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Picosecond photofragment spectroscopy. IV. Dynamics of consecutive bond 
breakage in the reaction C2F 412 -+ C2F 4 + 21 

Lutfur R. Khundkars) and Ahmed H. Zewail 
Arthur Amos Noyes Laboratory of Chemical Physics, b) California Institute of Technology, Pasadena 
California 91124 ' 

(Received 12 May 1989; accepted 25 September 1989) 

P~~osecond photofragment spectroscopy of the ultraviolet (UV) photodissociation of 1,2-
dllodotetrafluoroethane reveals consecutive breaking of the two C-I bonds. Spin-orbit excited 
(1*) atoms show a prompt rise, in agreement with a direct mode dissociation of the first bond. 
Gr~und-state (I) atoms show a biexponential buildup, one component being fast « 1 ps) 
whtle the other component is slow (30-150 ps depending on total energy), characteristic of the 
second bond breaking. The transient behavior ofl atoms changes with the available energy. 
These results are interpreted in terms of a two step model involving a weakly bound radical. 
Simulations of transient behavior of I atoms, based on estimated internal energy distributions 
from the pri~ary step and a model for dissociation rates as a function of energy, suggest that 
surface crossings are relevant to the dynamics and that the quantum yield of I atoms varies 
with excitation energy. 

I. INTRODUCTION 

In previous publications from this laboratory, 1 we have 
r~ported on studies of state-to-state reaction dynamics using 
picosecond photofragment spectroscopy. The reactions 
studied involve a "simple" bond breaking process, e.g., 
NCNO-CN + NO, HOOH-OH + OH, and 
CHz==C=O - CHz + CO. Here, we are concerned with re­
actions of molecules with two identical bonds (lCFzCFzl) 
where, in principle, both consecutive and concerted bond fis­
sion are possible. For 1,2-diiodotetrafluoroethane, our pre­
liminary time-resolved dataZ indicated that there are two 
consecutive steps with drastically different time scales for 
the primary and secondary dissociation: 

CzF4Iz--+CzF4I· + I 
CzF 41' --+ CzF 4 + I. 

The first step is characteristic of alkyl halide3
•
4 bond break­

ing, with dissociation times being < 1 ps, as determined by 
Knee etaz.2 

The photodissociation of alkyl halides by ultraviolet 
(UV) radiation in the 200--300 nm range has been studied 
extensively.5 In the case of the iodide, the excitation involves 
the promotion of a nonbonding electron from the iodine 5p1T 
atomic orbital to a a* molecular orbital. The absorption is 
broad and the upper state is believed to be repulsive. Photo­
fragment angular distribution measurements suggest that 
the dissociation is one of the direct mode type. Many of the 
polyhaloalkanes show absorption spectra that appear to be 
superpositions of the individual monohaloalkanes. This sug­
gests that the different chromophores are only weakly cou­
pled and therefore bond-selective dissociation may be possi­
ble. Such experiments have met with some success. Lee and 
co-workers have shown that photodissociation of CzF 4IBr at 

a) Present address: Jet Propulsion Laboratory 67-201, C.I.T., Pasadena, 
California 91109. 

b) Contribution No. 7949. 

193 nm6 yields I atoms in the first step, even though the 
photoexcitation involves a Br electron. They also found that 
in the case of CHzIBr,7 I or Br are produced almost exclu­
sively, depending on the excitation wavelength. 

Since the two C-I chromophores of CzF 41z are identical 
by symmetry, the absorption process cannot distinguish 
between them. However, we have previously reported differ­
ent dissociation rates of CzF 41Z into the two accessible states 
of the I atom, I*epl/z) and 1( 2P3/2 ) (see Fig. 1).2 Signal 
from I*epI/ 2 ) atoms showed a fast «1 ps) rise, corre­
sponding to the prompt breakage of the first C-I bond. The 
population of ground-state iodine atoms was observed to ac­
cumulate with an apparent biexponential form, the slow 
component ( - 30 ps) corresponding to the secondary frag­
mentation process. This paper represents a more complete 
study of the dissociation processes occurring in this mole­
cule. The results are analyzed in terms of a two-step mecha­
nism, involving a short-lived intermediate-the C2F41 radi­
cal. The first step is a direct dissociation, while the second 
one is the complex mode unimolecular dissociation of inter­
nally excited C2F 41. Our previous findingZ and the conclu­
sions ofthe present paper are in agreement with recent mea­
surements of velocity and angular distributions of the 
products of photodissociation.8

•
9 

To characterize the dynamics and deduce the mecha­
nism of tile reaction, we present details of the energy depen­
dence of the rates in both accessible product channels. The 
dependence of the long component of I atom buildup on the 
excitation energy follows our intuition: lower total energy 
leads to lower internal energy in the intermediate radical, 
which therefore decays more slowly. The commonly used 
impulsive models1o for predicting energy distributions of a 
direct mode reaction are applied to estimate the internal en­
ergy in the radical following the initial dissociation, which is 
then used to estimate rates. Simulations of the temporal be­
havior of! atoms using these rates and crude energy distribu­
tion functions are compared with the experimental tran-
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FIG. 1. Transient behaviorofl and 1* channels. (a) is the same as in Ref. 2, 
indicating the similar dissociation rates in the 1* channel and in methyl 
iodide. The nonexponential buildup in the I channel is evident. (b) shows 
the behavior in that channel over a longer time range, thus emphasizing the 
slow component(s). 

sients in an attempt to show that the observed biexponential 
behavior is consistent with a wavelength-dependent quan­
tum yield of I atoms in the primary dissociation. 

The body of the paper is structured as follows. Experi­
mental details are presented in Sec. II. The results are pre­
sented along with their interpretation in Sec. III which is 
divided into three main parts. Section III A consists of a 
brief review of the states involved in the excitation. A simple 
exciton model is applied to C2F 412 and the effects of the dipo­
lar coupling on dissociation are considered in this subsec­
tion. Section III B discusses the transient behavior of the 
spin-orbit excited I atom while Sec. III C contains a detailed 
discussion of the transient behavior of ground-state I atoms 
as a function of the excitation energy. Various explanations 
for a nonexponential buildup are considered. The pump and 

probe power dependences are used to assess the involvement 
of multiple-photon dissociative pathways (Sec. III C 1). 
The effects of a distribution of internal energies on the dy­
namics are considered in Secs. III C 2 and III C 3. In the 
former part, we review the models used for estimating ener­
gy distributions and rates. Details of numerical simulations 
assuming unit quantum yield of!* atoms in the first step are 
presented. In Sec. III C 3, we discuss the possibility of ener­
gy-dependent quantum yields of I atoms in the primary dis­
sociation and present a second set of simulations. A general 
evaluation of the results of these simulations (Sec. III C 4 ) 
precede the conclusions from this study. 

II. EXPERIMENTAL 

Details of the experimental apparatus have been pre­
sented elsewhere!'!! and we provide only a brief description 
here. The output of a mode-locked CW Y AG laser was fre­
quency doubled and used as the source for two independent­
ly tunable, synchronously pumped dye lasers (R6G). The 
tuning element in each case was an intracavity quartz bire­
fringent filter. The output of each laser was amplified and 
frequency doubled to obtain the desired pump and probe 
frequencies. Cross correlations of the visible output were 
typically Gaussian, with -8-10 ps full-width at e-! of the 
maximum. 

The two amplified beams were passed along different 
arms of a Michelson interferometer, recombined on a dich­
roic mirror and propagated collinearly from there on. Since 
both the pump and probe wavelengths were in the ultraviolet 
(UV) range of the spectrum, the visible beams had to be 
frequency doubled. Efficient recombination of the beams 
was achieved by using a nonlinear crystal in one arm of the 
interferometer and using a dichroic mirror that reflects UV 
and transmits visible wavelengths as the recombiner. The 
second visible beam was frequency doubled after the two 
beams had been recombined. The two UV beams were then 
focused in the ionization region of a time-of-flight mass 
spectrometer (TOFMS) mounted on a molecular beam ap­
paratus with a 25 cm focal length lens made of fused silica. 
One of the arms of the interferometer had a nominal X 1 
telescope that was adjusted to compensate for the slight dif­
ference in (he focal length of the two colors, thereby improv­
ing the efficiency of probing the species created by the pump 
laser beam. A polarization rotator and a polarizer were in­
stalled in each arm of the interferometer to permit fine con­
trol of the intensity in each beam. 

1,2-diiodotetrafluoroethane ( C2F 412) was obtained 
from Specialty Chemicals (>97% purity) and used without 
further purification in the experiments described below. The 
sample was kept in a stainless-steel bomb maintained at 0 ·C. 
Helium gas at a pressure of 20 psig was flowed over the 
sample and expanded through a pulsed nozzle (Kel-F) with 
a 500 pm aperture. The expansion was skimmed - 1 cm 
from the valve and the total distance from the nozzle to the 
ionization region was - 10 cm. Mass spectra obtained using 
laser multiphoton ionization (MPI) showed no evidence of 
clusters. The signal was averaged in a boxcar with the gate 
set to sample only the portion of the detector output which 
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corresponded to species having the same mass-to-charge ra­
tio as 1+. 

The sample had a slight violet coloration due to the pres­
ence of molecular iodine which is produced when C2F 412 
decomposes. The following tests were performed to estimate 
the contribution of contaminants to the signal. First, we con­
sidered the possibility of 12 as a contaminant. It is known5 

that 12 absorption at the pump wavelengths is weak. We per­
formed the experiments with sample that had been treated 
with metallic copper (12 scavenger) and used a glass trap 
with teflon stopcocks and lines to minimize decomposition 
catalyzed by metal surfaces. The results were identical to 
those obtained with the sample in the steel bomb, implying 
that the observed signal had no significant contribution from 
12, Second, transients measured with the sample at room 
temperature (higher vapor pressure) were not significantly 
different from those measured with the sample cooled to 
o ·C. This emphasizes the absence Ofl2 as a contaminant and 
indicates that clusters of C2F 412 do not contribute to the 
signal. Finally, 19F NMR of the sample showed a single peak 
in greater than 99% abundance which was assigned to 
C2F 412 by comparison with published NMR data. 12 The ab­
sence of other significant peaks in the spectrum show that no 
other fluorinated species-were present in the sample. We 
therefore concluded that the signal measured was from 1-
CF2CF2-1 alone. 

The probe laser (DLl) was tuned to a two-photon tran­
sition 13 in neutral atomic iodine. The transition could be 
chosen to originate from either the ground state ep3/2) or 
the excited spin-orbit state ep1/2) using light at 3047 or 
3040 A, respectively, thus offering a means of distinguishing 
the two channels. The resonance enhancement with the 
probe alone was greater than one order of magnitude, pro­
viding excellent selectivity for probing atomic iodine. The 
pump laser (DL2) was tuned to frequencies convenient for 
amplification. Transients were recorded over a range of 
pump wavelengths from 279 to 307 nm. 

The rotator-polarizer combination was particularly 
useful in measuring the intensity dependence of each laser. 
The output of the boxcar averager was sampled with a mi­
croprocessor controlled 12 bit analog-to-digital converter. 
This allowed the determination of average values and stan­
dard deviations (quoted errors) for a given level of pump 
and probe intensity. The background was carefully account­
ed for by measurements of the signal with each laser alone. 

The deduction of characteristic constants (lifetimes) 
from the raw data requires knowing the proper instrument 
response function. The correct system response function for 
these experiments is a difficult entity to measure experimen­
tally. A truly instantaneous process which involves the same 
orders of nonlinearity for the pump and probe as in these 
experiments is required. A process which is known to occur 
in less than 100 fs may be used as an approximation. A likely 
candidate would be the dissociation of methyliodide, be­
lieved to be - 70 fs. Another candidate is dissociation of 
C2F 412 into the 1* channel. The first involves the risk of 
contamination of the beam, and the rate of the latter is an 
unknown quantity. It also involves tuning DL 1, which intro­
duces a possible source of error. For the majority of the fits 

reported here, we assumed that the system response function 
was Gaussian and attempted to fit the initial rise by varying 
the width of the response. The typical width determined this 
way was - 8 ps. This is shorter than the visible cross correla­
tions, most likely because the signal depends nonlinearly on 
the intensities of both visible beams. 

Characteristic time constants and relative amplitudes 
for the results obtained using an on-resonance probe were 
deduced using a nonlinear least squares optimization rou­
tine. 14 Each transient was fitted multiple times to avoid bias 
from the choice of initial parameters for the algorithm. 
Many transients recorded at the same pump and probe 
wavelengths were analyzed to determine the accuracy of the 
results reported here. The transients presented in the figures 
below were all smoothed using a three-point averaging algo­
rithm. In each case, the raw data were analyzed and the best 
fit line (in the least-squares sense) was similarly smoothed 
and superimposed on the data. Thus numerical averaging 
had no effect on the derived rate constants. 

III. RESULTS AND DISCUSSION 

In the present study, we have measured the buildup of 
iodine atoms in both ground and spin-orbit excited state at 
several different pump wavelengths in the range 279 to 307 
nm. Figure 1 shows typical results for the buildup of po pula­
tion in these two channels. The basic findings are that 1* 
atoms are produced essentially instantaneously (..;; 1 ps), 
whereas I atoms are produced with an apparent time-depen­
dent rate constant (i.e., the observed behavior is nonexpon­
ential). This complex temporal behavior can be modeled as a 
two-component exponential buildup. The photolysis wave­
length has no apparent effect on the rate of production of 1* 
atoms but can significantly alter the rate of formation of I 
atoms. Transients obtained while monitoring the latter 
channel for different photolysis wavelengths are shown in 
Fig. 2. They show a trend toward longer lifetimes (- 30 to 
-150 ps) with lower excitation energy and a concomitant 
increase in the fraction of the fast qomponent. 

These results can be described in terms of a two-step, 
sequential bond fission process 

(1) 

(2) 

Superscripts on the I atom differentiate between the prod­
ucts of each step. The first step is expected to be impulsive, 
i.e., fast. The radical C2F 41 is formed with a distribution of 
internal energies and can undergo subsequent dissociation 
with a range of rate constants. Excitation at different pump 
frequencies should affect the energy content of the nascent 
radical and hence its rate of decomposition. These observa­
tions appear to be qualitatively consistent with the experi­
mental results. A quantitative comparison with the predic­
tions of models for radical decomposition is attempted 
below. We place special emphasis on the different processes 
which may contribute to the observed nonexponential build­
up in the I channel. 
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FIG. 2. Transient buildup of! atoms as a function of the pump wavelength. 
(a) 278.6 nm; (bl 290 nm and (cl 307 nm. The solid line in each plot repre­
sents the fitted biexponential rise convoluted with an assumed Gaussian 
instrument response. Results of the fits are given in Table II. 

A. Electronic states and the exciton model 

A brief review of the states involved in the excitation 
process is pertinent. The A continuum in alkylmonoiodides 
is a spin-forbidden n ..... CT* transition. The analysis for methyl 
iodide reveals five underlying states, three of which are sym­
metry allowed. According to the analysis of Mulliken,s.ls 
one of these states eQo, transition moment parallel to the C­
I bond) correlates to 1* products, while the other two (IQ 
and 3QI' transition moments perpendicular to the C-I bond) 
correlate to ground state I. In most iodoalkanes, the state 
carrying the oscillator strength correlates to excited iodine 
atoms. Ground state atoms are presumably formed via a sur­
face crossing. Fluorine substitution on these alkanes reduces 
the strength of the coupling between the excited states. This 
often results in high quantum yields in the 1* channel,16 as 
has been demonstrated for compounds such as CF3I and 
9zF4IBr which have 1* quantum yields of almost unity at 

266 nm. By analogy, we expect that the same is true for our 
sample. 

C2F 412 is a symmetric molecule with two chromophores 
and one must consider the effects of any interaction between 
them on the dynamics of dissociation. The chromophores 
are exactly degenerate to zero order. Since the point group of 
C2F 412 in its staggered or anti conformation (C2h ) does not 
have degenerate representations, they must interact with 
each other, at least to the extent of removing the strict degen­
eracy. A simple dipole-dipole interaction between the two 
halves would give rise to exciton states, which are the molec­
ular eigenstates of the system if the coupling with the disso­
ciative continuum is ignored. The absorption spectra of diio­
domethane and iodoform have been described in terms of 
such a model. 17 Simple vector algebra may be used to deter­
mine the directions of the transition moments of the optical­
ly allowed exciton states. It is possible to show that only the 
anti conformer, where the carbon and iodine atoms are co­
planar and arranged in a trans configuration, can give rise to 
values of the anisotropy parameter fJ close to 2.0. Since the 
measured fJ is 1.8, we conclude that the predominant con­
former in the expansion is anti, the thermodynamically fa­
vored form. 

The absorption maximum for C2F 412 vapor is at 266 
nm,18 essentially the same as for CF31, suggesting that the 
interaction between the two chromophores is weak and ob­
scured by the width of the absorption band. The strength of 
this coupling is to be compared with the coupling of the zero­
order molecular state to the dissociation continuum. If dis­
sociation occurs much faster than the rate of dephasing of 
the initial state, then the description in terms of local bond 
excitations is good. We then expect that each of the two 
chromophores should behave as the corresponding monoch­
romophoric molecule, in this case CF 31, to a first approxima­
tion. The quantum yield in the 1* channel from the first step 
[Eq. (1)] should then be unity. The measured quantum 
yield at 266 nm (;;;.0.95) is consistent with this argument. 

It is relevant to consider the effect of the excitonic inter­
action on surface crossings involving states of a given chro­
mophore. One can show that the magnitude of the dipolar 
coupling does not affect the strength of the electronic cou­
pling between different, monomer states if the cross-cou­
pling terms can be neglected. On the other hand, if there is 
some interaction between two monomer states, one combi­
nation of exciton states will have increased mixing; the other 
three do not interact to first order. The energy at which these 
exciton components intersect may be somewhat different 
from that corresponding to the isolated chromophore. Con­
sequently, the probability of state crossing at a given excita­
tion energy, and therefore the quantum yield of 1* in the 
primary step, may be different in the photolysis of C2F 412 
than in CF31. 

B. Dissociation into the I * channel 

Product translational energy distributions from the dis­
sociation of C2F 412 using 266 nm light measured by Reid et 
al. 8 show a sharp peak centered roughly at the same value of 
absolute translational velocity as observed in a similar study 
of C2F4IBr. 6 A second, broad peak has been ascribed to I 
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atoms from secondary dissociation. It is important to note 
that no additional peaks at higher translational energies 
were observed in this study, in contrast to the measurements 
on C2F2H2IBr, where multiple pathways for primary disso­
ciation are accessible. This constitutes strong evidence that 
in the dissociation of C2F 412 with 266 nm light, the initial 
step leads primarily to 1* atoms. 

Extrapolation of these results to lower excitation ener­
gies is made complicated by the results on the quantum yield 
of 1* from C2F 412' A study of the IR ftuorescence l8 using n­
C3F7I as a standard concluded that the yield ofI*was 0.9 at 
308 nm. However, kinetic spectroscopy9 of C2F 412 shows a 
much lower quantum yield for excited I atoms (0.6), which 
is outside the reported range of experimental error of Ref. 
18. In our discussion below, we will consider both alterna­
tives. 

The direct dissociation step is expected to be fast, on the 
order of a vibrational period. Our observations of a prompt 
rise of population in both the ground and the excited spin­
orbit state corroborate this directly. These measurements 
alone cannot determine the fraction of the ground state I 
atoms formed in the initial step for reasons discussed below. 
We may argue that only an insignificant amount of 1* is 
produced in the secondary reaction in the following manner. 
Suppose some I is formed in the first step, which is fast. This 
would result in an additional 21. 7 kcallmol that must be 
dispensed between translation and internal degrees of free­
dom. If most of this energy appeared as internal energy, 1* 
atoms could be formed in the second step. The energy avail­
able for this mode of breakup would be close to the thresh­
old, and we would expect to observe a slow component in the 
rise of signal in the 1* channel, similar to that seen in the 
buildup of the I atoms. Since we cannot discern a slow com­
ponent in our measured transients, we conclude that at all 
wavelengths studied (279 to 307 nm), 1* is formed only in 
the primary step. 

C. Dissociation into the 1{2P3/2) channel 

As mentioned earlier, the dynamics of formation of 
ground state I atoms is complex and we consider several 
possible explanations in detail. Recently revised thermody­
namic estimates indicate that the nascent radical" C2F 41 is 
weakly bound (- 8 kcallmol), 9 consistent with our pre­
vious report.2 In principle, I atoms can be formed in both 
steps, provided that the fraction of total energy available as 
internal energy in the radical does not decrease drastically 
when the excitation energy is reduced. The secondary frag­
mentation process must lead to Iep3/2) atoms exclusively if 
only 1* atoms are formed in the first step, based simply on 
energy conservation. The rate equations appropriate for the 
proposed mechanism [Eqs. (1) and (2) ] are readily solved. 
Assuming that the system starts with population only in 
~F412 {i.e., N = [~F4I2](0)} and the rates for the two 
steps are not equal, we obtain 

[~F4I2](t) = Ne- k", 

[C2F4I](t) = Nk) (e-k"_e- k,,), 
k)-k2 

(3) 

(4a) 

[1(I)](t) = N(1_e- k ,,), (4b) 
k) 

[C
2
F

4
](t) = [I(2)](t) = Nk) [o-e-k2') 

kl-k2 

_ k2( 1 _ ek ,')] • (5) 
k) 

Equation (5) shows that the buildup of products of the sec­
ondary fragmentation may appear biexponential, with the 
relative amplitUdes being inversely proportional to the rate 
constants, k! and k2. In our results for I, k l>1O!2 S-I and 
k2 <10k!, whereas the observed amplitudes of the two compo­
nents are approximately equal in magnitude. It should be 
noted that convolution with a finite response function will 
not affect the relative amplitudes of the two components 
since we detect mostly long-lived species (stable products). 
Therefore, Eq. (5) does not correctly represent the dynam­
ics observed in I channel and we must consider other proce­
seses which can result in a nonexponential buildup in this 
channel. Processes such as multiphoton absorption or direct 
dissociation into the I channel will affect the observed ratio 
of amplitudes. In addition, a distribution of values of k2 will 
also affect the relative amounts offast and slow components. 
We discuss these schemes in the following sections. Numeri­
cal simulations of the buildup of I atoms may provide an 
independent verification of the branching ratio in the initial 
step. 

1. Sequent/al mult/photon absorption 

Unstable radicals such as CH2I!9 and C2F2H2Br9 have 
been shown to absorb 266 nm radiation. The cross section is 
generally comparable to that of the corresponding fully-sat­
urated alkane having a single C-I or C-Br bond. Weakly 
bound radicals which absorb a second photon are highly 
internally excited and liable to dissociate very rapidly. This 
would open additional channels that must be considered in 
any description of the dynamics. The kinetic scheme shown 
in Fig. 3 shows all pathways that may lead to ground state I 
atoms. Since the detected signal is resonantly enhanced, we 
neglect pathways that lead to 1+ by direct absorption of 
more than one photon from the pump laser.2o 

* 
C F I ------+, C F I ~ ---'--...... C F + 

2 4 2 2 4 

* C2F412-~~L---o. C F I + I 
24~ 

2 4 

C F + 
2 4 

FIG. 3. Kinetic scheme for dissociation of neutral e2F.I2 including path­
ways for muItiphoton dissociation. The shaded arrows indicate optical tran­
sitions. 
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An approximate treatment of the effect of absorption of 
photons by any of the dissociating species on the subsequent 
evolution may be done in the following way: If either C2F 412 

or C2F 41 absorbs a pump photon, we may assume that the 
initial conditions are different. If we use the standard (Ein­
stein) kinetic model for absorption oflight, we can show that 
the correction involves adding a term 

N'a(1-e- k;l) 

to Eq. (5). If the parent molecule absorbs the photon, 
N' = N, whereas if it is absorbed by the radical, 

N' = N(k1ulk1 - k2 )a( 1 - e - k ;1), where N is the total 
number of absorbers in the excitation volume. Here, a is the 
product of the absorption cross section and the average in­
tensity and uis a function of the two rate constants, less than 
unity in magnitude. If kl is fast compared to the pulse dura­
tion and k2 is slow, u - 1. k ; is an approximate rate constant 
for the appearance of iodine atoms from the more highly 
excited species (C2F41!* and e2F 41*) shown in Fig. 3. Simi­
larly, if either of these species absorbs a probe photon, the 
observed signal is the sum of Eq. (5) and a fraction, a' of 
either Eq. (3) or Eq. (4a). Assuming there is no significant 
difference in the absorption coefficient at the two different 
colors (pump and probe), a and a' are of the same order of 
magnitude. In either case, we see that the relative fraction of 
fast to slow changes by a number (-a) which is generally 
small compared to unity. Transients obtained with pump 
pulses of different intensities are shown in Fig. 4. The frac­
tion of fast component is clearly higher when the intensity is 
high. This is in qualitative agreement with this discussion. 
The amount of change is rather high (-20% ), suggesting 
that the absorption cross section for the radical may be large. 

Figure 5 (a) shows a log-log plot of signal vs pump pow­
er while a similar plot of the probe power dependence ap­
pears in Fig. 5 (b). These measurements show a linear depen­
dence on the pump and a cubic dependence on the probe at 
low intensities. At higher pump intensities (not shown), one 
can see deviations from these simple power laws. This behav­
ior suggests that other channels for dissociation may be 
accessible at such intensities. Since the transients measured 
with low pump and probe intensities clearly show the biex­
ponential behavior, we conclude that our observations re­
flect an intrinsic property of the molecular species under 
study. Bearing in mind that sequential multiphoton absorp­
tion may distort experimental results, we collected most of 
our data under low pump and probe intensity (and hence 
low signal) conditions. 

2. Excitation energy and radical internal energy 
distribution 

Kinetic spectroscopy shows a distribution of relative 
translational energies from the fragmentation process. The 
two step mechanism then implies that radicals are formed 
with a distribution of internal energies, complementary to 
the spread in translational energy of the 1* atom and satisfy­
ing energy conservation. A recent estimate of the stability of 
C2F 41 indicates that the radical is bound by 8.1 ± 1.5 kcall 
mol (2830 cm- 1).9 Since the radicals are formed in a colli­
sionless environment, no energy transfer between molecules 

Q) 

> :;::; 
o 
Qj 
0:: 

a 

Low pump power scan 

High pump power scan 

50 100 150 

Time (Picoseconds) 

FIG. 4. Transients obtained with (a) weak and (b) intense pump pulses. 
The relative amplitude of the fast component is significantly higher in (b) 
than in (a). 

can occur and they dissociate with individual rate constants, 
k2 (E), which depend on the internal energy E. The corre­
sponding distribution oflifetimes results in a nonexponential 
decay of the radicals which is often characterized as appar­
ent biexponential behavior. The signal is the sum of expo­
nential transients, each described by Eq. (5) and weighted 
by the probability density. In the limit of a continuous distri­
bution of internal energies, the sum may be represented by 
an integral 

S(t) = 100 

P(E) [(1 _ e - k,(E)I) 
E" 1 - ;(E) 

- ;(E)(1- e-k,l) ] dE, 

::::: L] 1 - e-k,(E)t ]P(E)dE 

if ;(E) ~ 1, 

(6) 

(7) 

where;(E) = k2(E)lk l andP(E)dEis the probability that 
the radicals have energy in the range (E,E + dE). Eo, the 
threshold for radical dissociation, is contained implicitly in 
the energy dependence of k2• In our previous report2 we 
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2 2.5 

log (Pump power) 

IOQ(Probe power) 

FIG. 5. (a) Dependence of the signal on the pump intensity. The slope of 
the best fit line shown is 1.1. (b) Probe-power dependence. The slope of the 
best fit line shown is 3.1. 

showed that with a judicious choice of k2 (E), the expression 
for the signal in Eq. (7), Set), convoluted with an instru­
ment response function, could explain our observation of a 
biexponential buildup. 

In order to develop a model of the dissociation processes 
which is consistent with our results at different excitation 
energies, we need to know: (i) the distribution of internal 
energy in the radicals at each excitation energy and the rela­
tive amounts of vibrational vs rotational excitation; (ii) the 
unimolecular rates, k2 (E), as a function of energy and angu­
lar momentum; and (iii) the rate off ormation ofC2F41, k!. 
We discuss methods for estimating each of these unknowns 
in the next few sections. 
a. Impulsive models lor energy partitioning 

A classical mechanical model 10.21 for predicting the 
average kinetic energy released in a direct dissociation has 
been proposed and applied to the UV fragmentation of many 
alkyl halides. The original model and subsequent modifica­
tions predict that the average energy released as transla­
tional energy is a constant fraction of the available energy. It 
is pertinent to note that they predict the average internal 
energy in vibrations and rotations, but do not provide an 
adequate description of the distribution ofinternal energy, a 
knowledge of which is crucial to the analysis of our data. 

Although statistical distributions may be calculated, they 
tend to overestimate the amount of internal excitation. The 
amount of internal excitation is best obtained from measured 
kinetic energy distributions by invoking energy conservation 

E v, =Ehv -Dg(C2F41-1) -Eso [lep3/2)] -Etrans · 
(8) 

The photon energy is Ehv ' the translational and internal en­
ergies are Etrans and Ev,' respectively. Eso is the electronic 
energy of 1* referenced to that of I and D g is the bond disso­
ciation energy. The average internal energy is obtained from 
Eq. (8) by simply using the average translation energy in the 
appropriate dissociation channel. The shape ofthe distribu­
tion is also essentially identical to that of the translation en­
ergy, with the energy scale shifted and reversed in direction, 
i.e., higher translation energy becomes lower internal ener­
gy. 

The impulsive models predict 86% of the available ener­
gy appears as translation for a rigid radical and 14% for a 
soft one, the experimental value lying between these limits, 
which cover almost the full range of possibilities.22 Experi­
mental studies on a number of polyhaloethanes6

•
7

•
9 show 

that approximately half of the available energy commonly 
appears as product translation energy. In particular, Reid et 
al. have measured the distribution of kinetic energy in the 
initial step of dissociation at 266 nm.8 They found that the 
peak of the kinetic energy distribution was at 14 kcal/mol, 
which is 42% of the energy available at that wavelength. The 
distribution was fairly symmetric and broad, having a full­
width at half-maximum (FWHM) value of 11 kcaVmol. 
b. Estimation 01 rates 

The unimolecular rates may be calculated as a function 
of the excess energy using statistical theories (e.g., 
RRKM),23 provided the frequencies and rotational con­
stants of the radical and its transition state are known. C2F 41 
is a very weakly bound molecule whose structure and vibra­
tional frequencies are unknown. We avoid the pitfalls of esti­
mating 16 vibrational frequencies for the parent and 15 for 
the transition state by choosing a different route for predict­
ing k 2 (E). It has been found that in some cases the rates of 
unimolecular reactions in isolated molecules may be repre­
sented by an Arrhenius-like formula24 

k 2 (E) =A exp [ _ a ] . 
E-Eo 

(9) 

The pre-exponential factor A may be described as the effec­
tive frequency of the reaction coordinate. a is an adjustable 
parameter which may be interpreted as the product of the 
threshold energy Eo and the number of effective oscillators. 
This imposes an upper bound of -120 kcaVmol. for the 
value ofa. 

The kinetic scheme used in this analysis is adequate for 
describing the dynamics provided the fitted values of the fast 
component are not taken at face value. The intrinsic assump­
tion in any kinetic model is that the individual steps occur 
with a random distribution of lifetimes. This may not be an 
accurate description of direct mode reactions. In a recently 
described classical model,25 the authors consider the rise 
time in terms of the relative velocity of separation and relate 
the distribution offragment translational energies to the dis-
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tribution of rise times for product states. Since the time reso­
lution in these experiments cannot accurately determine the 
risetimes in the primary step, we do not consider these issues 
further. From a simple kinetics point of view, we note that 
Eq. (7) is a good approximation of Eq. (6) as long as 
k 2<0.lOkl • Since the initial dissociation is prompt, we have 
assumed that this condition holds for all rate constants con­
sidered. 
c. Details 0/ numerical simulations 

In our first attempt at simulating the experimentaltran­
sients, we calculated radical energy distributions with the 
following assumptions. 

(i) We associated 1(1) with 1* and 1(2) with I. In other 
words, no I atoms are produced in the primary step. 

(ii) The average energy in relative motion, and there­
fore the average internal energy in C2F4 I, is a wavelength 
independent fraction of the available energy, as predicted by 
the impulsive models. This implies that the rigidity of the 
radical does not change with excitation energy. We used the 
measured fractionS of 42 % in estimating the average transla­
tional energy at each wavelength. 

(iii) The internal energy distribution is Gaussian, with 
width proportional to the average energy, i.e., the available 
energy. For consistency with experimental results, we used 
the values obtained in Ref. 8 to scale the width parameter. 

(iv) The effects of angular momentum on the rates are 
not significant, i.e., we do not distinguish between rotational 
and vibrational energy in the radical. The estimated param­
eters describing the distributions, i.e., average energy and 
FWHM, used in these simulations are collected in Table I. 

The rates of dissociation as a function of energy k 2 (E) 
were calculated for arbitrary choices of a and A using Eq. 
(9). The simulated time-dependent behavior, Se (t), of the 
ensemble of C2F 41 for a given excitation wavelength and 
each pair of A and a was then obtained by calculating expo­
nential rises weighted by the appropriate factors [Eq. (7)]. 
An experimental transient D( t) was constructed as a two 
component exponential buildup using the lifetimes and rela­
tive amplitudes obtained from the nonlinear least squares fit 
of our data. D(t) thus represents the deconvoluted molecu­
lar (ensemble) response underlying our experimental re-

TABLE I. Parameters for simulations. 

sults. The effect of a finite instrument reponse on these simu­
lations were accounted for by convoluting both the reference 
transient and the simulated transient with a typical response 
function. The convoluted transients, D(t) and Se (t), were 
used to calculate a goodness-of-fit parameter, x2 (a,A), for 
each pair of a and A. X2 is defined as the weighted sum of 
squared deviations, normalized by the number of degrees of 
freedom 

(10) 

This function provides a one parameter representation of the 
quality of fit of the predictions of our model to the data and 
can be used to obtain a range of acceptable values for the two 
parameters A and a, given an appropriate cutoff. 

Contour sections of X2 (a,A) for different excitation 
wavelengths (not shown) indicate that this model does not 
accurately describe the experimental results. The values of 
X2 are generally rather large, the overall minimum for each 
excitation wavelength being - 5 or greater. To compare the 
results of these simulations with our data more directly, we 
chose a pair of a and A values from the intersection of the X2 
surfaces for the three longest excitation wavelengths and re­
constructed Se (t) for each excitation wavelength. We then 
used a biexponential model to fit these transients in the same 
way that we analyzed the experimental ones. The param­
eters obtained from the fits of Se and those derived from the 
data are listed in Table II. RepresentativeSe (t) and D(t) are 
shown in Fig. 6. The agreement between the lifetimes of the 
two components is fair, but the fraction of the shorter com­
ponent predicted by the simulations is systematically larger 
than what we measured. The difference between simulations 
and experimental results, indicated more clearly by the null 
volume of intersection of the constructed error surfaces for 
small values of X2, leads us to reevaluate some of our assump­
tions in performing the above calculations. 

3. Initial dissociation into the I channel 

In Sec. III C 2 c, we assumed that initial dissociation 
into the I channel occurred with too Iowa probability for it 

Excitation 
wavelength (nm) 

E tot 

(kcal/moi) (kcal/moi) 

(Eint ) 

(kcal/moi) 

FWHMa 

(kcal/moi) 

266.0b 

278.6 
290.0 
300.0 
307.0 
308.0 
308.0" 

107.4 
102.4 
98.5 
95.2 
93.1 
92.8 

• Full-width at half-maximum of distribution. 
e Measured parameters from Ref. 8. 

33.7 
28.9 
24.8 
21.5 
19.4 
19.1 
19.1 
40.8 

19.6 
16.8 
14.4 
12.5 
11.2 
11.1 
6 

19 

11 
9.4 
8.1 
7.0 
6.3 
6.2 
5.2 0*) 

12.5 (I) 

e Measured parameters from Ref. 9. We have chosen distributions arising from a single channel of dissociation 
here. Thus the width corresponds to part of the measured distribution that has been attributed to initial 
dissociation into the 1* channel. 
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TABLE II. Lifetime analysis of experimental data and simulations. 

Wavelength Experimental Simulation (A) 

(nm) T,(pS) T2 (pS) Fraction" T, (ps) T2(pS) Fraction" 

278.6 2 49 0.53 1.8 51.5 0.95 
290.0 1 50 0.65 1.0 41 0.86 
300.0 3 120 0.68 1.2 46 0.74 
307.0 0.5 69 0.56 2.0 40 0.63 

" Ratio of amplitude of fast component to total amplitude. 
b The rate parameters for the simulations are a = 23kcal/mol, and A = 30.0 X 10 12 S - I. 

to affect our results, based on the results of Ref. 8 and the 
hypothesis that the surface crossing probability does not 
change significantly over the range of energies relevant to 
our experiments. This is supported by the IR fluorescence 
quantum yield measurements (1*>0.9) of Gerck at 308 
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FIG. 6. Simulated (Se) and reference (D) transients for two different exci­
tation energies. a = 23 kcal/mol and A = 30x 10 '2 S-I were used for both 
transients. White noise (3%) has been added to Se to distinguish it from D 
as well as to be more like the experimental transients. This also serves to 
reproduce any bias that the noisy data may impose on the ability of the 
curve-fitting algorithm to converge to final values. 

nm. 18 On the other hand, it is sharply contradicted by the 
kinetic energy analysis of I atoms from the dissociation of 
C2F412 at 308 nm9

, which indicates that -40% of the initial 
dissociation leads to ground state I atoms. The quoted mar­
gins of error in the two experiments are not large enough to 
account for this substantial discrepancy. Clearly, a large 
fraction of I atoms formed during the initial step will affect 
the distribution of internal energy in the radicals and thereby 
have a non-negligible effect on our simulations, not to men­
tion the contribution of the primary I atoms to the fast rise. 
We attempt to explore this possibility further by performing 
a new set of simulations which takes the quantum yield of I 
atoms in the first step into account. 

The basic results from the study of Minton et al.9 are 
that the distribution of kinetic energies is bimodal. One of 
the peaks (attributed to 1* formation) appears at 13.1 kcall 
mol and has a FWHM of - 5 kcal/mol, while the second one 
(due to I atoms) appears at 21.6 kcallmol and has a FWHM 
-12.5 kcallmol. A number of conclusions may be drawn 
from a comparison of these results and those of Reid et al.8 

First, since dissociation at 266 nm leads to no significant 
amount of I atoms, their production must be wavelength 
dependent. Similar behavior has been observed in other alkyl 
halides and is surprising only to the extent that it also occurs 
in perftuorinated compounds, which generally tend to have 
high quantum yields ofl*. Second, the average kinetic ener­
gy released into the 1* channel on photolysis with 308 nm 
light is 69%, significantly higher than the observed 42% 
obtained on photolysis at 266 nm. Thus our assumption that 
the rigidity of the radical is independent of excitation energy 
is an oversimplification. Finally, the width of the distribu­
tion is narrower for dissociation at lower energies, propor­
tional to the available energy, in concurrence with the ad hoc 
assumption made earlier. 

Our experimental results are qualitatively consistent 
with an increasing quantum yield ofI atoms at longer excita­
tion wavelengths. Since the electronic energy (21. 7 kcall 
mol) is now available for internal motion, the radicals from 
this channel are formed with significantly higher internal 
energy and dissociate rapidly. In addition, the I atoms from 
the initial step will also be detected, leading to an expected 
transient shape given by the sum of Eqs. (4b) and (5), 
weighted by the relative quantum yields. A greater yield of! 
atoms at lower excitation energies would lead to a larger 
contribution to the signal from Eq. (4b) and, possibly, a 
larger relative fraction of the fast component. 

The quantum yield of primary I atoms may be estimated 
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FIG. 7. Nonadiabatic transition probabilities calculated according to the 
Landau-Zener model. The curves actually show the probability that the 
system remains on the initial surface, thus representing the quantum yield 
of 1* as a function of excitation energy, assuming a quantum yield of 0.6 at 
308 nm and a range of values from 0.9 to 0.95 at 266 nm. 

using the Landau-Zener (LZ)27 theory for curve-crossing 
transition probabilities. In this theory, the probability p that 
the system remains on the initial surface depends on the ki­
netic energy Etr of the reduced particle as given by Eq. (II) 

I 
lnpo::---. (11) 

IE:: 
p as defined here corresponds to the yield in the 1* channel. 
We use this relation to interpolate between the measured 
quantum yields of 0.6 and >0.9 at 308 and 266 nm, respec­
tively, with the energy at which the curves intersect E cr , as 
an adjustable parameter. The energy released is assumed to 
have been channeled into translational energy only, i.e., Etr 

= Eavail - Ecr • The measurement at 266 nm reports a lower 
bound on the yield of 1* based on the range of experimental 
error. Figure 7 shows the quantum yield calculated using 
this scheme for a number of values of pat 266 nm, all chosen 
larger than the bound imposed in Ref. 8. The values of Ecr 

obtained in the fitting procedure are quite large, varying 
from 18.5 to 19.0 kcallmol depending on our choice ofp at 
266 nm. Considering that the total available energy at 308 
nm is 19.1 kcallmol, we conclude that in this simple picture, 
excitation at 308 nm corresponds to excitation very close to 
the crossing point. 28 

Simulations for this revised model were done in much 
the same way as described in Sec. III C 2 c using convolu­
tions for the relevant transients. The two variations were ( I ) 
we used two Gaussian curves with independently chosen 
peak positions and widths to simulate the internal energy 
distributon in the radicals, and (2) we used the LZ scheme 
illustrated in Fig. 7 with 1* yield of 0.95 at 266 nm to predict 
the yield at intermediate energies. The parameters used are 
listed in Table III. 

The overall agreement between this model and our data 
is better, as evidenced by the fact that the individual minima 

TABLE III. Parameters for simulations assuming both channels open in 
primary step. 

Excitation 1* channel I channel 

wavelength (nm) (Eint )a FWHMb (Eint )a FWHMb 

278.6 15.1 9.4 23.5 15.2 
290.0 11.3 8.1 21.6 14.0 
300.0 8.2 7.0 20.0 13.0 
307.0 6.3 6.0 19.1 12.5 
308.0" 6.0 5.2 19.0 12.5 

a Energy units are kcal/mol. 
b Full-width at half-maximum of distribution. 
C Measured parameters from Ref. 9. We have chosen Gaussian distributions 
for our simulations, although Ref. 9 does not make such a claim. 

are lower (minimum X2 
- 3 ). This suggests that there is in­

deed a small fraction of I atoms formed in the primary step. 
However, as in the previous simulations, we cannot identify 
a significant region of (a,A) space, where the error between 
the predictions of the model and the data is uniformly small. 
The bimodal energy distribution has a rather large effect on 
the simulations for the redder excitation wavelengths due to 
the fact that Eo, the threshold energy for decomposition, is 
comparable to the median energy in the nascent radical. If Eo 
were lower29 than the value of 8.1 kcallmol we used 
throughout our calculations, the error surfaces generated for 
the lower photolysis energies would be significantly affected, 
but the overall agreement between model and experimental 
results is not likely to improve. 

4. Evaluation of the results from simulations 

The discussion of the last two sections points to the im­
portance of the distribution of internal energy in explaining 
the observed inhomogeneous buildup of products from a re­
active ensemble. The LZ approximation suggests that the 
dispersion of lifetimes is dominated by the distribution of 
internal energies resulting from the 1* channel, particularly 
at the bluer excitation wavelengths. 

In the case of a perfect agreement between model and 
data, we would be able to identify a small range of values for 
the parameters A and a which simultaneously minimize the 
error at all excitation wavelengths. The fact that our model 
does not produce such a well-defined set of values leads one 
to question its quantitative accuracy. It is therefore pertinent 
to reiterate some of the approximations we have made in 
developing this model and present our appraisal of their sig­
nificance to the discrepancy between model and data. First, 
we assumed Gaussian distributions and a simple ad hoc scal­
ing (interpolation) scheme for the average energy and 
width. In the absence of experimental data at all relevant 
energies, such a scheme appears reasonable. Since our esti­
mates of the average energy are based on measured distribu­
tions, we expect them to be close to their correct values. The 
choice of a Gaussian shape for the distributions is likely to 
have a minor impact on our calculations, particularly con­
sidering the widths of these distributions. However, if the 
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correct shapes were strongly asymmetric, and had tails of 
significant amplitudes on either or both edges, the effect 
could be quite large. Second, we have used Eq. (7) instead of 
Eq. (6) which is the proper choice for the kinetic model. We 
consider this to be of minor significance also, especially be­
cause the very fast decomposition rates where this approxi­
mation may fail are much faster than the response function 
and the effects would be averaged out. Third, we have ne­
glected the possible role of angular momentum in determin­
ing the rate of radical decomposition. While this is a limita­
tion in our model, we note that any attempt to include the 
effects of angular momentum would involve additional ap­
proximations and assumptions. We leave such consider­
ations for future refinements of the model. 

Fourth, the prescription for k 2 (E) [Eq. (9)] used in all 
of the simulations presented here may not be strictly valid 
over the full range of relevant energies. It is interesting to 
note that applications of more detailed theories ofbond-fis­
sion rates have failed in quantitatively predicting rates near 
threshold. 1.30 While the experimental results presented here 
do not provide direct measurements of microcanonical rates 
for this system, we may deduce an approximate k 2 (E) from 
the simulations. In Fig. 8, we show plots of k2 using values of 
A and a corresponding to the minimum of the error surface 
for each excitation wavelength. The corresponding Gaus­
sian distributions (Table I) are shown in the lower panel. 
Using these curves, we construct an average function kd (E), 
which is perhaps more representative of the correct energy 
dependence of the rate of radical decomposition. This curve 
is shown as a heavy solid line. Transients calculated using 
kd (E) should show a uniform similarity to the experimental 
transients over all excitation energies. Clearly, the accuracy 
of this function depends on how precisely we were able to 
estimate the internal energy distribution at each wavelength. 

IV. CONCLUSIONS 

In this paper, we have presented picosecond studies of 
the dynamics of consecutive bond breaking in the dissocia­
tion reaction of C2F 412' Reaction rates as a function of exci­
tation energy are deduced. The dynamics of this reaction can 
be described in terms of a two step mechansim, the first one 
leading to an internally excited radical, C2F 41, in less than 1 
ps, the second step being the dissociation of these energized 
radicals (average lifetime ~ 30-150 ps depending on total 
energy). The buildup of ground state I atoms appears biex­
ponential, partly because radicals formed with different 
amounts of internal energy dissociate with different rate 
constants. We find that a threshold energy of.,;;8 kcal/mol, 
as measured in a recent molecular beam experiment,9.29 is in 
fair agreement with our observations. Our results support 
the hypothesis that the initial dissociation can produce both 
I and 1* atoms, their relative quantum yields being a func­
tion of the excitation energy. 
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