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dynamic behaviors are discovered that are inconsistent with control 
of oxidized-reduced transitions by bromide ion alone, it does not 
seem to be useful to invoke other principles that can also explain 
some of the known facts. 

The present paper has examined seemingly conflicting evidence 
about the rate of precipitation of AgBr and has considered the 
implications of that evidence for the mechanism of silver ion 
induced oscillations in the Belousov-Zhabotinsky system. Many 
of the same conclusions were reached by some of us31 in a more 

(31) Ruoff, P.; Varga, M.; Koros, E. Acc. Chem. Res. 1988,21,326-332. 

general review of the control of bromate-driven oscillators. 
Peter Ruoff also wishes to note that he has reservations as to 

the possibility that measurements with a silver wire electrode can 
provide any useful information concerning the initial processes 
during reaction of freshly mixed silver and bromide ions. His 
arguments will be developed in a separate paper. 
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The kinetics of the reaction F + FSO, + M - FS020F + M (1) has been studied by using an ArF excimer laser flash 
photolysis/visible absorption technique to monitor the disappearance of B O 3  radicals. He, N2, and SF6 were used as bath 
gases in pressures ranging from 5 to 600 Torr at 298 K CF4 was used in the same pressures between 298 and 378 K. Reaction 
1 was found to be in the falloff region between second- and third-order kinetics. The following limiting high- and low-pressure 
recombination rate constants have been determined at 298 K k,, = (7.6 * 1.0) X lo-" cm3 molecule-' s-I, kwo = [He](4.1 
A 0.5) X [N2](5.2 f 0.7) X [CF,](1.1 f 0.2) X and [SF6](1.3 f 0.2) X cm3 molecule-'s-'. km,- 
and km,O showed a temperature dependence of .r0.23 and T3.' (M = CF,), respectively. With the k,,,, data and the known 
values of the high-pressure rate constant for FS020F thermal decompositon, the equilibrium constant and the thermodynamical 
parameters of the system were obtained. An analysis of the krs,o with respect to energy-transfer properties was performed. 
In terms of the canonical version of the statistical adiabatic channel model, the k,,, values lead to a/B = 0.49 for the ratio 
between the looseness and the Morse parameters. Specific rate constants derived from our experiments are also discussed. 

Introduction 
A knowledge of the kinetics of free-radical reactions is of major 

importance. In addition to the kinetic information itself, the study 
of free-radical reactions frequently provides the necessary data 
for the determination of their thermodynamic properties. In 
particular, dissociation-recombination reactions which involve the 
breaking or making of a simple bond can provide a specially 
searching test for theories of unimolecular reactions. 

Although much is know about steady-state mechanistic kinetics 
studies of reactions in which the fluorosulfate radical FS03 is 
involved, very little has been performed under laser flash photolysis 
conditions. As a matter of fact, Schumacher and co-workers have 
extensively examined the kinetics and the mechanism of reactions 
involving the FSO, radical, e.g., the thermal reaction between 
FSOzOF and N021 and of the dimer of the B O 3  radical, F2S206, 
with the photochemical reactions of FSOzOF with both 
SO3 and SO2 at  254 nm? the thermal reaction of F2 with F2S206,4 
and the thermal decomposition of F S 0 2 0 F  in the presence of so3' 
and C1,.6 On the other hand, direct measurements for just the 
self-reaction of FS03 radicals have been 

In spite of the detailed knowledge related to the vibrational,+12 
rotational," and ele~tronic '~ spectroscopy of the ground (2A2)9-14 
and excited (2E(2))9913 states of this radical, direct kinetic mea- 
surements involving other FS03 radical reactions are still lacking. 

Therefore, a systematic investigation of the reaction kinetics 
of FS03 radicals with other radicals and molecules is under way. 
An excimer laser flash photolysis/visible absorption study of the 
pressure (5-600 Torr), temperature (298-378 K), and bath gas 
(M = He, N2, CF4, and SF6) dependences of reaction 1 is reported 
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F + FS03 + M - F S 0 2 0 F  + M (1) 

here. Our data have been combined with already reported results 
of the reverse of reaction 15s6 to determine the equilibrium constant 
and the thermodynamical parameters of the system. In addition 
to the experimental data, valuable insight on the theoretical aspects 
of atom-radical reactions is provided by this study. The factorized 
form of the low-pressure unimolecular reaction rate theorylsJ6 
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and the canonical version of the statistical adiabatic channel model 
(SACM) l 7  were employed for these calculations. 

Experimental Section 
The excimer laser flash photolysis/visible absorption setup has 

been described previously.E The reactants of reaction 1 were 
produced by 193-nm photolysis of fluorine fluorosulfonate (FS- 
OzOF) using an ArF excimer laser (Lambda Physik EMG 101 
MSC). The temporal variation of FS03 radical concentration 
was resolved by monitoring their light absorption at  450 nm 
provided by a 150-W xenon arc lamp (Hanovia 901C-1). The 
reaction cell was contained in an electrically heatable heavy 
aluminum housing. A calibrated chromel-alumel thermocouple 
served to measure the temperature of the reaction mixtures. After 
passage through the reaction cell, the probed light was focused 
on the entrance slit of a prism monochromator (Zeiss MM12). 
A photomultiplier (RCA 1P28) and a digital oscilloscope (Nicolet 
2090) served for signal detection and recording, respectively. The 
laser pulse energy incident on the photolysis cell was measured 
with a joulemeter (Gentec). A pulse laser fluence of about 60 
mJ cm-2 was employed in these single-shot experiments. 

The cell was evacuated and filled via a conventional vacuum 
line, and the pressure measurements were performed using a quartz 
spiral gauge. 

FSOzOF was prepared by photolyzing a mixture of Fz and SO3 
in a Pyrex photochemical reactor with a Hanau 4700 mercury 
arc lamp.18 The reaction products ( F S 0 2 0 F  and F2S206) were 
condensed at  195 K. The volatile fraction at 163 K resulting from 
trap-to-trap distillations consisted of FS020F. The FS020F 
purity was checked by IR spectrophotometry. The bath gases used 
have the following stated m i n e u m  purities: He, 99.999% (Union 
Carbide); Nz,99.99% (La Oxigena); CF,, 99.7% (Matheson); and 

Results and Discussion 
The FS020F molecule and the FS03 radical absorb radiation 

in different regions of the UV-visible spectra. The F S 0 2 0 F  
presents a continuous absorption below about 420 nm with in- 
creasing intensity as the wavelength decreases.lg At the photolysis 
wavelength, 193 nm, its absorption cross section is u(FS020F) 
= (1.57 f 0.07) X lo-’* cm2 On the other hand, 
the FS03 radical has a strong absorption band between 550 and 
380 nm.I4 In a previous workE we have measured the absorbance 
at  450 nm of F&O6 * 2FS03 equilibrium mixtures over the 
temperature range 3 10-334 K. Since the equilibrium constant 
for this system is known?”J1 an absorbance vs [FSO,] plot, where 
[FS03] = ( & [ F ~ S Z O ~ ] ) ’ / ~ ,  yields the absorption cross section of 
the B O 3  radical, @SO3) = (3.64 i 0.32) X cm2 molecule-’ 
a t  the monitoring wavelength of 450 nm. The error estimates 
quoted for our absorption cross section measurements represent 
two standard deviations. At the same wavelength u(FS020F)  
is < I  x cmz 

Electron paramagnetic resonance studies of UV-irradiated 
FSOzOF in a low-temperature matrix showed the production of 
FS03 radicals.22 In addition, the gas-phase photolysis of FS020F 
a t  254 nm in the presence of SO3 is consistent with a unitary 
quantum yield of B O 3   radical^.^ From the concentration of B O 3  
initially generated and the number of 193-nm photons absorbed 
by FSOZOF during the laser pulse, a primary quantum yield of 
1.09 f 0.15 FS03 radicals per quantum is obtained. Further 
details about the quantum yield measurements are given else- 
where.lg Therefore, F atoms and FS03 radicals are exclusively 
generated in the 193-nm photolysis of FSOZ0F,  FS03 radicals 
being probed by the analytical beam. FS03 radicals produced 

SF6, 99.999% (Matheson). 
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Figure 1. Typical FSO, temporal profiles observed at 450 nm following 
193-nm photolysis of 1.3 Torr of FSOzOF and 21.8 Torr of CF, at 298 
K. The fit yields a second-order rate constant for reaction 1 of 3.6 X 
lo-” cm3 molecule-I s-l. 

in the primary process could react in two ways, either by reaction 
1 or by the self-reaction 

FS03 + FS03 - F&O6 (2) 
The limiting high-pressure rate constant of reaction 2 has been 
measured8 and, as will be shown below, is a t  least a factor of 300 
smaller than the rate constants of reaction 1. Reaction 2 could 
then be ignored unless the concentration of F atoms was depleted 
by reactions faster than (1). For several reasons the consumption 
of F atoms by reactions other than (1) is also unimportant and 
can be ruled out. Actually, in addition to reaction 1 F atoms can 
disappear through reactions 

F + F S 0 2 0 F  - F2 + FS03 
F + F + M + F2 + M 

(3) 

(4) 
F - diffusive loss ( 5 )  

Reaction 3 has a relatively high activation energy, E3 N 9.7 kcal 
mol-’, as can be calculated from E3 = E-3 + D(FSOZ0-F) - 
2AH0z98(F) by taking the activation energy of the reverse of 
process 3, E-3 = 14.7 kcal mol-’,, the limiting high-pressure 
activation energy of the thermal FS020F dissociation El,- N 

D(FSOZ0-F) = 32.8 kcal m0l-’,’9~ and U 0 2 9 E ( F )  = 18.9 kcal 
Therefore, in our experimental conditions reaction 3 must 

be very slow. Termolecular reaction 4 is also a slow process.24 
The diffusion of F atoms away from the field of view of the 
detector is also a slow process when compared with the FSO, 
radical decay time (less than 350 ps for experiments with 5 Torr 
of He). Therefore, it must be concluded that the observed FS03 
radical decay corresponds to reaction 1. 

The kinetics of reaction 1 is described by a second-order rate 
law which, employing Beer’s law, has the solution 

( 6 )  
krcct 1 =-+- 1 

In ( l o / l ( t ) )  01 In ( l o / l ?  
where u is the FS03 absorption cross section at  450 nm, I the 
absorption path length, IO the incident light intensity, Z ( t )  the 
transmitted light intensity a t  time t ,  and I’the transmitted light 
intensity immediately after the laser pulse. Analysis of the sec- 
ond-order kinetic decay plots [l/ln ( l o / l ( t ) )  vs time] yields the 
bimolecular rate constants kr, of reaction 1. A typical experi- 
mental decay profile and its fit to eq 6 are represented in Figure 
1. 

Reaction 1 was studied as a function of total pressure (5-600 
Torr), temperature (298-378 K), and diluent gases (M = He, N2, 
CF4, and SF6). Similar results were obtained with FSOzOF 
pressures ranging between 0.2 and 5 Torr. A spectral resolution 
AX(fwhm) = 3.3 nm was used in our time-resolved experiments. 

(23) JANAF Thermochemical Tables, 2nd ed.; Natl. Stand. Ref. Data 

(24) Kerr, J. A,; Moss, S .  J. CRC Handbook of Bimolecular and Ter- 
Ser. (US., Natl. Bur. Stand.) 1971, 37. 

molecular Gas Reactions; CRC Press: Boca Raton, FL, 1981; Vol. 11. 
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‘v, I (  1 I TABLE I: Limiting High- and Low-Pressure Rate Constants for 
Reaction 1 

T/K M k,,,,/cma molecule-’ s-I k,,,o/cm3 molecule-I s-l 
298 He (8.1 f 0.8) X IO-” (4.1 f 0.5) X 
298 N, (7.7 f 0.8) X lo-” (5.2 f 0.7) X 
298 SF, (7.2 f 0.8) X lo-” (1.3 f 0.2) x 10-27 
298 CF4 (7.2 f 0.8) X IO-” (1.1 f 0.2) x 10-27 
339 CF, (7.4 f 0.8) X lo-” (7.5 f 0.9) X 
378 CF4 (7.6 f 0.8) X (5.3 f 0.6) X 

where Q* is the rotation-vibration partition function of the ac- 
tivated complex.25 In ref 26 and 27, SK was evaluated by em- 
ploying Q* as given by the canonical version of the statistical 
adiabatic channel model.” Nevertheless, in the present study SK 
was derived from the temperature dependence of the extrapolated 
k,,- values2* In order to deduce an expression for S K ,  the results 
were represented in the form 

k,,,, = A,(T/300)”-  ( 9 )  
and the following equation was used to obtain Q* l 7  
k w , -  = 

E( “) 3 / 2  Qe( F S 0 2 0 F )  Q1 
h 2 n ~ k T  QeF)  Qe(FSO3) Qvib(FS03) Qrot(FS03) 

(10) 
Here p denotes the reduced mass of the reaction partners, Qe(i) 
denotes the electronic partition functions of reactants and products, 
and Qvib and Qmt denote the vibrational and the rotational partition 
functions of the FS03 radical, respectively. Taking into account 
eq 7 and 10 and assuming classical rotational partition functions 
for the FS03 radical, we derived the expression 
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Figure 2. Pressure dependence of the rate constants for reaction 1 at 298 
K: 0, M = He; 0, M = N,; 0, M = CF,; A, M = SF6. Solid lines are 
curve fits to the data using the falloff equation (eq 7 and 8). The 
high-pressure rate constant and the low-pressure rate constant for M = 
He are also shown. 
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Figure 3. Temperature and pressure dependences of the rate constants 
for reaction 1 for M = CF,: 0, T = 298 K; 0, T = 339 K; A, T = 378 
K. Solid lines are curve fits to the data using the falloff equation (eq 7 
and 8). The high-pressure and low-pressure rate constants at 378 K are 
also shown. 

Figure 2 shows how the second-order rate constants a t  298 K 
derived from the experiments vary with the total concentration. 
The rate constants change by a factor of 4.2 for M = He, 3.7 for 
M = N2, 2.7 for M = CF4, and 2.3 for M = SF6, over the pressure 
range investigated. Figure 3 shows the temperature dependence 
of the experiments with diluent CF,. In this case, the rate con- 
stants change by a factor of 1.7 between 298 and 378 K at the 
lowest pressure investigated while at the higher values only a slight 
temperature dependence is observed. Each point in Figures 2 and 
3 represents an average of four to eight experiments. Since even 
at  the highest bath gas concentrations the rate constants show 
slow increasing values, it is evident that, although very close to 
the high-pressure limit, our experiments still lie in the falloff regime 
between second- and third-order kinetics. A fit of the experimental 
data for each third-body gas at each temperature to falloff curves 
representing the pressure dependence of k,, has to be made to 
obtain the limiting high- and low-pressure recombination rate 
constants k,,,, and krcc,o. 

Analysis of the Falloff Curves. The most commonly used 
technique currently applied in the analysis of the falloff curves 
is the Troe factorized method16 

All the F factors depend on the ratio y = kr,,o/kr,,m as a di- 
mensionless scale. The Lindemann-Hinshelwood factor f lH(y)  
= 1 / ( 1  + l / y )  is a switching function that describes the transition 
of k,, from krcc,o to krcc,=. Fc allows for broadening due to the 
spread in the values of the energy-dependent specific rate constants 
of energized adducts, and pc accounts for weak collision effects 
via the collision efficiency of the diluent gas 6,. The parameter 
SK is related to the internal energy of the activated complex by 
the following relationship 

a In Q’ 
dT 

S K = ~ + T -  

(1 1 )  
where e l  = 404 cm-’ 23 is the lower electronically excited level of 
F atoms. Assuming 0, = 0.5 for CF,, the fit of the experimental 
data with eq 7 and 8 has been realized, wherein an initial value 
of n, = 0 has been chosen as a first approximation.28 A nonlinear 
least-squares fit to the measured bimolecular rate constants at 
298,339, and 378 K (Figure 3 )  yielded a set of k,,,,, values. These 
results are fitted with eq 9 in order to obtain a new n, value, which 
is used for a further evaluation of the limiting rate constants. The 
iterative procedure was repeated until convergence of n,. The 
final results are given in Table I, where the error limits quoted 
for the rate constants represent one standard deviation plus the 
uncertainty of the falloff extrapolations. The temperature de- 
pendence of the experimental results can be represented by the 
following equations 

k,,,, = 7.2 X 10-11(T/300)0.23 cm3 molecule-’ s-l (12)  

krec,o = [CF4](1.1 X 10-27)(T/300)-3.1 cm3 molecule-’ s-l 

(13) 

The limiting rate constants for the bath gases He, N2, and SF6 
at  298 K have been obtained by extrapolation, taking n, = 0.23 
(SK = 4.83). Table I shows the best fit for krcc,, and krcc,o. Such 
high k,,,, values are typical for atom-radical reactions in the 
high-pressure regime.24*29,30 Taking the statistical spread of the 
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results into account, the average value at  298 K, kr,,- = (7.6 f 
1 .O) X lo-" cm3 molecule-' s-', and the following expression for 
the temperature dependence of the rate constants over the range 

k,,., = 7.6 X 10-11(T/300)0.23 cm3 molecule-' s-' (14) 
has been obtained. The weak temperature dependence found here 
for k,,,- is typical for this kind of r e a c t i ~ n . ~ ~ . ~ ~ ~ ~ ~  The k, values 
derived from our experiments are appreciably higher than those 
normally reported in the literature. Nevertheless the temperature 
dependence of kr,,o/ [CF,] is norma1.24~29*30 

Evaluation of the Equilibrium Constant and Thermochemistry 
of the System. Our temperature-dependent k,,,, values can be 
combined with the limiting high-pressure dissociation rate con- 
stants k&-, resulting from the thermal dissociation of FS020F,S*6 
to estimate the equilibrium constant K,  = kdiM,m/kr,,m. The 
experimental falloff curves reported at  364, 374, 384, and 394 
K by Schumacher and ~ w o r k e r s ~ - ~  were fitted as above, resulting 
in the Arrhenius expression kdiSs,- = 9.4 X lo', exp[-(32.8 f 
0.7)lRZ"J s-'. This equation agrees very well with the one obtained 
from the extrapolated kdiss,, values assigned in ref 5 and 6, kdipr,, 
= 9.9 X lOI4 exp[-(32.8 f l .l)/RT] s-l. The recombination data 
(298-378 K) together with the dissociation results evaluated here 
(364-394 K) lead to individual k&8s,m/kr,,m ratios. In this way, 
the following expression over the temperature range 298-394 K 
is obtained 

(15) 
In order to derive the standard enthalpy, w 2 9 8 ,  and the standard 
entropy, u0298, changes of the reverse of reaction 1, the K, values 
were expressed in units of partial pressure, K p  = K a T .  A plot 
of In K p  + (AC,/R)[ln (298/T) + ( T  - 298)/Tl against 1 / T  
allows one to determine and S O 2 9 8  from the slope and 
intercept to 1 / T  = 0, respectively. Already reported values of 
vibrational frequencies of FS020F3' and FS0?-l2 were used to 
calculate the change in the molar heat capacities, AC,. This 
treatment leads to the following values: AH0298  = 33.1 f 0.9 kcal 
mol-' and & S O 2 9 8  = 27.2 f 1.2 cal mol-' K-'. The standard 
enthalpy and entropy changes of reactions 1 and 2 can be easily 
combined to derive the standard enthalpy and entropy of FS020F. 
In this way, the following relationships are deduced 

298-378 K 

K,  = 9.0 X loz4 exp(-16408/T) molecules 

M?298(FS020F) = 
AHf0298(F) + t/2[Mf0298(F2S206) - AH0298(2)1 + AH0298(1) 

(16) 
S02g8(FS020F) = 

s0298(F) + j/2[S0298(F2S206) - S0298(2)1 + B0298(1) (17) 
The standard enthalpy of formation of FSOzOF is estimated as 
AHfo298(FS020F) = -141.2 f 2.0 kcal mol-' employing 

f 2 kcal mol-',32 and the standard enthalpy changes of reactions 
1 and 2, M0298( 1) = -33.1 f 0.9 kcal mol-' and M02g8(2) = 
-22.1 f 0.7 kcal mol-1,8 respectively. Similarly, the standard 
entropy of FS020F,  S0298(FS020F) = 80.3 f 2.2 cal mol-' K-', 
is obtained by replacing in eq 17 the values SoZg8(F) = 37.9 cal 

= -27.2 f 1.2 cal mol-' K-I, and U0298(2) = -38.2 f 1.0 cal 
mol-' K-'.8 No reported literature values are available for the 
comparison with our AHf0298(FSO20F) and S0298(FS020F). 

Analysis of the Limiting High-pressure Rate Constants. We 
have interpreted the experimental k,,,, values in terms of the 
canonical version of the statistical adiabatic channel model." The 
SACM provides a useful method to both determine k,,,, and 
systematize the essential features affecting these rate constants.33 

(30) DeMore, W. B.; Margitan, J.  J.; Molina, M. J.; Watson, R. T.; 
Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A.  R.  
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Modelling", Evaluation No. 7, JPL Publication 85-37, 1985. 
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2544. 

(32) Benson, S. W. Chem. Rev. 1978, 78, 23. 
(33) Cobos, C. J.; Troe, J.  J .  Chem. Phys. 1985, 83, 1010. 

Afff02g8(F) = 18.9 f 0.4 kcal Mf02g8(F2S206) = -276 

K-1 , 23 S0298(F2S20,5) = 101 f 2 Cal mol-' K-',32 u0298(1) 
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According to the SACM, km,- is given, via detailed balance, by 
the following expression 

(18) 
In this equation Q*,,t denotes the centrifugal pseudopartition 
function, F*AM is an angular momentum coupling correction 
factor, u* is an effective symmetry number, Q*j is the pseudo- 
partition function of the conserved oscillators of F S 0 2 0 F ,  and 
Q*, is the product of the pseudopartition functions of the dis- 
appearing oscillators (these transitional modes are the torsion and 
the bending of the FS02-O-F bonds) and the pseudopartition 
function that accounts for the transformation between the ap- 
propriate rotational constants of FS020F and FS03. Qvib and 
Q,, are vibrational and rotational partition functions of FS020F,  
and K, is the equilibrium constant given by eq 15. The threshold 
energy is essentially the FS020-F bond dissociation energy at  
0 K, AHoo, because the reaction has a very small adiabatic 
zero-point barrier at the lowest reaction channel The value 
AHoo = 32.4 kcal mol-' was obtained from i w 0 2 9 8  and the vi- 
brational frequencies of FS020F31 and FS03.+12 The quantities 
denoted by an asterisk depend on the potential energy surface of 
the reaction. In the SACM the variation of the electronic energy 
along the reaction coordinate q is approached with a Morse po- 
tential (with a parameter p = 3.0 A-' as calculated using the 0-F 
stretching force constant of CF30F34). Besides, the transfor- 
mation from reactant to product eigenvalues is described by simple 
exponential switching functions of the form S(q) = exp[-a(q - 
qe)] with global looseness parameters a. The room-temperature 
value k,,,, = 7.6 X lo-" cm3 molecule-1 s-I was reproduced 
employing a ratio a/@ = 0.49. This value agrees very well with 
the value used to fit numerous single-bond dissociation-recom- 
bination reactions ( a / p )  = 0.46 f 0.09.33 The observed near 
constancy of a /@ is supported by recent ab initio  calculation^.^^ 
It is interesting to note that by using the reported average value 
(a/& = 0.46, a k,,- = 5.5 X lo-'' cm3 molecule-' s-I is predicted 
in very good agreement with the experimental result. The derived 
a l p  = 0.49 was then employed to calculate the temperature 
dependence of kr,,-. In this way, we obtain 

k,,,, = 7.6 X 10-11(T/300)0~15 cm3 molecule-' s-l (19) 

over the temperature range 300-400 K. This expression compares 
remarkably well with the value obtained from the experimental 
data (eq 12). The decrease of k,,- from the value corresponding 
to the phase space limiting high-pressure rate constant k,,(PSL) 
is accounted for by the rigidity factor f ~ b d  = k,,,m/kr,,m(PSL).33 
This factor takes explicitly into account the contraction of the 
available phase space of the reaction due mainly to the contribution 
of the internal degrees of freedom orthogonal to the reaction 
c o ~ r d i n a t e . ~ ~  k,,,,(PSL) is simply obtained by evaluation of eq 
18 with a l p  - a. In this way we calculate between 300 and 400 
K an almost constant f"dd N 0.19. This value Offmd is consistent 
with those normaly found for atom-polyatomic radical recom- 
bination reactions.33 

Collisional Energy Transfer of Highly Excited FS020F. 
Falloff behavior for dissociation-recombination reactions depends 
on parameters that characterize collisions between the reactants 
and third-body gases. The differences observed in the falloff curves 
shown in Figures 2 and 3 are accounted for by the differences 
in the collisional-energy-transfer rate constants and by the average 
amount of the energy transferred in both activating and deacti- 
vating collisions between the energized FS020F adduct and the 
bath gas M, ( AE) . Conventionally, the collisional-energy-transfer 
rate constants are approached by Lennard-Jones collision fre- 
quencies Z,.15 (M)  is related to the collision efficiency p,. The 
magnitude of p, can be evaluated from the ratio of the measured 

(34) Wilt, P. M.; Jones, E. A. J .  Inorg. Nucl. Chem. 1968, 30, 2933. 
(35) Wolf, R. J.; Bathia, D. S.; Hase, W. L. Chem. Phys. Lett. 1986,132, 

(36) Cobos, C. J.  J .  Chem. Phys. 1986, 85, 5644. 
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TABLE 1I: Bath Cas Collision Efficiencies and Average Ener& Transferred per Collision 
-( hE)/crn-' 

cs2c azulened 
T/K M B, exponential" stepladderb E,, = 10000 E,, = 36000 E,, = 17500 E,, = 30600 
298 He 0.1 1 40 34 13 100 78 79 
298 N2 0.19 82 65 6.8 72 185 198 
298 SF6 0.50 414 235 130 490 644 720 
298 CF4 0.46 346 208 56 1120 390 450 
339 CF4 0.45 387 235 
378 CF4 0.44 422 260 

"Exponential model (eq 21). bStepladder model (eq 22 and 23). CFrom direct measurements of excited CS2 at the given excitation energies E,,, 
(in cm-i).u dFrom direct measurements of excited azulene at the given excitation energies E,,, (in ~ m - 9 . ~ ~  

limiting low-pressure rate constant and the estimated value for 
the stron collision low-pressure rate constant e:,o. Following 
Troe, l! was computed with the equation 

where pib ,h(EO)  is the harmonic density of vibrational states of 
FSOzOF at the threshold energy Eo N W,,. The F factors take 
into account corrections for effects of anharmonicity Fanbr spread 
of internal energies Fe, external F,, and internal rotations Fmint. 
The evaluation of these factors is described in detail in ref 15 and 
16. The centrifugal barriers used in the calculations of Frot were 
derived from an effective potential which coupled a Morse in- 
teratomic potential with a triatomic centrifugal potential.*6*26,27J7 
Because of the lack of information related to the barrier for the 
FSO2-OF internal rotation, a value similar to that of CF,OF, 3.0 
kcal m01-1,38,39 was used in the computation of FmhV The assumed 
Lennard-Jones collision parameters for the FS020F are = 4.3 
A and e /k  = 292 K, while the values tabulated in ref 40 were 
employed for the bath gases. QVib is the vibrational partition 
function of FS020F.  Table I1 summarizes the 8, values derived 
from our measurements. These results show a typical correlation 
between 8, and the molecular complexity of bath gases. The 
exponential and the stepladder models for the transition proba- 
bilities have been used for the estimation of (AE) from the 8, 
values derived. These two standard models probably lead, for a 
given 8, to the higher and lower bounds of ( AE), respecti~ely.4'~~ 
The relationship between pc and (AE) for the exponential model 
is given by4' 

n 

while in the stepladder models 8, follows as42 

The average energy lost in deactivating collisions ( u ) d  is related 
to ( AE) through the following expression 

From eq 22 a ( A E ) ,  value that fits the 8, is chosen, and then it 
is transformed to (AE) by means of eq 23. 

It should be emphasized that the above detailed analysis of the 
experiments yields values of ( A E )  a t  energies close to the FS- 

~~~ 

(37) Cobos, C. J. Int. J .  Chem. Kinet. 1986, 18, 459. 
(38) Diodati, F. P.; Bartell, L. S. J .  Mol. Struct. 1971, 8,  395. 
(39) Buckley, P.; Weber, J. P. Can. J .  Chem. 1974, 52, 942. 
(40) Hippler, H.; Troe, J.; Wendelken, H. J. J .  Chem. Phys. 1983, 78, 

(41) Troe, J. J. Chem. Phys. 1977,66,4745. 
(42) Snider, N. J. Phys. Chem. 1986, 90, 4366. 
(43) Troe, J. Z .  Phys. Chem. (Munich) 1987, 1.54, 73. 
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020-F bond dissociation energy. The results of ( AE) are shown 
in Table 11. All the (AE) values estimated with the stepladder 
model remain smaller than the ( AE) values obtained with the 
exponential model. An estimate of the uncertainties of the ex- 
periments and of the theoretical analysis leaves an uncertainty 
of probably a factor of 2 in the calculated (AE) values. It appears 
interesting at  this time to compare our (AE) values with recent 
results of directly measured ( AE) for vibrationally highly excited 
molecules. Excited CS244 and a z ~ l e n e ~ ~  have been chosen as 
examples of triatomic and large polyatomic molecules, respectively. 
( AE) values for these molecules a t  different excitation energies 
are also given in Table 11. It can be seen that the (AE) values 
here calculated fall within the ranges of the results of direct 
measurements of intermolecular energy transfer. Nevertheless, 
due to the specificity of the energy transfer and the uncertainties 
in the ( AE) values, nothing can be concluded regarding which 
model for the transition probabilities provides a better interpre- 
tation of the energy transfer of this system. 

Specific Rate Constants at the Temperature of Experiments. 
The experimental krm,= and km,O values together with the above 
theoretical analysis allow us to approximately estimate the specific 
rate constants for decomposition of the energized FS020F adduct 
a t  the temperature of the experiments. In terms of the simple 
mechanism that characterizes the elementary processes involved 
in a recombination reaction, we have krcc,O = B ~ z u k r m , m / k -  
( ( E ) , ( J ) ) , 4 6  where k ( ( E ) , ( J ) )  is the specific rate constant for 
a thermal distribution of total energies E and angular momenta 
J. In this way, from this last relationship the following values 
werecalculated: k ( ( E ) , ( J ) )  = 8.7 X lo6, 1.3 X lo7, and 1.8 X 
lo7 s-' at  temperatures of 298,339,and 378 K, respectively. These 
values are significantly higher than those computed for the 
threshold specific rate constant k(E=Eo(J=O),J=O) = 8.2 X lo4 
s-l which does not depend on details of the potential surface. On 
the other hand, the particular features of the potential surface 
determine the opening of available reaction channels and this 
produces the concomitant sharp increase of k( ( E ) , (  J ) )  with excess 
of energy of FSOIOF adduct over the threshold value E - 
Eo(J=O). At low E - Eo(J=O) values (our conditions) the specific 
rate constants decrease with increasing J.26927*47 Besides, the 
average J value increases with temperature. Therefore, the ob- 
served increase of the specific rate constants with temperature 
is only due to its thermal energy dependence. 
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