. The deactivation of a agreement than the quantum values.

polyatomic with an average ener@§lby a collision with an The comparison with GEl; is not very clear, since the values
atom is reduced to the relaxation of a pseudo-diatomic molecule do not differ too much, (even using quantum statics to calculate

with an energy(Elds, 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 proégss.

Assuming a rapid exchange of energy between oscillators,
the energy in the low-frequency mode before collision can be
written aslEdsc= g(E) (EL] using quantum statistics to calculate
the factor g(E). The relaxation oscillator has an intrinsic
efficiency yin that is a function of Elds i.e.

AED

T E (32)

Yint =

As [AElis a linear function of E[] it follows from egs 10 and

31 that
a+bED] b [
E. 9B\

Thus, yint 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, vint must be an inverse function of its frequency.

The observed efficiencyyops is related toyin by

(o Ed) b
EJ ™ 9

Yint = — (33)

[AEC
|:HE|QSC

In this wayyin: is obtained dividing/qps by the fraction of energy

Yobs— —9(B) = g(E)Vint (34)

the factorg(E)) despite the lower frequency of the relaxation

oscillator ofcis-CIFC=CFCI. 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 ghiquant and Yintclass)for
the self-deactivation ofis-CIFC=CFCI are 9x 1072 and 12
x 1072 respectively. These values are almost equal to that
obtained for the self-relaxation of @El, measured by time-
resolved optoacustie (Viniquany = 11.5 x 1072 and Yinyclass)
=13.6 x 107?) and thermal lensirf§ (Yinyquany = 12 x 1072
and yincass) = 10 x 1072). Note, however, thafiy for the
self-relaxation is greater by a factor of 10 compared with
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 a\Eon E can be obtained for exponential
decays OfflE() under certain conditions. In this respect, we
have shown that if the experimental coefficiénof the linear
dependence ofAECon [EOis independent of the fraction of
excited molecules, both components of the distribution must
have the same dependenceldElon [EL] This was experi-
mentally observed for the collisional relaxation ofs
CIFC=CFCI with Ar as bath gas and allowed for the determi-
nation of the microscopic dependencel&Elon [EL

The linear sum rule (eq 11) was verified experimentally, and

that resides in the relaxation oscillator. Classical equipartition Microscopic CET data was also obtained for the self -relaxation

of energy predicts that energy will be partitioned equally ©Of the parent molecule. The values mj: for the relaxation
between all modes. As Toselli and Barker have pointed out With Ar can be compared with related substrates considering
the breakdown of classical equipartition of energy can skew that there is a doorway oscillator, the one with the lowest

the apparent results of classical trajectory calculati8n&or
this reason, we have calculatg(E) for the lowest frequency
mode at(EC= 8000 cn1? using quantum statistics)(E)quan
and also using the classical approximatigiiss= 1/Noso 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 efficiengyguanyshown
in Table 3 is smaller than the classical intrinsic efficiency,
Yintclassy 1his 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 decrease
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-CIFC=CFClI 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 relaxatiog(g). This
fact was nicely shown by Tardyet al. in the series going from
CsFg to CgFg. In this context,yint 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

frequency, controlling the overall rate of relaxation.
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