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Infrared multiphoton overexcitation above the dissociation limit of the polyatomic molecule 
(CF,),CI was investigated experimentally in the field of a CO, laser pulse. Resonance 
multiphoton ionization of the I atom, produced as a result of photodissociation in the ground 
state ~P(~P,/ ,)  or the excited state ~ P ( ~ P , / , ) ,  was used to investigate the kinetics of the 
monomolecular decay of overexcited (CF,),CI molecules when collisions could be neglected. 
Calorimetric measurements showed that more than twofold vibrational overexcitation of 
(CF,),CI above the dissociation limit was achieved. The experimental data were then used to 
determine the monomolecular decay rate k and the parameters of the distribution function for 
the overexcited molecular ensemble, namely, the mean energy 2 and the distribution width S. 
The measured values of k and S are compared with theoretical predictions. 

1. INTRODUCTION 

Vibrationally highly-excited molecules are of funda- 
mental importance because this type of excitation produces a 
change in the nature of vibrational motion as the energy of 
the molecule increases, i.e., regular motion is replaced by 
stochastic motion. ' There is, therefore, considerable interest 
in methods that can be used to produce vibrationally highly- 
excited molecules. Infrared multiphoton excition (MPE) of 
polyatomic molecules by a strong laser field2 is one of the 
most readily accessible methods of this kind. It is well- 
known2 that, even when collisions can be neglected, most of 
the polyatomic molecules that absorb energy from the IR 
field can be overexcited above the dissociation limit D, and 
can then dissociate. However, the degree of vibrational over- 
excitation that can be attained is very dependent on the num- 
ber s of vibrational degrees of freedom of the molecule. 

Considerable overexcitation above the dissociation lim- 
it of a "small" polyatomic molecule with s~ 10-15 vibra- 
tional degrees of freedom is impossible. This conclusion is 
based on the quasiequilibrium theory3 of monomolecular de- 
cay (RRKM theory), which relies on the assumption of a 
statistical equilibrium distribution of vibrational energy in 
the isolated molecule (i.e., the molecule "forgets" how it 
was excited). The decay of the overexcited molecule occurs 
as a result of fluctuations when sufficient energy has been 
concentrated on the bonds to be b r ~ k e n . ~  It follows that the 
smaller the number of degrees of freedom, the faster will this 
fluctuation occur for a fixed degree of overexcitation. The 
rate of decay k ( ~ )  of a small polyatomic molecule (E is the 
vibrational energy) exceeds, even for a low degree of overex- 
citation, the rate of excitation in an IR field attained experi- 
mentally, and the molecule decays. This behavior of small 
polyatomic molecules, predicted by the RRKM theory, is 
confirmed by experimental studies of the average energy ab- 
sorbed in IR MPE2s5 and by measurements of the internal 
energy distribution among rotational, translational, and vi- 
brational degrees of freedom of the byproducts IR multipho- 
ton dissociation of such molecules.~u 

A "large molecule" with s 2 30 vibrational degrees of 
freedom can be substantially overexcited by an IR laser field 
(E > 20) .  We shall show this by using simple estimates based 
on the RRKM theory. A molecule will absorb energy from 
the field until its monomolecular decay rate k ( ~ )  becomes 
comparable with its rate w of excitation in the IR field. We 
shall use the quasiclassical RRKM approximation3: 

k(&) =Q [ ( ~ f  E ~ + - D ) / ( E ~ E ~ ) ]  '-' . (1 )  

where 

i-1 i- 1 

wi and mi+ are the vibrational frequencies of the molecule 
and the activated complex, respectively, and E, and E$ are 
the zeroth vibrational energies of the molecule and the com- 
plex, respectively. For large polyatomic molecules (s) 1) 

so that, putting k ( ~ )  = w, we find from ( 1) that 

For typical IR MPE using a pulsed CO, laser, the IR intensi- 
ty is I- 10' W/cm2 (Ref. 2). If we take the typical cross 
section for vibrational transitions in a highly-excited mole- 
cule to be a= 10-'8-10-'9 cm2 (Ref. 2), we find that 
w = a I / h , ,  -- lo9 s-I. It then follows immediately from 
the above definition of the frequency factor Z that its typical 
value is of the same order as the frequency of molecular vi- 
brations: ZE 1013 s-'. Substituting these values of w and i3 
in (2) ,  and taking s - 1 = 30, we find that E + E, = 3.80. 
This estimate shows that a large polyatomic molecule can be 
highly overexcited above the dissociation limit in the IR 
MPE process. 

There is some indirect experimental evidence at present 
for the substantial overexcitation of (CF,),CI (s = 36); 
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Ref. 9),  anthracene (s = 66; Ref. lo),  and benzylamine 
(S = 45; Ref. 11 ) above the dissociation limits. However, we 
know of no experiments demonstrating a high degree of 
overexcitation ( E  > 20)  under IR MPE in large molecules. 

In this paper, we report the results of direct experimen- 
tal studies of strong vibrational overexcitation above the dis- 
sociation limit and of the decay of a large molecule in an IR 
laser field when collisions between the molecules can be ne- 
glected. The particular molecule chosen for these investiga- 
tions was (CF,),CI. We have actually observed the mono- 
molecular decay of this molecule in real time. This was 
achieved by the photoionization method described in Sec- 
tion 3. The method is based on selective (in the initial states) 
multiphoton ionization of I atoms. We have also carried out 
direct measurements of the energy absorbed from the IR 
field when, only a small fraction of the molecules dissociates 
during the laser pulse. The experimental results are present- 
ed in Section 4. They were used to determine, first, the aver- 
age degree of excitation of the molecules i? (Section 4),  
which, under our conditions of IR MPE, was greater by a 
factor of 2.4 than the dissociation energy of (CF,),CI. Sec- 
ond, we determined the rate of monomolecular decay, k ( ~ ) ,  
of isolated molecules (Section 5) and, third, we found the 
width S of the distribution function of the ensemble of over- 
excited molecules (Section 5). We have shown that, for an 
average degree of overexcitation i? = 2.40, practically the 
entire distribution function of the vibrationally excited en- 
semble of molecules is confirmed to the region E > 1.9D. 
Comparison between the decay rates for isolated (CF,),CI 
molecules with the predictions of RRKM theory, given in 
Section 6, shows that the two are in agreement. The mea- 
sured dependence of the mean energy absorbed per mole- 
cule, i?(QIR ), on the IR energy density is used in Section 7 to 
deduce a theoretical estimate for the distribution width Sth , 
which agrees with the measured width determined from 
real-time observations of the monomolecular decay of 
(CF3 ),CI. 

2. APPARATUS 

pulse width at half maximum was 100 ns, and the full width 
was 300 ns. This IR radiation was first attenuated by CaF, 
plates and then focused by spherical ( f  = 150 cm) and cy- 
lindric ( f  = 12 cm) NaCl lenses in the space between the 
collecting electrodes of an ionization chamber. The energy 
of each IR pulse was measured by a pyroelectric detector. 
The distribution of the IR field in the focal plane (Fig. lb )  
was measured by scanning with the pyroelectric detector in 
two directions. The detector aperture was defined by a 20- 
p m  slit. The IR radiation produced the vibrational excita- 
tion of (CF,),CI. 

An XeCl excimer laser (A = 308 nm, E,,,, = 30 mJ) 
was used to pump the dye laser (rhodamine C )  consisting of 
a master oscillator and an amplifier. The dye laser was as- 
sembled in accordance with the standard scheme." Radi- 
ation from the dye laser was frequency doubled by a KDP 
crystal. The second harmonic was then focused by a quartz 
lens ( f = 4.5 cm) at the center of the IR caustic. The IR and 
UV rays lay in the horizontal plane, and the angle between 
them was 60". The energy of the frequency-doubled UV 
pulse was up to 100pJ, the width at half height was 8 ns, and 
the width of the spectrum was 1 cm- '. The second harmonic 
was tuned to the two-photon resonance 
~ P ( ~ P , ~ , )  - 6p(2D,l,), A,  = 3046.7 A (Ref. 13) of the 
three-photon ionization of the I atom in the ground state or 
the two-photon resonance 5p(2P,12) - ~ P ( ~ D , ~ , ) ,  
A, = 3040.3 A (Ref. 13) of the three-photon ionization of 
excited atoms I*. (We note that, when the UV frequency was 
detuned from resonance, the number of photoions produced 
in this way fell by a factor of more than 1000.) The size of the 
UV caustic (diameter 2.5 X lo-, cm, length 0.5 cm) was 
much smaller than typical dimensions of inhomogeneities in 
the IR field, which, together with the nonlinear mechanism 
used to detect the atoms, ensured that the diagnostic proce- 
dure was well localized. The energy of each UV pulse was 
measured at exit from the ionization chamber by a pyroelec- 
tric detector. This UV radiation was used as the diagnostic 
probe for undecayed (CF,),CI molecules or their decay 
products (the I atoms). 

The delay between the exciting IR pulses and the prob- 
A block diagram of the apparatus is shown in Fig. la. ing UV pulses was measured to within f 10 ns for each laser 

The working frequency of the CO, laser was a,, = 947.7 shot. This was done by measuring the delay between the CO, 
cm-' (10P 16 line). The energy per IR pulse was 1 J, the and XeCl current pulses with the Ch3-34 frequency meter. 

FIG. 1. a )  Block diagram of the apparatus: 1-XeCI excimer 
laser; 2 4 y e  laser; 3-KDP crystal; 4-40, laser; 5-CaF, ab- 
sorbers; 6-NaCl plate; 7-NaCl lens, f = 150 cm; 8-cylin- 
dric NaCl lens, f = 12 cm; 9-ionization chamber; IO-quartz 
lens, f = 4.5 cm; 11-pyroelectric detector; 12-head amplifi- 
er; 13-Ch3-34 frequency meter; l L V 4 - 1 7  pulse voltmeters: 
15-U2-6 amplifier. b)  Section through the IR caustic. 
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Absolute calibration of the delay-measuring system was 
made against the S8-12 oscillograph and fast IR and UV 
photodetectors (FPU-500 and FK- 19, respectively). 

The photoion current was measured in the ionization 
chamber filled with (CF,),CI at a pressure of lo-' Torr. 
The chamber was refilled frequently enough to avoid the 
accumulation of photochemical byproducts. The photoions 
were collected by applying a potential difference of 30 V to 
the chamber electrodes (2-cm diameter plates). The ion sig- 
nal was first amplified by a head amplifier mounted directly 
on the ionization chamber, and then by the U2-6 amplifier. 
After pulse-shaping, (time constant 100 ps) ,  the signal was 
recorded by the pulse voltmeter V4-17. 

The average degree of excitation of the (CF,) ,CI mole- 
cules was determined from the measured absorption of the 
IR pulse ( 100 ns) . These measurements were carried out in a 
cell ( I  = 14 cm) filled with (CF,),CI at a pressure of 0.1 
Torr. The pressure in the cell was determined in two stages. 
Coarse pressure monitoring was performed with the VDG- 1 
manometer. The precise value of the pressure ( + 3%) was 
determined using the Specord 751R spectrometer to record 
the IR transmission spectrum of a gas introduced at the same 
pressure into a monitoring cell. The energy of the IR pulse 
was measured with thermocouple probes at entry and exit of 
the main chamber ( I  = 14 cm). The lateral size of the IR 
beam was 0.8 x 0.8 cm and the beam was uniform to within 
5% over the cell length. 

It is important to note that the conditions under which 
all these measurements were performed were such that colli- 
sions between the molecules during each measurement could 
be neglected. Actually, the value of the characteristic gas- 
kinetic collision parameter was ( prcol ) = 50 ns. Torr (Ref. 
14). When the monomolecular decay process was observed, 
the total pressure in the chamber was less than 3X lop3 
Torr. Under these conditions, the average time between 
collisions, rco1 2 10 ps, is much greater than the time taken 
to observe the decay (1 ps) .  During measurements of the 
energy absorbed from the IR field, the collision time was 
rco, - 500 ns ( p = 0.1 Torr), which is also appreciably 
greater than the laser pulse length (r,, = 100 ns) . 

3. PHOTOlONlZATlON METHOD OF DETECTING THE 
DECAY OF THE IODIDES 

Since all iodides RI ( R  is an organic or fluoroorganic 
radical) have a similar mechanism of photolysis in the A- 
band,15 the method we have used to detect the (CF,),CI 
decay is suitable for all iodides. We shall demonstrate its 
utility by taking (CF,),CI as an example. 

First, we make the following important remarks. The 
lowest-lying dissociation channel of the vibrationally over- 
excited (CF,),CI molecules is the decay into the (CF,),C 
radical and the 1 atom in the ground electronic state 
5p(2P312) (the energy necessary to break the C-I bond lies 
near D = 19 000 cm-' for all known iodides16). When the 
molecule decays with the formation of the atomic iodide 
with I* in the lowest electronically excited state 5p(2Pl12), a 
further 7603 cm- ' of energy is necessary.13 Decay channels 
involving the breaking of the C-C or C-F bonds lie higher 

still along the energy scale. l6 We shall show that vibrational- 
ly-overexcited (CF,),CI molecules dissociate along the low- 
est-lying energy channel. Using ( 1 ), we find that, when 
E = 2.50 (this degree of overexcitation was attained in our 
experiments), the rate of decay of (CF,),CI molecules 
along the channel involving the formation of I* was lower by 
a factor of 1000 than the decay rate along the lowest-lying 
energy channel (we used E$ = 11 000 cm-' and 
D = 19 000 cm-'; Ref. 17). The great majority of all the 
vibrationally overexcited molecules are thus seen to decay 
along the channel 

whereP(t) is the decay probability as a function of time t. 
The second harmonic of the dye laser was used as the 

diagnostic probe for (CF,) ,CI decays. The frequency of this 
UV radiation was tuned to the two-photon resonances 
5p(2P312) - 6p(2D512) (A1 = 3046 ) or the 
5p(2Pl12) - ~ P ( ~ D , / , )  (A, = 3040.3 A )  resonances of 
three-photon ionization of the iodine atom (Fig. 2).  We 
shall show that, in the first case (A, ), we detected the decay 
products of the molecule, i.e., the I atoms, whereas, in the 
second case (A,), we detected undissociated molecules. 
Both wavelengths used lay in the A absorption band of the 
(CF,) ,CI molecule. l5 When a photon of this UV radiation is 
absorbed, the corresponding electron localized on the C-I 
bond undergoes a transition from a bonding to a dissociating 
molecular orbital15 (see also Fig. 2), and the molecule de- 
cays along the channels 

FIG. 2. Photoionization diagnostics of the monomolecular decay of 
(CF,),CI. Molecules that are vibrationally excited by the IR field decay 
along the lowest-lying energy channel ( 3 )  [ B(t) is the dissociation yield 
at time t ] .  Undecayed molecules [their fraction is 1 - B(t) ] absorb the 
UV photon and decay preferentially (95%) along channel (4b) with the 
formation of excited ('PI,,) iodine atoms. Under these conditions, selec- 
tive photoionization of the initial states of the unexcited I atoms can be 
used to detect the appearance of this product of the monomolecular decay 
of (CF,),CI, whereas photoionization of the excited atoms I* can be used 
to determine the concentration of undecayed molecules (see text). 
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The I* quantum yield during UV photolysis of (CF,),CI at 
Ac3000 A was shown by our measurements to be 95%. 
Since only a small fraction of the molecules (5%) decays 
along channel (4a), and if the conditions are such that the 
dissociation yield of the vibrationally overexcited molecules 
i s a 2  5% [channel (3) 1, selective (in the initial states of the 
atom) ionization of I can be used to detect the appearance of 
this decay product of (CF,),CI. This selective ionization is 
performed by returning the second harmonic of the dye laser 
to the above two-photon resonance (A = 3046.7 A). 

Since excited iodine is not produced in the decay of vi- 
brationally overexcited (CF3),CI molecules, the measured 
concentration of I* produced in the UV photolysis of 
(CF,),CI can be used to determine the concentration of 
molecules that have not decayed [molecules that have not 
decayed along channel (3) will decay along channel (4) un- 
der the influence of the UV radiation; see Fig. 21. These 
measurements were performed by tuning the second har- 
monic of the dye laser to the two-photon ionization reso- 
nance of excited iodine (A, = 3040.3 A). Thus, the UV radi- 
ation performs two functions in the detection of undecayed 
molecules: first, they take part in the UV photolysis of 
(CF,),CI and, second, they ionize the I* atoms produced as 
a result. 

We now emphasize one important feature of the above 
method of detecting (CF,),CI. Since UV photolysis is ac- 
companied by a transition in the A-band from the bound 
state of the molecule with a discrete energy spectrum to a 
repulsive state with a continuous energy spectrum (Fig. 2), 
the A-band of the iodides has a considerable homogeneous 
width. Even for the small vibrationally unexcited molecules 
CH31 and CF,I, the homogeneous width of the absorption 
band amounts to 4000 cm-' (Refs. 18 and 19). UV absorp- 
tion from the vibrationally-excited levels causes broadening 
of the A-band." As we pass from CH,I and CF,I to the more 
polyatomic iodides, the A-band should not narrow because, 
in such molecules, a larger number of vibrational quantum 
numbers can change when a UV photon is absorbed. In fact, 
the absorption spectrum of (CF,),CI is somewhat wider 
that that of CF31 (Ref. 15). In view of the foregoing, we may 
conclude that, when absorption is highly saturated near the 
center of the A-band, all the molecules undergo UV photoly- 
sis independently of their initial vibrational state. In our ex- 
periments, the UV energy density in the focus corresponded 
to a tenfold saturation of the UV photolysis of (CF,),CI. 

Figure 3 shows the photoion signal at A,  = 3046.7 A 
( I )  and A, = 3040.3 A (I*) as a function of the delay t 
between the exciting IR and the probing UV laser pulses. 
The photoionization signals shown in Fig. 3 are given in 
units of the probability of formation of atomic iodine in the 
ground or excited state when both laser pulses act on the 
(CF,),CI. Since all the molecules in our experiment that 
have not decayed along channel (3) are dissociated by the 
probing UV radiation, the probability of formation of unex- 
cited and excited atoms is given by 
gI  = P ( t )  +0.05[1 -/3(t)] and{,, =0.95[1 - a ( ? ) ]  re- 
spectively. Without going into detail of the absolute calibra- 
tion of the photoionization method, we shall briefly indicate 

FIG. 3. Photoionization measurements yielding the probability 6 of for- 
mation of atomic iodine in ground and excited states under the combined 
action of exciting IR and probing UV pulses illuminating (CF,),CI as a 
function of the delay t between the laser pulses. 
6, =/3( t )  + 0.05[1 -/3(t)]; 6:= 0.95[1 -/3(t)], where /3(t) is the 
probaiblity of decay along channel (3). O - 3.8 J/cm2, o,% = 947.7 
cm-', P ,,,,,,,, = 10-"orr,A, = 3046.7 X (1), A, = 3040.3 A (I*). 

how this calibration was carried out. The sensitivity of detec- 
tion of the unexcited I atoms was determined when, at the 
time of arrival of the probing UV pulse, all the molecules had 
already decayed along channel (3) (for t = 1 p s  and QIR 
between 8 and 25 J/cm2, the photoionization signal due to 
unexcited atoms was saturated, whereas the signal due to 
excited atoms was absent). The sensitivity of detection of 
excited atoms was determined from the fact that, first, all the 
molecules decayed under the influence of the leading edge of 
the UV pulse (tenfold saturation of photolysis) and, second, 
the photoionization signal due to unexcited atoms for 
a,, = 0 amounted to 0.05 of the signal for a,, = 25 J/cm2. 
Figure 3 demonstrates the fact that the detection of intact 
(CF,),CI molecules and their decay products is comple- 
mentary. In subsequent measurements, we used the detec- 
tion of the initial molecules. 

4. EXPERIMENTAL DATA 

Figure 4 shows the measured fraction F = 1 - of un- 
decayed (CF,),CI molecules as a function of the delay 
between the exciting IR and probing UV laser pulses under 
different conditions of excitation. Each point in Fig. 4 is an 
average over 10-30 measurements. The indicated error is the 
root mean square deviation. It is clear from these experimen- 
tal data that, for a,, = 3 J/cm2, most of the molecules de- 
cay during the time of observation ( -- 1 ps) ,  so that practi- 
cally all the molecules are overexcited above the dissociation 
limit under these experimental conditions. We note that the 
observation time has an upper bound that is set by the expan- 
sion time which, under our conditions, is lops. 

It is clear from Fig. 4 that the slope of the experimental 
F( t )  curve increases with increasing a,, . This was, in fact, 
expected because the rate of monomolecular decay, k ( ~ ) ,  is 
shown by RRKM [see ( 1 ) ] to increase with increasing ener- 
gy E,  which, in turn, increases with increasing Q,, . It is clear 
from these results that the experimental points do not lie on 
an exponential curve: the rate of decay of the overexcited 
molecular ensemble decreases with decreasing number of 
undecayed molecules. It is quite natural to relate this nonex- 
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FIG. 4. Measured fraction of decayed molecules F =  [(CF,),CI]/ 
[ (CF,)3CI]+,R =, as a function of the delay between the exciting IR and 
probing UV laser pulses: 1-9,, = 2.3 J/cm2 (1, = 2.210); 2- 
CPIR = 3.0 ~/cm' (5, = 2.370); 3-9,, = 3.8 J/cm2 (Z, = 2.530); 4- 
9,, = 5.1 J/cm2; 5-9,, = 5.8 J/cm2, T,, = 10-'s, rUV = 8X S, 
a,, =947.7cm-', P,cF,,,c, = 10-3Torr. 

ponential dependence to the fact that the ensemble of mole- 
cules was excited in a nonmonoenergetic manner by the IR 
radiation, and there was a distribution with a finite width. 
Actually, using ( 1 ) (E,+ =E, = 1 1 000 cm-I, D = 19 000 
cm- I ) ,  we find that the rate of decay of molecules with eaer- 
gy E = 2.40 is higher by a factor of four than that for mole- 
cules with energies lower by only 10%. Since molecules with 
a large store of vibrational energy are shown by ( 1 ) to decay 
more rapidly, the rate of decay averaged over the ensemble 
will decrease as the number of undecayed molecules de- 
creases. 

Figure 5 shows the measured average energy absorbed 
in IR MPE of (CF,),CI as a function of the IR energy den- 
sity. We note particularly that, for @,, 5 4 J/cmZ, the ener- 
gy is absorbed by the molecules and not by the decay prod- 
ucts. Actually, under these excitation conditions, most of the 
molecules do not decay during the irradiation time (see Fig. 

FIG. 5. Mean energy absorbed by the molecule as a function of the IR 
energy density: T,, = 10-' s, w,, = 947.7 cm-l, P = 0.1 Torr. 

4), and the decay products of the small fraction of dissociat- 
ing molecules can absorb only a negligible amount of the 
energy carried by the trailing edge of the IR pulse. Curve 1 of 
Fig. 4 is thus seen to correspond to the average degree of 
overexcitation E l  = (2.21 f 10% )D, curve 2 corresponds to 
Zq = (2.37 + 10%)D, and curve 3 to 2, = (2.53 + 10%)D. 
Curves 4 and 5 were obtained when an appreciable fraction 
of the molecules decayed during the exciting laser pulse, and 
the resulting radicals (CF,) ,C could absorb energy from the 
IR field. This complicates the determination of the average 
degree of excitation of the initial molecules from the mea- 
sured absorption under these conditions. 

5. DETERMINATION OF THE DECAY RATE k AND WIDTH S 
OF THE DISTRIBUTION FUNCTION OF OVEREXCITED 
MOLECULES FROM EXPERIMENTAL DATA 

When the ensemble of molecules is nonmonoenergeti- 
cally overexcited above the dissociation limit, different de- 
cay rates k ( ~ )  correspond to different energies E. The total 
number of molecules decreases in accordance with the 
expression 

where no and f, are, respectively, the number of molecules 
and the distribution function at the initial time. It is clear 
from physical considerations that the decay curve n ( t )  of a 
nonmonoenergetic ensemble should depend not only on the 
rate of decay near the distribution maximum k,, but also on 
the distribution width 6. In fact, the greater the width 6, the 
greater is the change in the decay rate k ( ~ )  as E is varied 
within the width of the distribution function f,(e) and, con- 
sequently, the greater the observed difference from exponen- 
tial decay. 

Let us determine the mean rate of decay and the distri- 
bution width from the above experimental data. To do this, 
we expand In k ( ~ )  near B (the maximum of the distribution 
function) : 

k,=k (r),  k'= [dklde]  ,=;. 

From (5)  and (6) ,  we have 

where 6 is the variance of the distribution f,(e) and f,, is the 
shifted distribution function with unit variance (X = 0, 
2 = 1 1). Thus, for a fixed shape of the distribution function 

f,(x) of the overexcited enqemble, the decay of the mole- 
cules is described by (7), which contains the parameter Sk '/ 
k,. The magnitude of this dimensionless parameter is a mea- 
sure of the variation of the rate of decay over the width 6 of 
the distribution function f,(s). 
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FIG. 6. The one-parameter family Fa,.,& (kd) (7), obtained for the 
Gaussian distribution function. The experimental points are as follows: 
0-T, = 2.370, ko = 1.OX lo6 s-'; k-, = 2.53D, ko = 2.6X 106 S-'. 

The one-parameter family of curves F,,.,,, (kd)  was 
calculated for two model distribution functions, namely, the 
Gaussian function 

and the rectangular function 

Calculations show that, despite the considerable difference 
between the two models, the curves Fii).;'z (kot) differ very 
little from one another ( IF "' - F '*'I 5 0.03F) in the most 
interesting region 0.2GF~0.8. 

Figure 6 shows the one-parameter family F,k.,ko (kot), 
calculated for the distribution (8). It is clear from this figure 
that, independently of the dependence on Sk '/k,, all the 
F,, .,ko (kd)  curves reach the 0.5 level in more or less the 
same time kot0,, = 0.65. This enables us to determine ko 
from the experimental data: ko = 0.65/t0., . Figure 7 shows 
the decay rate determined in this way. The indicated uncer- 
tainties represent, first, the spread of the experimental points 
and, second, the fact that the initial instant of time could not 
be determined because of the finite time taken to excite the 
molecules in the IR field. 

To determine the width S of the distribution function, 

FIG. 7. Rate of monomolecular decay k(c) of (CF,),CI, calculated for 
D,  = 18 000 cm-' ( I ) ,  D, = 19 000 cm-' (21, D, = 20 000 cm-' (3). 
The experimental points were obtained from the kinetic curves (Fig. 4). 

we plot the experimental points obtained for 8, = 2.370 and 
E, = 2.530 on the kot, F plane. It is clear from Fig. 6 that 
these points lie on the theoretical curve F,, .,,, (kot) for Sk '/ 
ko = 3 + 1 ( E l ,  = 2.370) and for 6ko1/k0 = 1.7 
+ 0.3 ( E 3  = 2.530). Using ( 1 ) to calculate k '/ko, we find 

that 6, = (9 + 3) X 10, cm- ' = 0.470 in the first case, and 
8, = (6  f 1) x cm-' = 0.320 in the second. For com- 
parison, we reproduce the width of the Boltzmann distribu- 
tion for the two energies: Sf = 10.1X 10, cm-' and 
S: = 1 0 . 6 ~  10, cm-'. [We note that ( 1 ) yields the same 
result fork '/k as the more accurate calculation based on the 
inversion of the partition function (Section 6).  At the same 
time, the use of ( 1 ) to calculate the function k ( ~ )  itself leads 
to appreciable errors. ] 

Thus, in our experiment, practically all the molecules 
(and not only the molecules whose energies were close to the 
average over the ensemble) were significantly overexcited 
above the dissociation limit. Actually, the degree of excita- 
tion of molecules whose energy was within the width of the 
distribution function was significantly greater than the dis- 
sociation energy: E, = (2.37 + 0.47)D and 
E, = (2.53 + 0.32)D. 

6. COMPARISON OF EXPERIMENTAL DECAY RATES WITH 
THE PREDICTIONS OF THE RRKM THEORY 

Figure 7 shows the rate k ( ~ )  for the (CF,),CI mole- 
cule, calculated from the RRKM theory., The total number 
Nand the densityp of vibrational states that were necessary 
for the determination of k ( ~ )  were calculated by inverting 
the partition function. The inverse Laplace transformation 
was performed in the first approximation of the method of 
steepest descents., The following parameters of the molecule 
and of the activated complex were used in the calculation. 
The frequencies of 33 vibrations of the (CF,),CI molecule 
were taken from Ref. 17, but anharmonism was not taken 
into account. We assumed that all three torsional vibrations 
of the CF, groups in the molecule and in the activated com- 
plex became free internal rotations for the above high de- 
grees of overexcitation. The frequency of the doubly-degen- 
erate bending vibration of the I atom in the activated 
complex was reduced by a factor of two (65 cm-I) as com- 
pared with the frequency of the analogous vibrations in the 
molecule (130 cm-I). The remaining 30 vibrational fre- 
quencies of the activated complex [coupled to the vibrations 
of the (CF,),CI molecule] were assumed to be equal to the 
frequencies of the corresponding vibrations in the molecule. 
The C-I bond energy lies in the region of 19 000 cm-I 
( f 1000 cm- I )  for all the known iodides.16 This value of 0 
was used in our calculations. 

It is well-known that, for molecules with a large number 
of degrees of freedom (s 2 20), and high degree of overexci- 
tation above the dissociation limit (E - 0 2  (0.5 - I)&$, 
where E,+ is the energy of zeroth vibrations of the activated 
complex), the first approximation of the method of steepest 
descents yields k ( ~ )  to within a figure on the order of I%., 
The conditions imposed on the polyatomic molecule and the 
degree of over excitation were readily satisfied in our case 
(s=36, E - D =  3~;).  
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Comparison of the experimental decay rates of isolated 
(CF,),CI molecules with the predictions of the RRKM the- 
ory based on the assumption of an equilibrium statistical 
distribution of vibrational energy, independently of the 
method used to excite the molecules, shows that there is 
good agreement between experiment and theory to within 
the experimental uncertainty and the uncertainty in the pa- 
rameters of the activated complex and the molecule. 

7. COMPARISON OF THE EXPERIMENTAL WIDTH OF THE 
DISTRIBUTION OF OVEREXCITED MOLECULES WITH 
ESTIMATES BASED ON THE APPROXIMATE THEORY OF 
MPE 

We shall show how the experimental dependence of the 
mean energy absorbed per molecule, Z(@,, ), on the IR en- 
ergy density can be used to estimate the width of the distribu- 
tion function of the excited molecules, and will then com- 
pare this estimate with the experimental width S deduced 
from the kinetic curve (Fig. 4 in Section 5). We shall do this 
using the kinetic equations for evolution of the distribution 
function in the quasicontinuum2': 

where fn is the fraction of molecules with energy 
E, = n h I R  and a, ,  * , are the microscopic cross sections 
for absorption and stimulated emission in states with energy 
E, . The information contained in the distribution function 
f, is, however, too detailed for our purposes because we 
need to determine only the width 6 of the distributionf, . It 
was shown in Ref. 22 that this width can be determined with 
sufficient precision without solving ( 10). Actually, let us 
define the mean energy by 

m 

and the distribution width S by 

The equations for Z and S2 can now be obtained by dif- 
ferentiating (1 1) and (12) and substituting (10) for 
h I R d  f, /dt on the right-hand side: 

where 

The quantity a(&,, ) is the differential absorption cross sec- 
tion. If we suppose that f, has a sharp enough maximum, we 
can expand a(&) and E ( E )  into series around Z. The high- 
order terms in these expansions provide only a small contri- 

bution to the final results,22 and we shall therefore confine 
our attention to the first two terms. The resulting closed 
system for B and S2 can be integrated: 

where n, (E) is the average population of the resonance (i.e., 
excited by the laser) mode of the molecule at energy E. In 
deriving ( 18), we used the following ratio of absorption to 
stimulated emission probabilities that ensues from the prin- 
ciple of detailed balance: 

To estimate 6 from ( 18), we first find a(&) from the 
experimental function Z(@,, ) (Fig. 5) with the aid of ( 17) 
(in practice, we differentiated the smooth curve that ap- 
proximates the experimental points). Taking n, =E/S, we 
find from (18) that 6iheor = 6X lo3 cm-I (0.320) for the 
mean degree of excitation Z2 = 2.370 and Skheor = 5 X 1 O3 
cm- ' (0.260) for Z3 = 2.530. Comparison with the experi- 
mental width obtained from real-time measurements of the 
fraction of undecayed molecules shows good agreement 
between theory and experiment [S, = (9 + 3) X 10, cm- ' 
and S, = (6  _+ 1) X 10, cm-'I. We note, however, that the 
accuracy of the estimate based on ( 17) and ( 18) is not high 
because these calculations rely on the differentiation of the 
experimental function F(@,, ), which itself is determined 
with limited precision. 

8. CONCLUSIONS 

Our results lead us to the following conclusions. 
1. Large molecules such as (CF,),CI (s = 36) can be 

highly overexcited (E>  2 0 )  by 1R MPE in the field of a 
pulsed CO, laser @,, 2 3 J/cm2, T,, = 100 ns), and the en- 
tire distribution function of the molecules is then found to lie 
well above the dissociation limit. 

2. The rate of decay of isolated (CF3),CI molecules 
agrees (to within experimental error and the uncertainty in 
the parameters of the molecule and the activated complex) 
with the predictions of the RRKM theory based on the as- 
sumption of an equilibrium statistical distribution of the vi- 
brational energy of the molecule, which is independent of the 
method used to excite the molecule. 

3. Real-time observations of the decay of an overexcited 
ensemble of molecules can be used to determine the width of 
the distribution function of the ensemble. The distribution 
width obtained in this way for the (CF,) ,CI molecules over- 
excited by an infrared field is in agreement (to within experi- 
mental error) with the estimate deduced from the depen- 
dence of the mean absorbed energy Z(@,,) using the 
approximate theory of MPE.22 

Our results suffer from the following shortcomings that 
can, nevertheless, be removed. 

1. The range of lifetimes of overexcited molecules that 
we have observed is limited at the lower end by the length of 
the laser pulses and, at the higher end, by expansion. This 
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range can be substantially extended in either direction. It is 
possible to produce 10-ns IR pulses by the standard method 
of plasma truncation of the CO, laser pulse,23 and to extend 
the range into the region of shorter lifetimes. Long lifetimes 
can be measured using molecular-beam  technique^.'^ 

2. IR MPE produces nonmonoenergetic excitation of 
molecules above the dissociation limit, which reduces the 
precision of the comparison beween experiment and the 
RRKM theory. A monoenergetic distribution of molecules 
above the dissociation limit can, in principle, be produced by 
exciting higher overtones25 or by electronic relaxation dur- 
ing the excitation of electronic states.26 

The authors are indebted to V. B. Laptev, G. V. Misha- 
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