
2518 J .  Phys. Chem. 1992, 96, 2518-2528 

at  1900 cm-I, while the observed origin of the AIA” state is a t  
12274 well below the C(lD) + HCI entrance energy. 
Nevertheless, the participation of an abstraction mechanism cannot 
be ruled out and calculations are clearly needed to sort out the 
contributions of the different mechanisms. 

V. Summary 

The reactions of C(lD) with H2 and HCl were studied using 
two-photon photolysis of C302 at  248 nm as the source of C(ID). 
Both reactions give rise to products (CH, CCl) with high internal 
excitation. CCl is the major diatomic product in the C(ID) + 
HC1 reaction, even though the reaction channel yielding C H  has 
comparable exothermicity. 

The internal state distributions in the products can be ration- 
alized by an insertion mechanism with short-lived carbene in- 
termediates (Le., CH, CHCl). The initial, spin-allowed approach 
is along the I’A, or XIA’ singlet surfaces of HCH(Cl), but the 
participation of higher singlet surfaces is also possible. The ex- 
istence of low-lying triplet states, Renner-Teller pairs, Coriolis 
couplings, and large spin-orbit matrix elements provides many 
opportunities for subsequent surface crossings, aided by strong 
bending motions in the intermediate, and both singlet and triplet 
surfaces may participate in the reactions. The participation of 

surfaces of B, or A” symmetry in the reactions with H2 and HCl, 
respectively, may account for the absence of significant A-doublet 
preferences in the CH(X211) product. In general, the insertion 
mechanism is analogous to the mechanism of the corresponding 
O( ID) reactions, and calculations indicate that abstraction has 
a substantial barrier. In further analogy with O(ID) reactions, 
the reactive intermediate is likely to be short-lived, and the large 
degree of product internal excitation derives from H-H or H-Cl 
repulsions. Better potential energy surfaces and dynamical 
calculations are clearly needed to aid in determining the impor- 
tance of the different possible mechanisms. 
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Time-resolved resonance fluorescence detection of Br(2P3 2) atom disappearance or appearance following 266-nm laser flash 
photolysis of CF2Br2/H2S/H2/N2, CF2Br2/CH3SH/H2//N2, CI2CO/H2S/HBr/N2, and CH3SSCH3/HBr/H2/N2 mixtures 
has been employed to study the kinetics of the reactions Br(2P3/2) + H2S * SH + HBr (1, -1) and Br(2P3,2) + CH3SH 
F? CH3S + HBr (2, -2) as a function of temperature over the range 273-431K. Arrhenius expressions in units of 
cm3 molecule-’ s-I which describe the results are kl  = (14.2 f 3.4) exp[(-2752 f 9 0 ) / q ,  k-’ = (4.40 f 0.92) exp[(-971 
f 73)/71, k2 = (9.24 f 1.15) exp[(-386 f 4 1 ) / q ,  and k2 = (1.46 f 0.21) exp[(-399 f 41) /q ;  errors are Zoand represent 
precision only. By examining Br(2P3 2) equilibration kinetics following 355-nm laser flash photolysis of Br2/CH3SH/H2/N2 
mixtures, a 298 K rate coefficient ofi( 1.7 f 0.5) X cm3 molecule-’ s-I has been obtained for the reaction CH3S + Br2 - CH,SBr + Br. To our knowledge, these are the first kinetic data reported for each of the reactions studied. Measured 
rate coefficients, along with known rate coefficients for similar radical + H2S, CH3SH, HBr, Br2 reactions are considered 
in terms of possible correlations of reactivity with reaction thermochemistry and with IP - EA, the difference between the 
ionization potential of the electron donor and the electron affinity of the electron acceptor. Bot,h thermochemical and 
charge-transfer effects appear to be important in controlling observed reactivities. Second and t r d  law analyses of the 

mol-]: for reaction 1, AH298 = 3.64 f 0.43 and AHo = 3.26 f 0.45; for reaction 2, AH298 = -0.14 i 0.28 and AHo = -0.65 
f 0.36. Combining the above enthalpies of reaction with the well-known heats of formation of Br, HBr, H2S, and CH3SH 
gives the following heats of formation for the RS radicals in units of kcal mol-’: AHfoo(SH) = 34.07 f 0.72, AZff0298(SH) 
= 34.18 f 0.68, AHfoo(CH3S) = 31.44 f 0.54, AHf0298(CH3S) = 29.78 f 0.44; errors are 20 and represent estimates of 
absolute accuracy. The SH heat of formation determined from our data agrees well with literature values but has reduced 
error limits compared to other available values. The CH3S heat of formation determined from our data is near the low end 
of the range of previous estimates and is 3-4 kcal mol-’ lower than values derived from recent molecular beam photofragmentation 
studies. 

equilibrium data for reactions 1 and 2 have been employed to obtain the following enthalpies of r .eaction in units of kcal 

Introduction 
Accurate thermochemical information for free-radical inter- 

mediates is essential to analysis of reaction mechanisms in complex 
chemical systems. One experimental approach which can be 
employed to obtain thermochemical parameters for a radical R 
involves measurement of temperature-dependent rate coefficients 
for the pair of reactions R H  + R’ - R’H + R; the ideal reaction 
pair for such a study is one where the heats of formation and 
absolute entropies of R’, R’H, and R H  are well characterized and 

*Author  to whom correspondence should be addressed. 

where kinetic data for the two reactions can be obtained over the 
same temperature range. 

In this paper we report the results of temperature-dependent 
kinetics studies of the following four reactions: 

Br(2P3/2) + H2S - S H  + HBr (1) 

S H  + HBr - Br(*P3,*) + H2S 

Br(2P3i2) + CH3SH - CH,S + HBr 

CH3S + HBr - Br(2P3,2) + CH3SH 

(-1) 

(2) 

(-2) 
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Heats of Formation of SH and CH3S Radicals 

The kinetic results have been employed to derive the most precise 
(and hopefully the most accurate) values currently available for 
the heats of formation of SH and CH3S, two radicals which are 
important intermediates in the oxidation of a number of atmos- 
pheric reduced sulfur compounds including H2S, CH3SH, 
CH3SCH3, and CH3SSCH3.'v2 To our knowledge there are no 
kinetics studies of any of the reactions 1, -1, 2, and -2 reported 
in the literature. 

Experimental Technique 
The experimental approach involved coupling reactant radical 

(i.e., Br, SH, CH3S) production by laser flash photolysis of suitable 
precursors with time-resolved detection of ground state bromine 
atom disappearance or appearance by resonance fluorescence 
spectroscopy. A schematic diagram of the apparatus, as configured 
for bromine atom detection, can be found el~ewhere.~ A de- 
scription of the experimental methodology is given below. 

A Pyrex-jacketed reaction cell with an internal volume of 150 
cm3 was used in all experiments; a diagram showing the geometry 
of the reaction cell is published el~ewhere.~ The cell was 
maintained at  a constant temperature by circulating ethylene 
glycol ( T  > 298 K) or methanol ( T  < 298 K) from a thermo- 
statically controlled bath through the outer jacket. A copper- 
constantan thermocouple with a stainless steel jacket was inserted 
into the reaction zone through a vacuum seal, thus allowing 
measurement of the gas temperature under the precise pressure 
and flow rate conditions of the experiment. 

The reactant radicals Br, SH, and CH3S were generated by 
266-nm laser flash photolysis of CF2Br2, CI2CO/H2S, and 
CH3SSCH3, respectively. In a few experiments Br atoms were 
generated by 355-nm laser flash photolysis of Br2. Third (355 
nm) or fourth (266 nm) harmonic radiation from a Quanta Ray 
Model DCR-2 Nd:YAG laser provided the photolytic radiation. 
The laser could deliver up to 3 X 10l6 photons per pulse a t  266 
nm and up to 1 X lo1' photons per pulse at 355 nm; the maximum 
repetition rate was 10 Hz and the pulse width was approximately 
6 ns. 

A bromine resonance lamp, situated perpendicular to the 
photolysis laser, excited resonance fluorescence in the bromine 
atoms produced photolytically or as a reaction product. The 
resonance lamp consisted of an electrodeless microwave discharge 
through about 1 Torr of a flowing mixture containing a trace of 
Br2 in helium. The flows of a 0.2% Br2 in helium mixture and 
pure helium into the lamp were controlled by separate needle 
valves, thus allowing the total pressure and Br2 concentration to 
be adjusted for optimum signal-to-noise ratio. Radiation was 
coupled out of the lamp through a magnesium fluoride window 
and into the reaction cell through a magnesium fluoride lens. 
Before entering the reaction cell, the lamp output passed through 
a flowing gas filter containing 50 Torwm of methane in nitrogen. 
The methane filter prevented radiation at  wavelengths shorter than 
140 nm (including impurity emissions from excited oxygen, hy- 
drogen, nitrogen, and chlorine atoms) from entering the reaction 
cell, but transmitted the strong bromine lines in the 140-160-nm 
region. 

Fluorescence was collected by a magnesium fluoride lens on 
an axis orthogonal to both the photolysis laser beam and resonance 
lamp beam and was imaged onto the photocathode of a solar blind 
photomultiplier with a CsI photocathode. The region between 
the reaction cell and the photomultiplier was purged with N 2  to 
prevent absorption of fluorescence photons by 02, H 2 0 ,  and other 
trace gases in the laboratory air. Signals were processed using 
photon counting techniques in conjunction with multichannel 
scaling. A large number of laser shots were typically averaged 
to obtain a bromine atom temporal profile with signal-to-noise 
sufficient for quantitative kinetic analysis. It is worth noting that 

( I )  Tyndall, G. S.; Ravishankara, A. R. Int. J .  Chem. Kinet. 1991, 23, 483. 
(2) Yin, F.; Grosjean, D.; Seinfeld, H. J .  A m " .  Chem. 1990, 1 I ,  309. 
(3) Nicovich, J.  M.: Shackelford, C. J.; Wine, P. H. J .  Phorochem. Pho- 

(4) Wine, P. H.;  Kreutter, N .  M.; Ravishankara, A. R. J .  Phys. Chem. 
robiol., A: Chem. 1990, 51, 141. 

1979, 83, 3191. 
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TABLE I: Parameters Relevant to in Situ Monitoring of HIS, 
CH$H, and HBr 
species X, nm light sourceo X isolationb 10L9a, cm2 
H2S 202.6 A M 57.5e 

CH3SH 202.6 A M 87.1 (ref 67) 

HBr 202.6 A M 10.2 (ref 24) 

M, i/4-m 
monochromator; BPF, band-pass filter. Measured during the course 
of this investigation. 

the resonance fluorescence detection scheme is sensitive to both 
ground-state (2P3/2) and spin-orbit excited-state (2P,,2) bromine 
atoms. 

Tests were carried out to evaluate the sensitivity of the detection 
system toward 0, H, C1, CO, and Br using 266-nm laser flash 
photolysis of 03/N2, CH3SH/N2, C12CO/N2, and CF2Br2/H2/N2 
mixtures as the respective sources for 0, H, C1+ CO, and Br (the 
reason for adding H2 to the CF2Br2/N2 mixture is discussed 
below). Production of - 1 X 10I2 0 or H cmW3 resulted in no 
observable signal. Similarly, production of 1 X l o L 2  C1 cm-3 + 
5 X 10" CO cm-3 resulted in no observable signal. The detection 
sensitivity for Br atoms was sufficient to allow temporal profiles 
to be followed down to [Br] < 1 X lo9 atoms with a rea- 
sonable level of signal averaging. 

The emission spectrum of the bromine lamp (transmitted 
through the methane filter) was measured using a scanning 
vacuum UV monochromator (resolution -0.05 nm) and the same 
solar blind photomultiplier as was employed in the kinetics ex- 
periments. In addition to the 4P - *P and 2P - 2P bromine 
transitions, major impurity emissions were the 2P - 2P, 2P - 2D, 
and 2D - *P transitions of atomic nitrogen at  174 nm (strong), 
149 nm (strong), and 141 nm (weak), respectively, and the 'P - 
3P transitions of atomic carbon at  166 nm (weak). The above- 
mentioned sensitivity tests confirmed that N(2P), N(2D), and/or 
C(3P) were not produced in sufficient quantity in the reaction cell 
(by multiphoton photodissociation of N2 or Cl2CO) to be detected 
via fluorescence excited by impurity lamp emissions; if this were 
not the case, then fluorescence signal would have been observed 
following 266-nm laser flash photolysis of 03/N2, CH3SH/N2, 
and/or CI2CO/N2 mixtures. The tests described above demon- 
strate quite conclusively that the detection system was specific 
to bromine atoms. 

To avoid accumulation of photolysis or reaction products, all 
experiments were carried out under "slow flow" conditions. The 
linear flow rate through the reactor was in the range 1.5-4.5 cm 
s-I and the laser repetition rate was varied over the range 1-10 
H z  (5 Hz typical). Hence, no volume element of the reaction 
mixture was subjected to more than a few laser shots. Reactants 
and radical photolytic precursors were flowed into the reaction 
cell from bulbs (12 L volume) containing dilute mixtures in ni- 
trogen while hydrogen and additional nitrogen were flowed directly 
from their storage cylinders. Except where specified in later 
discussions, all gases were premixed before entering the reactor. 
The concentrations of each component in the reaction mixtures 
were determined from measurements of the appropriate mass flow 
rates and the total pressure. The excess reactant (Le., H2S, 
CH3SH, or HBr) concentration was also determined in situ in 
the slow flow system by UV photometry. Monitoring wavelengths, 
light sources, and absorption cross sections relevant to the pho- 
tometric measurements are summarized in Table I .  Since it was 
normally the case that more than one species in the reaction 
mixtures absorbed at the monitoring wavelength, the excess 
reactant concentration was usually measured upstream from the 
photolyte addition point; dilution factors required to correct the 
measured concentration to the actual reactor concentration never 
exceeded 1.1. Some experiments were carried out with the ab- 
sorption cell positioned downstream from the reactor. Although 
the determinations of the excess reactant concentration were less 
precise in this experimental configuration (due to the presence 
in the absorption cell of more than one absorbing species), ex- 

228.8 B BPF 4.58c 

213.9 A M 14.V 

"A, zinc hollow cathode lamp; B, cadmium penray lamp. 
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perimental results were found to be independent of whether the 
absorption cell was positioned upstream or downstream relative 
to the reactor. 

The gases used in this study had the following stated minimum 
purities: N2, 99.999%; H2, 99.999%; C12, 99.99%$ HBr, 99.8%;5 
H2S, 99.5%;5 CH3SH, 99.5%.5 Nitrogen and hydrogen were used 
as supplied while C12, HBr, H2S, and CH3SH were degassed 
repeatedly at  77 K before being used to prepare mixtures with 
N2. It is worth noting that HBr gas samples taken directly from 
the storage cylinder contained significant (2550%) levels of a 
noncondensible (at 77 K) impurity which was determined by 
weighing to be H2. The stated minimum purity of the CF2Br2 
liquid sample was 99%. It was transferred under nitrogen into 
a vial fitted with a high vacuum stopcock and subjected to repeated 
freeze (77 K)-pump-thaw cycles before being used to prepare 
gaseous mixtures with N2. 

Results and Discussion 
In studies of reactions 1 and 2 bromine atoms were generated 

by 266-nm laser flash photolysis of CF2Br2 ( [CF2Br2] ranged from 
0.2 x i o i 4  to 11 x 1OI4 molecules ~ m - ~ ) :  

(3) 
The CF2Br2 absorption cross section at  266 nm is approximately 
8 X cm26-8 while the quantum yield for Br production from 
CF2Br2 photolysis increases from unity a t  X I 248 nm to around 
2 at  X = 193 nm.9 Presumably, a t  X I 248 nm CF2Br2 photo- 
dissociates as indicated in reaction 3 with unit yield. To ensure 
rapid relaxation of any photolytically generated Br(2Plj2), about 
1 Torr of H2 was added to the reaction mixture. The reaction 

Br(2Plj2) + H2(u=0) - Br(2P3/2) + H,(u=l) (4) 
cm3 molecule-' s-l.I0 

In studies of reaction -1, SH radicals were generated as follows: 
( 5 )  

(6) 
The Cl2CO concentration was typically 1 X lOI5 molecules 
while the H2S concentration was typically 1 X 10l6 molecules ~ m - ~ .  
We have recently shown that k6 = 3.6 X lo-" exp(2lO/T) cm3 
molecule-' s-] I I  and k7 = 2.25 X l(r" exp(-400/q an3 molecule-I 
s-I.12 
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CF2Br2 + hu(266 nm) - Br + CF2Br 

is known to be fast with k4 = 6 X 

C12C0 + hv(266 nm) - 2C1 + C O  
Cl + HIS - SH + HCl 

C1 + HBr - Br(2PJ) + HCl (7) 
Based on the above rate coefficients, experimental conditions were 
maintained where >90% of the photolytically generated C1 reacted 
with H2S and <lo% reacted with HBr. The C12C0 absorption 
cross section at 266 nm is approximately 1 X cm2,l3,I4 while 
the quantum yield for Cl2CO photodissociation at  253.7 nm has 
been shown to be unity.15 Reaction 5 actually occurs in a two-step 
process involving a ClCO intermediate. However, even in the 
unlikely event that ClCO is produced without internal excitation, 
the ClCO lifetime toward decomposition to C1 + CO is short 
compared to the experimental time scale (hundreds of microse- 
conds) for S H  removal.16 Reaction -1 was studied employing 
reaction mixtures containing no H2 in order to avoid potential 
complications from the reaction C1 + H2 - HC1 + H. 

Nicovich et al. 

' O ' 1  

(5)  Stated purity of liquid phase in cylinder. 
(6) Molina, L. T.; Molina, M. J.; Rowland, F. S. J .  Phys. Chem. 1982, 86, 

(7) Gillotay, D.; Simon, P. C. J .  Atmos. Chem. 1989, 8, 41. 
(8) Burkholder, J. B.; Wilson, R. R.; Gierczak, T.; Talukdar, R.; McKeen, 

S. A.; Orlando, J .  J.; Vaghjiani, G.  L.; Ravishankara, A. R. J .  Geophys. Res. 
1991, 96, 5025. 

(9) Talukdar, R.; Vaghjiani, G. L.; Ravishankara, A. R.,  to be published. 
(10) Nesbitt, D. J.; Leone, S. R. J .  Chem. Phys. 1980, 73, 6182. 
( 1  1) Nicovich, J .  M.; van Dijk, C. A,; Kreutter, K. D.; Wine, P. H., to be 
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(13) Heicklen, J. J .  Am. Chem. Soc. 1965, 87, 445. 
(14) Moule, D. C.; Foo, P. D. J .  Chem. Phys. 1971, 55, 1262. 
(15) Okabe, H. J .  Chem. Phys.  1977, 66, 2058. 
(16) Nicovich, J .  M.; Kreutter, K. D.; Wine, P. H. J .  Chem. Phys.  1990, 

92, 3539. 
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Figure 1. Typical Br(2P3/z) atom temporal profile observed in the studies 
of the Br(2P3 2) + RSH reactions (R = H, CH3). Reaction: Br(2P3/2) 
+ CH3SH. dxprimental conditions: T = 332 K, P = 50 Torr, [CF2Br2] 
= 8.1 X IOl4 molecules [CH3SH] = 5.04 X IOl4  molecules cm-3, 
[Br(3P3/z)]o - 8 X 10" atoms ~ m - ~ ,  number of laser shots averaged = 
2000. The inset shows the same data plotted as In S, versus time. The 
solid line in the inset is obtained from a least-squares analysis and gives 
the pseudo-first-order Br(2P3/2) decay rate shown in the figure. 

In studies of reaction -2, CH3S radicals were generated by 
266-nm laser flash photolysis of dimethyl disulfide: 

(8) 

o c  I 

CH3SSCH3 + hv(266 nm) - 2CH3S 

Concentrations of CH3SSCH3 ranged from 2 X lOI3 to 32 X lo1) 
molecules ~ m - ~ .  The CH3SSCH3 absorption cross section at 266 
nm is approximately 1 X 10-l8 cm2,I7 and the quantum yield for 
producing CH3S is thought to be 2." Reaction mixtures employed 
to study reaction -2 did contain 1 Torr of added Hz. 

All experiments were carried out under pseudo-first-order 
conditions with the stable reactant in large excess (factors of 
103-105) over the free-radical reactant. Concentrations of pho- 
tolytically generated radicals were typically in the range (5-1 5 )  
X 1Olo ~ m - ~ ,  although this experimental parameter was varied 
over a wide range (factor of 50). For all four reactions studied, 
observed kinetics were found to be independent of the photolytic 
precursor concentration(s) and the concentration of photolytically 
generated radicals. Observed kinetics were also found to be 
independent of the linear flow rate of the reaction mixture through 
the reactor and the photolysis laser repetition rate. 

In the absence of side reactions which regenerate or deplete 
the Br(2P312) atom concentration, the observed Br(2P3i2) temporal 
profile following the laser flash in studies of reactions 1 and 2 
would be described by the relationship 

In (So/S,) = In ([Br(2P3/2)lo/[Br(2P3/2)l~ = 
(k,[R,SH] + k9)t = k'f (i = 1 or 2, R ,  = H, R 2  = CH3) 

(1) 
In the above relationship, So and S, are the signal levels imme- 
diately after the laser fires and at  some later time t ,  [Br(2P3/2)]o 
and [ Br(2P3j2)]l are the bromine atom concentrations corre- 
sponding to So and S,, and k9 is the first-order rate coefficient 
for the process 

Br( 2P3/2) - loss by diffusion from the detector field of view 
and reaction with background impurities (9) 

The bimolecular rate coefficients of interest, k,(P, T) ,  are deter- 
mined from the slopes of k'versus [R,SH] plots. Observation of 
Br(2P3j2) temporal profiles which are exponential (i.e., obey eq 
I), linear dependencies of k'on [ R,SH] , and invariance of observed 

(17) Calvert, J .  G.; Pitts, J .  N., Jr .  Photochemistry; Wiley: New York, 

(18) Balla, R. J.; Heicklen, J .  Can. J .  Chem. 1984, 62, 162. 
1966. 
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TABLE II: Summary of Kinetic Data for the Reaction Br(2Py2) + 
T P no. of exptsb [H2SlmaX range ofk '  kl f 2aC 
319 100 6 456 10-138 2.65 f 0.10 
334 50 7 198 22-99 3.77 f 0.29 
341 100 6 550 12-229 4.44 f 0.15 
348 250 5 199 15-1 20 5.33 f 0.42 
351 50 7 197 23-135 5.23 f 0.62 
361 100 7 51 1 13-378 7.09 f 0.18 
362 50 10 137 28-121 6.95 f 0.73 
376 50 7 152 28-168 9.08 f 0.48 
388 50 1 1  149 30-212 12.0 f 0.7 

HZS - SH + HBP 

403 50 5 142 31-263 16.0 f 1.0 
417 50 5 157 34-333 19.0 f 0.9 
420 250 7 151 19-297 18.7 f 0.8 
423 100 8 492 13-1065 22.3 f 0.7 
431 50 5 122 4G-350 25.1 f 0.8 

"Units are T (K); P (Torr); [H2S] (1014 molecules cm-'); k ' ( s - ' ) ;  k ,  
cm3 molecule-I s-'). bExpt = measurement of a single pseudo- 

first order Br(ZP31z) decay rate. CErrors represent precision only. 

TABLE 111: Summary of Kinetic Data for the Reaction Br(2P3/2) + 
CH$H - CH$ + HBP 

T P no. of ex& ICHSHI,.. range of k' k ,  f 26 
273 50 10 23.8 31-5310 2230 f 50 
297 200 5 14.9 42-4000 2640 f 70 
298 50 10 21.8 27-5390 2480 f 90 
332 50 7 9.78 27-2810 2830 f 90 
383 50 6 12.0 34-4120 3350 f 80 
409 50 10 9.86 40-3570 3590 f 60 
431 50 6 12.8 37-5060 3820 f 50 

molecules ~ m - ~ ) ;  k' 
(s-I); k2 cm3 molecule-' s-'). *Expt measurement of a single 
psuedo-first-order Br(2P3/2) decay rate. Errors represent precision 
only. 

kinetics to variations in laser photon fluence and photolyte con- 
centration strongly suggest that reactions i and 9 are the only 
processes which affect the Br(2P3/2) time history, although re- 
actions of Br(2P3/2) with impurities in the RiSH samples are not 
ruled out by the above set of observations. A typical Br(2P312) 
temporal profile and a typical k'versus [RiSH] plot observed in 
our studies of reactions 1 and 2 are shown in Figures 1 and 2. 
Kinetic data for reactions 1 and 2 are summarized in Tables I1 
and 111. 

In the absence of side reactions that remove or produce Br- 
(2P3 2), the observed Br(2P3j2) temporal profile following the laser 
flash in studies of reactions -1 and -2 would be described by the 
relationship 
S, = k,Cl(k9 - k,)-I [exp(-kat) - exp(-k9r)] + C2 exp(-k9t) 

(11) 
In eq 11, S, and k9 are as defined above, k, is the pseudo-first-order 
rate coefficient for Br(2P3j2) appearance, and the parameters C1 
and C2 are defined as follows: 

"Units are T (K); P (Torr); [CH3SH] 

C, = a[RiS]af (111) 

C2 = a[Br(2P3jJ]o (IV) 
In the above equations [R,S], and [Br(2P3i2)]o are the radical 
concentrations after photolysis and (in the case of the SH + HBr 
study) reaction 6 have gone to completion, but before significant 
removal of R S  radical has occurred, f is the fraction of RiS 
radicals which are removed via a reaction which produces Br, and 
a is the proportionality constant which relates S, to [Br(2P3j2)],. 
For the reaction systems of interest, we expect that 

k, = ki [HBr]  + kIo  (V) 
f = k-,[HBr]/k, (VI) 

where i = 1 or 2, R = H for i = 1 and CH3 for i = 2, and k l o  
is the rate coefficient for the following reaction@) 
RiS - first-order loss by processes which do not produce Br 

(10) 

[CH,SH] (10'4molecules ~ m - ~ )  

Figure 2. Typical plot of k'versus [RSH] observed in the studies of the 
Br(2P3 2) + RSH reactions (R = H,CH3). Reaction: Br(2P3,,) + 
CH3Sk. T = 332 K, P = 50 Torr. The solid line is obtained from a 
linear least-squares analysis and gives the bimolecular rate coefficient 
shown in the figure. The open circle is the data point obtained from the 
temporal profile shown in Figure 1. 

A nonlinear least-squares analysis of each experimental temporal 
profile was employed to determine k,, k9, C,, and C,. The bi- 
molecular rate coefficients of interest, k..,(P,T) ( i  = 1, 2), were 
determined from the slopes of k, versus [HBr] plots. It is worth 
pointing out that the accuracy with which k, could be determined 
via the nonlinear least-squares fitting technique was quite good 
because it was always the case that k, >> kP and CI >> C,. It was 
also always the case that the intercepts of the k, versus [HBr] 
plots were small compared to the k, values measured; Le., k lo  was 
always slow enough to exert little or no influence on the precision 
of the measured bimolecular rate coefficients. Application of eq 
I1 for analysis of S H  + HBr kinetic data requires that C1 con- 
version to SH and Br via reactions 6 and 7 is instantaneous on 
the time scale for SH removal; under our experimental conditions, 
reactions 6 and 7 were complete within a few microseconds while 
reaction -1 occurred on a time scale of several hundred micro- 
seconds. 

Similar to the situation discussed above for the studies of re- 
actions 1 and 2, observation of Br(2P3j2) temporal profiles that 
obey eq 11, linear dependencies of k, on [HBr], and invariance 
of k, to variation in laser photon fluence and photolyte concen- 
tration suggests that the R,S + HBr reaction and reaction 9 are 
the only processes other than possible impurity reactions which 
significantly affect the Br(2P3,2) time history (once photolysis and 
C1 reaction with H2S and HBr are complete). A typical Br(,P3/,) 
temporal profile and typical k, versus [HBr] plot observed in our 
studies of reactions -1 and -2 are shown in Figures 3 and 4. 
Kinetic data for reactions -1 and -2 are summarized in Tables 
IV and V. 
As indicated in Tables 11-V, pressure dependence studies were 

carried out for reactions 1, 2, and -2; as expected, no evidence 
for pressure-dependent rate coefficients was observed over the 
range investigated (30-300 Torr). Arrhenius plots for reactions 
1,2, -1, and -2 are shown in Figure 5. The solid lines in Figure 
5 are obtained from linear least-squares analyses of the In ki( T )  
versus TI data; these analyses give the following Arrhenius ex- 
pression in units of cm3 molecule-' s-I: 

k ,  = (1.42 f 0.34) X lo-" exp[(-2752 f 90)/T], 

k-,  = (4.40 f 0.92) X exp[(-971 f 73)/Z7, 

k2 = (9.24 f 1.15) X lo-', exp[(-386 f 41)/T], 

319-431 K 

299-423 K 

273-431 K 
= (1.46 f 0.21) X exp[(-399 f 41)/T], 

213-426 K 
Errors in the above expressions are 2u and represent precision only. 
On the basis of observed precision and consideration of possible 
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TABLE I V  Summary of Kinetic Data for the Reaction S H  + HBr - Br(fPJ) + H2Sa 
T P no. of exptsb [HBrlmax range of k, range of k9 klo f 2 6  k-, f 2 6  

299 100 7 161 590-2910 29-45 49 f 106 176 f 10 
321 100 6 125 41 1-2980 24-35 64 f 76 209 f 8 
341 100 5 153 626-4050 28-39 92 f 140 253 f 14 
402 100 I 117 1100-4740 31-37 302 f 286 385 f 34 
423 100 12 91.2 622-4330 23-43 112 f 143 457 f 22 

"Units are T (K); P (Torr); [HBr] (lOI4 molecules cm-)); k,, k9, k , ,  (s-'); k-, (lo-'' cm3 molecule'l s+). bExpt E measurement of a single 
Br(2P3,2) temporal profile. Errors represent precision only. 

TABLE V: Summary of Kinetic Data for the Reaction C H S  + HBr - Br(2PJ) + CH$HO 
T P no. of exptsb [HBrlmax range of k, range of k9 klo f 2 6  k-2 f 2 6  

273 100 10 77.9 261-2870 1 1-29 99 f 114 347 f 29 
295 200 10 82.1 419-3360 17-61 247 f 116 383 f 25 
297 30 11 72.4 334-2700 20-32 81 f 50 363 f 12 
297 100 14 66.2 439-2570 10-19 56 f 82 382 f 20 
297 300 10 69.4 436-2710 9-23 -18 f 130 385 f 28 
330 100 6 65.9 473-2970 14-20 49 f 82 438 f 21 
366 100 7 56.4 252-2690 25-48 65 f 26 468 f 8 
403 100 8 56.0 294-3 120 30-37 55 f 42 546 f 12 
426 100 12 54.7 287-3341 24-44 22 f 77 592 f 25 

"Units are T (K); P (Torr); [HBr] (1014 molecules ~ m - ~ ) ;  k,, k9, kIo (s-I); k-2 cm3 molecule-' sd). bExpt = measurement of a single 
Br(2P3,2) temporal profile. Errors represent precision only. 

X I  / 

I I I I 

0 1 2 3 
0 

time (ms) 

F'ipre 3. Typical Br(*P,,,) atom temporal profile observed in the studies 
of RS + HBr reactions (R = H,CH3). Reaction: CH3S + HBr. Ex- 
perimental conditions: T = 330 K, P = 100 Torr, [CH3SSCH3] = 3.29 
X 10') molecules [HBr] = 5.12 X lOI5 molecules [CH,S], - 1.2 X 10" molecules c ~ n - ~ ,  number of laser shots averaged = 5000. 
The solid line is obtained from a nonlinear least-squares analysis and 
gives the following best fit parameters: k ,  = 2270 s-', k9 = 15 s-I, C,  

systematic errors (see below), we estimate the absolute accuracy 
of each measured bimolecular rate coefficient to be f 15% for the 
Br(2P3,z) + R,SH reactions and f20% for the RiS + HBr re- 
actions. 

Reaction Mechanisms. One important question one can ask 
about reactions 1, -1, 2, and -2 concerns the identity of the 
reaction products. Can we be sure that Br(2P3/2) + R,SH produces 
RiS + HBr with unit yield and that R,S + HBr produces Br + 
RiSH with unit yield? The answer to this question appears to 
be yes for reactions -1 and -2. We have investigated the possibility 
of adduct formation in the Br(2P,12) + H2S reaction and find no 
evidence for the Occurrence of an addition reaction, even at tem- 
peratures as low as 190 K. Hence, it appears that reaction 1 must 
produce S H  + HBr with unit yield. However, there are a number 
of possible channels via which reaction 2 could proceed: 

= 7410, C2 = 396. 

Br(2P,,,) + CH3SH - CH3S + HBr (2a) - CH2SH + HBr (2b) - CH, + HSBr (2c) - H + CH,SBr ( 2 4  - S H  + CH3Br (2e) 

2 CH,S(Br)H ( 2 0  

-13 

1 (4.23 f 0.21) x 10 

~ m ~ m o ~ e c u ~ i ' i '  

1 7' 
or I I I I 1 I I 

0 2 4 6 

[HBr] (ld5 molecules ) 

Figure 4. Typical plot of k ,  versus [HBr] observed in the studies of the 
RS + HBr reactions (R = H,CH3). Reaction: CH3S + HBr. T = 330 
K, P = 100 Torr. The solid line is obtained from a linear least-squares 
analysis and gives the bimolecular rate coefficient shown in the figure. 
The open circle is the data point obtained from the temporal profile 
shown in Figure 3. 

11 1 I 

I 
Br + CH3SH 1 

Y I 

I 1 
3.7 15 ' 

2.3 3.0 

10001T(K) 

Figure 5. Arrhenius plots. Solid lines are obtained from least-squares 
analyses which yield the Arrhenius expressions given in the text. 
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The occurrence of reaction 2b seems unlikely since the C-H bond 
in CH3SH is thought to be about 6 kcal mol-) stronger than the 
S-H bond.'9*20 For the similar though considerably more exo- 
thermic reactions of Cl and OH radicals with CH3SH, abstraction 
of a methyl hydrogen is known to be a very minor reaction 
channel;21vz2 since channel 2b is probably significantly endothermic, 
the yield of CH2SH from reaction 2 is probably smaller than the 
(very small) yields of CH2SH from the reactions of C1 and OH 
with CH3SH. Assuming the RS-Br bond strength to be 57 kcal 
mol-', i.e., intermediate between published estimates of the RS- 
C123 and RS-120 bond strengths, reactions 2c and 2d are highly 
endothermic. Using the CH3S and S H  heats of formation derived 
from our data (see below) to calculate the enthalpy change for 
reaction 2c leads to the conclusion that this reaction is endothermic 
by 4.6 kcal mol-'; assuming an A factor of 1 X 10-1 I cm3 mole- 
cule-I s-l for k2c and an activation energy equal to the endo- 
thermicity suggests that reaction 2e could contribute no more than 
1% to the measured k2 at  431 K and much less a t  lower tem- 
peratures. Recent unpublished experiments in our laboratory have 
obtained kinetic evidence for reversible adduct formation in the 
Br + CH3SH reaction at  temperatures below 235 K. A T 1 273 
K, the temperature range of interest for this study, our results 
suggest that the adduct lifetime is too short for its existence to 
be kinetically important. 
As an experimental check on the above conclusions, experiments 

were carried out where Br(2P3/2) kinetics were observed following 
355-nm laser flash photolysis of Br2/CH3SH/HBr/H2/N2 mix- 
tures: To avoid complications from a heterogeneous dark reaction 
between Br2 and CH,SH, it was necessary to inject Br2 into the 
gas flow just upstream from the reaction zone. Long-wavelength 
photolysis was necessary in order to completely avoid production 
of CH3S and H via photodissociation of CH3SH. Following 
Br(,P3/?) production by the laser flash, the following reactions 
occur: 

(2) 

(11) 

(12) 

(4) 

Br(2P3/2) + CH3SH - X' + Y 
X' + Br2 - XBr + Br(,PJ) 

X' + HBr - X H  + Br(2PJ) 

Br(ZP'j2) + H2 - B+P3/2) + Hz 

Br(2P3i2) - loss by diffusion from the detector field of view 
and reaction with background impurities (9) 

X' - first-order loss by processes which do not produce Br 
(13) 

Assuming that all reactions are first order or pseudo first order 
and that Br(2Pl/2) deactivation to Br(2P312) is instantaneous on 
the time scale for the occurrence of reactions 2, 11, and 12, the 
rate equations for the above reaction scheme can be solved ana- 
lytically: 

IBr(2P3/2)1,/[Br(2P3/2)lo = 
NQ + X I )  exp(X14 - ( Q  + X2) ex~(X2t)KXi - WII)  

where 

XI  = 0.5((a2 - 4b)'l2 - a) 

A2 = -0.5((a2 - 46)l/2 + a) 

Q = k111Br21 + k12[HBrl + &I3 

u = Q + k2[CH3SH] + k9 = -(XI + A,) 
b = k,Q + kI,k2[CH3SH] = XIX2 

(VIII) 

(IX) 

(XI 
(XI) 

( X W  
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(19) Dill, B.; Heydtmann, H. Chem. Phys. 1978, 35, 161. 
(20) Shum, L. G. S.;  Benson, S.  W. In?.  J .  Chem. Kine?. 1983. 15, 433. 
(21) Nesbitt, D. J.; Leone, S .  R. J .  Chem. Phys. 1981, 75, 4949. 
(22) Tyndall. G. S.; Ravishankara, A. R.  J .  Phys. Chem. 1989,93,4707. 
(23) Benson, S. W. Chem. Reu. 1978, 78, 23. 
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Figure 6. Typical Br(2P3/2) temporal profile observed following 355-nm 
laser flash photolysis of Br2/CH3SH/HBr/H2/N2 mixtures. Experi- 
mental conditions: T = 298 K, P = 30 Torr, [Br2] = 5.3 X 10I2 mole- 
cules an-', [CHISHI = 3.50 X lot5 molecules 
molecules cm-3, [Br(2P3/2)]o = 4 x 10'' atoms number of laser 
shots averaged = 10000. The solid line is obtained from a nonlinear 
least-squares analysis and gives the best fit parameters Q = 2540 s-I, -XI 
= 67.1 s-l, and -A2 = 10250 s-I. 

Observed Br(,P3,,) temporal profiles were fitted to the predicted 
double-exponential functional form (eq VII) using a nonlinear 
least-squares procedure to obtain values for XI ,  X2, and Q. The 
rate coefficient k9 was directly measured and was always small 
(10-40 s-'). Hence, the elementary rate coefficients k2 and kl3 
could be obtained from the relationships 

[HBr] = 2.99 X 

k2 = -(Q + k9 + XI + h,)/[CH,SH] (XIII) 

k13 = (ksQ - XiX2)/(Q + k9 + XI  + X2) (XIV) 

Values for k I 3  were always found to be relatively small, ranging 
from 14 to 127 s-I for the 45 double-exponential decays which 
were analyzed. For a set of experiments where [HBr] is varied 
at  constant (low) [Br2], a plot of (Q - kI3)  versus [HBr] should, 
according to eq X, be linear with slope = k12  and intercept = 
k l  I [Br2]. With the exception of CH2SH, 298 K rate coefficients 
for reactions of all possible radicals X' with HBr are known and 
are significantly different from each other; in units of cm3 
molecule-' s-' the rate coefficients of interest are 1.7 for X' = 
SH (this work), 3.9 for X' = CH3S (this work), 30 for X' = 
CH3,24 and 65 for X' = Hez5 Hence, determination of k 1 2  as 
described above should provide strong evidence concerning the 
identity of X'. 

A typical Br(,Py2) temporal profile observed following 355-nm 
laser flash photolysis of Br2/CH3SH/HBr/H2/N2 mixtures is 
shown in Figure 6, while typical plots of (Q - k13) versus [HBr] 
are shown in Figure 7. The data in Figure 7 suggest that k12(298 
K) 4.6 X 10-13 cm3 molecule-' s-l; considering the nature of 
the fitting procedure, we estimate the uncertainty in k12(298 K) 
to be f30%. This determination of kI2(298 K) strongly supports 
the contention that the dominant reaction channel for the Br(ZP3/2) 
+ CH3SH reaction is production of CH3S + HBr. The intercepts 
of the plots in Figure 7 indicate that the CH3S + Br, reaction 
is very fast, i.e., k14 = (1.7 f 0.5) X lo-'' cm3 molecule-I s-l. To 
our knowledge there are no measurements of k I 4  reported in the 
literature. 

(14) 
However, very fast rate coefficients have recently been reported 
for the reactions of alkyl radicals26 and SD radicals,' with Br,. 

CH3S + Br, - CH3SBr + Br(2P,) 

(24) Nicovich, J. M.; van Dijk, C. A.; Kreutter, K. D.; Wine, P. H. J .  Phys. 

(25) Umemoto, H.; Wada, Y.; Tsunashima. S.;  Takayanagi, T.; Sato, S. 

(26) Timonen, R. S.; Seetula, J. A.; Gutman, D. J .  Phys. Chem. 1990,94, 

Chem. 1991, 95, 9890. 

Chem. Phys. 1990, 143, 333. 

3005. 
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Since S H  and CH3S react with Br2 several hundred times faster 
than with HBr, the HBr concentration must be several thousand 
times larger than the Br, concentration before Br, interference 
can be considered to be unimportant. To investigate the Br, 
interference problem, a 2-m absorption cell was positioned in the 
slow flow system downstream from the reaction cell and employed 
to monitor Br2 photometrically (at 404.7 nm) with typical 
C12CO/H2S/HBr/N2 or CH3SSCH3/HBr/H2/N2 mixtures 
flowing through the system. No absorption was observed (Le., 
Z/Zo > 0.998) even at  HBr levels as high as 1 X 10’’ molecules 
cmW3. Since the Br, absorption cross section at  404.7 nm is about 
6 X cm2,I7 these experiments suggest that [Br2] < 
0.0002[HBr], 

Another potential systematic error in our studies of reactions 
-1 and -2 concerns the possibility that S H  and CH3S are p r o d u d  
in vibrationally or electronically excited states and do not relax 
much more rapidly than they react. The spin-orbit splittings in 
S H  and CH3S are 377 cm-I 29 and 257 cm-1,30.31 respectively, Le., 
only slightly larger than the average collision energy at 298 K 
(kT = 207 cm-I a t  298 K). Hence, extremely rapid equilibration 
of the SH and CH3S spin orbit states via collisions with the 
nitrogen buffer gas can be safely assumed. It is known from 
infrared chemiluminescence experiments that much of the 
available exothermicity of the Cl + H2S reaction appears as 
vibrational excitation in the HCl product, but that the SH product 
is formed with little or no internal excitation.” Furthermore, 
vibrational relaxation of SH by H2S is expected to be a very 
efficient process due to the near resonance (A? - 40 cm-I) be- 
tween the SH vibrational frequency29 and the S-H stretch fre- 
quencies in H2S3, Hence, it seems safe to conclude that SH was 
thermalized in our study of reaction -1. Black and Jusinski have 
studied the time dependence for populating the ground vibrational 
level of CH3S following 248-nm pulsed laser photolysis of 
CH3SSCH3 in the presence of a number of inert collision part- 
n e r ~ . ~ ~  They find that nearly all CH3S is produced in excited 
vibrational levels, but that relaxation is very efficient. A phe- 
nomenological rate coefficient of 5.1 X lo-’, cm3 molecule-’ s-’ 
was measured for populating the ground vibrational level (from 
the unknown initial vibrational state distribution) via collisions 
with N,. Hence, under our experimental conditions (Table V), 
CH,S relaxation times ranged from 0.02 to 0.2 ps while CH3S 
reaction times ranged from 300 to 4000 ps. 

As mentioned above, the SH + HBr experiments were carried 
out with no H2 added to the reaction mixtures in order to avoid 
potential complications from the C1 + H2 reaction. This variation 
in experimental conditions does, however, introduce a different 
possible complication. As mentioned in the Experimental Section, 
the resonance fluorescence detection technique is sensitive to both 
bromine atom spin-orbit states, and the relative sensitivies for 
detecting the two states are different and difficult to quantify. 
If Br(*P,/,) was generated in significant quantity, and if its re- 
laxation to Br(2P3,2) occurred on the same time scale as the SH 
+ HBr reaction, then temporal profiles for appearance of the 
fluorescence signal would deviate systematically from the quantity 
we actually want to measure the  temporal profile for appearance 
of bromine atoms. Rate coefficients for deactivation of Br(,P, ,) 
by N, and HBr are, in units of cm3 molecule-’ s-’, 2.5 X 
and - 1 X 10-12,34.35 respectively. Hence for the N2 and HBr levels 
employed (Table IV), any Br(2P,,,) generated via HBr photolysis, 
via reaction 7, or via reaction -1, was deactivated to Br(,P3,,) 
on a time scale which was faster by factors of 3-20 than the time 
scales for the occurrence of reaction -1. Although the rate 
coefficient for Br(2P,/,) deactivation by H2S does not appear to 

0 

[HBr] molecules cm3) 

Figure 7. Plots of (Q - kl3) versus [HBr]. Experimental conditions: T 
= 298 K; P (Torr) = (a) 100, (b) 30, (c) 30; [Br2] (1OI2 molecules cm-’) 
= (a) 2.15, (b) 3.25, (c) 5.3; [CH,SH] (lois molecules cm-’) = (a) 1.24, 
(b) 1.33, (c) 3.61. The lines are obtained from linear least-squares 
analyses; the slopes give the following values for k I 2  f 2a in units of 
cm’ molecule-I s-l: (a) 4.60 k 0.19, (b) 4.51 f 0.26, (c) 4.81 f 0.28; 
the intercepts suggest a gas kinetic value for kI4. The filled square is the 
data point obtained from the temporal profile shown in Figure 6. 

Reactivity in these systems seems to correlate with properties that 
reflect the strength of long-range attractive forces, particularly 
those associated with stabilization of transition states via charge 
separation. The highly polarizable nature of both CH3S and Br,, 
the low ionization potential of CH3S (8.06 eV28), and the large 
electron affinity of Br, (-2.55 eV28) are electronic properties 
which contribute to the very fast rate of reaction 14. 

Potential Systematic Errors. As discussed briefly above, a 
number of potential systematic errors in our kinetic measurements 
can be ruled out based on the observed invariance of Br(,P3/,) 
temporal profiles to variations in laser photon fluence, photolyte 
concentrations, flow velocity through the reactor, and laser pulse 
repetition rate; these include contributions to Br(,P3,,) kinetics 
from radical-radical side reactions, from radical-photolyte side 
reactions, from reactions involving radicals which are produced 
by reactant photolysis (H and CH3S from CH3SH photolysis, for 
example) or from reactions involving stable products which build 
up in concentration with successive laser flashes. In situ mea- 
surements of stable reactant (Le., H2S, CH3SH, HBr) concen- 
trations greatly reduce another potential source of systematic error. 

One type of kinetic interference which needs to be addressed 
is the potential contribution to measured rate coefficients from 
impurity reactions. The relatively unreactive nature of Br atoms 
makes it unlikely that impurity reactions were a problem in our 
studies of reactions 1 and 2. Gas chromatographic analyses of 
the H2S and CH3SH samples were carried out using a flame 
photometric detector to search for sulfur-containing impurities; 
none were observed, lending further confidence that impurity 
reactions were not a problem. The most likely impurity problem 
in our studies of reactions -1 and -2 is from Br,. Potential sources 
of Br, are impurity in the HBr sample, residual Br, (from Br 
recombination) not swept out of the reaction zone between laser 
flashes, and catalytic formation of Br, from heterogeneous re- 
actions of HBr (presumably on the metal surfaces of valves and 
fittings). As discussed above, reactions 14 and 15 are very fast 
(the 298 K rate coefficient for the SD + Brz reaction has recently 
been reported to be 9.8 X lo-” cm3 molecule-l SKI ,’). 

HS + Br, - HSBr + Br(,P,) (15)  

(27) Fenter, F. F.; Anderson, J. G. J .  Phys. Chem. 1991, 95, 3172. 
(28) Lias, S. G.; Bartmess, J. E.: Liebman, J. F.; Holmes, J. L.; Levin. R. 

D.; Mallard, W. G. J .  Phys. Chem. ReJ Data 1988, 17,  Suppl. I .  

(29) Ramsay, D. A. J. Chem. Phys. 1952, 20, 1920. 
(30) Hsu, Y.-C.; Liu, X.; Miller, T. A. J .  Chem. Phys. 1989, 90, 6852. 
(31) Lee, Y. P.; Chiang, S.-Y. J. Chem. Phys. 1991, 95, 66. 
(32) Sverdlov, L. M.: Kovner, M. A.; Krainov, E. P. Vibrational Spectra 

(33) Black, G.; Jusinski, L. E.  J .  Chem. SOC., Faraday Trans. 2 1986,82, 

(34) Donovan, R. J.; Husain, D. Trans. Farady Soc. 1966, 62, 2987. 
(35) Leone, S.  R.; Wodarczyk, F. J .  J. Chem. Phys. 1974, 60, 314. 

of Polyatomic Molecules; Wiley: New York. 1974. 
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TABLE VI: Kinetic Parameters, Enthalpy Changes, and IP - EA Values for a Series of Hydrogen Transfer Reactions R + XH - RH + X 
kinetic parameterso electronic properties' 

R X A E,,, k(298 K) ref - A H 2 9 , b  IP(R) - EA(XH) IP(XH) - EA(R) 
Br HS 140 5.5 0.013 TWd -3.6 10.70 7.08 
CI HS 360 -0.4 710 11 11.9 11.86 6.83 
O H  HS 60 0.15 47 68 28.0 12.57 8.62 
Br CH3S 92 0.8 24 TWd 0.1 11.6' 6.08 
CI CHjS 120 -0.3 2000 11 15.7 12.8' 5.82 
OH CH3S 99 -0.7 320 68 31.8 13.5' 7.61 
CI Br 230 0.8 60 12 15.6 12.8' 8.04 
OH Br 110 0 110 68 31.7 13.5' 9.83 
S H  Br 44 1.9 1.8 TWd 3.6 10.2' 9.36 
CH3S Br 15 0.8 3.9 TWd -0.1 7.9' 9.78 

Br 14 -0.5 32 24 17.8 9.6' 10.5 
C2H5 Br 13 -1.1 83 24 13.7 7.9' 10.7 
CH3 

t-CdH9 Br 11 -1.9 270 24 8.9 6.5' 11.0 

"Units for A and k(298 K) are cm3 molecule-' s-' and units for E,,, are kcal mol-'. buni t s  are kcal mol-'; values are computed using heats 
of formation from this work (SH and CH3S), ref 24 (CH3, CIHS, t-C,H9), ref 28 (i-C4HIO), and ref 68 (all others). are electronvolts; 
ionization potentials and electron affinities taken from ref 28. dTW = this work. CThe unknown (but presumably very small) EA(XH) is assumed 
to be 0.2 eV. 

be known, it appears likely (based for example on analogy with 
the known fast rate for Br(2Pl12) deactivation by H2036) that H2S 
levels of 1 X 10I6 molecules were sufficient to contribute 
significantly to the overall rate of Br(2Pl/2) deactivation. 

Comparison of Reaction Rates for a Series of Radical + H2S, 
CH3SH, HBr Reactions. To our knowledge, there are no previous 
kinetics studies of reactions 1, -1, 2, or -2 with which to compare 
our results. However, kinetic data are available for many 'similar" 
reactions. Kinetic parameters, reaction enthalpies, and relevant 
electronic properties for a series of hydrogen-transfer reactions 
involving free-radical attack on H2S, CH3SH, and HBr are 
summarized in Table VI. 

When one considers series of similar reactions such as those 
in Table VI, a correlation between the activation energy (in the 
exothermic direction) and the reaction exothermicity is often 
observed. Such correlations were clearly established by Evans 
and Polanyi in the 1 9 3 0 ~ ~ ~  and are heavily documented in the 
l i t e r a t ~ r e . ~ ~  Examination of Table VI, however, shows the 
correlation between activation energy and reaction exothermicity 
to be rather poor. Only the small subset of reactions C1, OH, SH 
+ HBr appear to follow such a trend. 

As mentioned above when considering the very fast rate ob- 
served for the CH3S + Br2 reaction, it is often possible to correlate 
reactivity with properties that reflect the strength of long-range 
attractive forces, particularly those associated with stabilization 
of transition states via charge separation. For some classes of 
reactions, reactivity is found to be strongly correlated with the 
parameter IP - EA, the difference between the ionization potential 
of one reactant and the electron affinity of the other reactant. 
Bayes and co-workers have observed that low values of IP - EA 
correlate with enhanced reactivity in the alkyl + 02, O3 reac- 
t i o n ~ . ~ ~ ~ ~ ~  Gutman and co-workers have observed a similar re- 
activity trend for the reactions of alkyl radicals with C12,41 Br2,26 
HI,42 and HBr;43-45 recent work in our laboratory has confirmed 
the reactivity trend in the alkyl + HBr series24 (Table VI). 
Anderson and co-workers have observed correlations between IP  
- EA and reactivity in reactions of O H  and SD radicals with 

(36) Taatjes, C. A.; Lovejoy, C. M.; Opansky, B. J.; Leones, S.  R. Chem. 

(37) Evans, M. G.; Polanyi, M. Trans. Faraday So t .  1938, 34, 1 1 .  
(38) see for example, Semenov, W. N. Some Problems in Chemical K i -  

(39) Ruiz, R. P.; Bayes, K. D. J. Phys. Chem. 1984, 88, 2592. 
(40) Paltenghi, R.; Ogryzlo, E. A.; Bayes, K. D. J .  Phys. Chem. 1984,88, 

Phys. Lett. 1991, 182, 39. 

netics and Reactioity, Princeton University Press: Princeton, NJ, 1958. 

lint LJYJ. 
(41) Timonen, R. S.;  Gutman, D. J .  Phys. Chem. 1986, 90, 2987. 
(42) Seetula, J .  A.; Russell, J. J.; Gutman, D. J .  Am. Chem. SOC. 1990, 

(43) Russell, J. J.; Seetula, J .  A.; Timonen, R. S.; Gutman, D.; Nava, D. 

(44) Russell, J. J.;  Seetula, J .  A.; Gutman, D. J .  Am. Chem. SOC. 1988, 

(45) Seetula, 1. A.; Gutman, D. J. Phys. Chem. 1990, 94, 7529. 

112, 1347. 

F. J .  Am. Chem. SOC. 1988, 110, 3084. 

110, 3092. 

halogen  molecule^^^*^ and in the reactions of Br, C1, F, 0, N, and 
OH radicals with ClN047 and with 03.48 The property IP  - EA 
has been found to correlate with both activation 
and A factors.3941 As discussed by Abbatt et al.,47 the barrier 
(Le., activation energy) to reaction can be lowered through an 
interaction with low-lying ionic states. Presumably, the ionic 
character of the reaction potential energy surface in the region 
of the transition state is enhanced when IP - EA is relatively small; 
this ionic character presumably lowers the barrier by increasing 
the stability of charge separation at  the transition state. The 
long-range electronic interaction which can occur when IP - EA 
is relatively low can result in formation of highly polar, loose 
transition states, an effect which leads to abnormally large A 
factors. 

Examination of the kinetic parameters and IP - EA values in 
Table VI leaves little doubt that ionic interactions exert an im- 
portant influence on reactivity in the reactions considered. The 
low ionization potential of CH3SH and high electron affinity of 
CI allow these reactants to interact via a charge-transfer mech- 
anism at  large separation, thus leading to a very large A factor 
and very fast reaction rate. Differences in reactivity of H2S and 
CH3SH toward C1 and O H  correlate very well with the value of 
IP(RSH) - EA(X), X = C1,OH. For Br(2P312) reactions with 
H2S and CH3SH, however, the above correlation would predict 
faster rate coefficients than are actually observed as a result of 
the high electron affinity of Br. The reactions of C1 and O H  with 
H2S and CH,SH, all of which are significantly exothermic, are 
barrierless processes. However, the thermoneutral Br(2P3i2) + 
CH3SH reaction has an activation energy of 0.8 kcal mol- and 
the endothermic Br(2P312) + H2S reaction has an activation energy 
1.9 kcal mol-] larger than the endothermicity. It seems clear that 
Br(2P312) can form (very weakly bound) long-range polar com- 
plexes with H2S and CH3SH. However, the unfavorable ther- 
mochemistry of the Br + RSH reactions apparently leads to 
significant barriers for H atom transfer within the complexes, such 
that complex dissociation back to reactants can compete effectively 
with the H-transfer reaction. 

Observed A factors for the radical + HBr reactions in Table 
VI follow the well-established trend of decreasing with increasing 
complexity of the reactant radical (Le., atomic > diatomic > 
p ~ l y a t o m i c ) . ~ ~  As mentioned above, alkyl + HBr reactivity 
correlates well with the alkyl radical ionization potential, Le., the 
lower the radical ionization potential, the faster the reaction; alkyl 
+ HBr reactivity does not correlate with reaction exothermicity. 

~ ~~~~~ ~ ~~~~ 

(46) Loewenstein, L. M.; Anderson, J. G. J .  Phys. Chem. 1985, 89, 5371. 
(47) Abbatt, J. P. D.; Toohey, D. W.; Fenter, F. F.; Stevens, P. S.; Brune. 

(48) Toohey, D. W.; Brune, W. H.; Anderson, J. G. In?. J .  Chem. Kinet. 

(49) see for example, Johnston, H. S .  Gas Phase Reaction Rate Theory; 

W. H.; Anderson, J. G. J .  Phys. Chem. 1989, 93, 1022. 

1988, 20, 131. 

Ronald Press Co.: New York, 1966; Chapter 12. 
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1 360 3.54 f 0.32 
298 3.46 f 0.33 

0 3.08 f 0.35 
2 333 -0.03 0.17 

298 -0.08 f 0.19 
0 -0.59 f 0.27 

TABLE VII: Thermochemical Parameters for the Reactions Br(*P3,J + HIS - SH + HBr (1) and Br(ZP3,2) + CHjSH - CH3S + HBr (2) 
AH," kcal mol-' AS," cal mol-' d e g '  

reaction T, K 2nd law 3rd law 2nd law 3rd law 
3.96 f 0.21 2.33 f 0.60 3.50 f 0.15 

2.04 f 1.56 3.24 f 0.12 

-0.17 f 0.32 3.67 f 0.44 3.23 f 0.53 
-0.20 f 0.28 3.48 f 1.09 3.07 f 0.51 

3.82 f 0.17 
3.44 f 0.19 

-0.71 f 0.36 

4Errors are 2a and represent best estimates of absolute accuracy. 

On the other hand, for the C1, OH, and SH reactions with HBr, 
a reasonable correlation of activation energy with reaction exo- 
thermicity is observed. These reactions apparently proceed through 
transition states which are not strongly influenced by ionic in- 
teractions. The thermoneutral CH3S + HBr reaction appears to 
be an intermediate case. Unlike the alkyl + HBr reactions, the 
CH3S + HBr reaction does have a positive activation energy. 
However, the barrier is much smaller than one would predict based 
on the AH versus E,,, trend observed for the C1, OH, S H  + HBr 
reactions. Apparently, the low ionization potential of CH3S 
facilitates ionic interactions which reduce but do not eliminate 
the barrier. 

SH and CH3S Thermochemistry. From the Arrhenius param- 
eters determined in this study we can obtain the enthalpy changes 
and entropy changes associated with reactions 1 and 2. One 
approach, the "second law method", employs the following rela- 
tionships to obtain thermochemical parameters for reaction i: 

AH, = Ei - E-, (XV) 

ASi = R In (Ai/&) (XVI) 

where Ai and E, are the A factor and activation energy for reaction 
i. Thermochemical parameters for reactions 1 and 2 obtained 
from the second law analyses are tabulated in Table VII. The 
temperature, 360 K for reaction 1 and 333 K for reaction 2, is 
defined as the arithmetic mean of the T' ranges employed in the 
determinations of ki and k-,. Values for AH at 298 and 0 K were 
computed using heat capacity corrections obtained from the JA- 
N A F  tablesSo for Br, HBr, SH,  and H2S, and calculated from 
available spectroscopic data for CH3S30,31 and CH3SH.32.s1.S2 
Second law values for A S  at  298 K were computed from the 
relationship 

AG298 = A H 2 9 8  - T A S 2 9 g  = R T  In Ke,(298 K) = 
R T  In [k_i(298 K)/ki(298 K)] (XVII) 

Values for ki(298 K) and k-,(298 K) were computed from the 
Arrhenius expressions reported above. 

An alternate procedure for obtaining thermochemical param- 
eters is the "third law method" where the entropy change is 
calculated using standard statistical mechanical methodss3 and 
employed in conjunction with experimental values for Keq( T )  to 
obtain AHT (from eq XVII). Absolute entropies as a function 
of temperature were obtained from the JANAF tabless0 for Br, 
HBr, SH, and H2S, and calculated from available spectroscopic 
data for CH3S30.3' and CH3SH.32.s'.s2 Uncertainties in the third 
law A S  values are estimated based on uncertainties in key 
structural parameters. For reaction 1, the calculated AS appears 
to be quite accurate. For reaction 2, a significant uncertainty in 
the calculated A S  arises from uncertainty in the frequency of the 
doubly degenerate v(, mode of CH3S, which was recently assigned 
a value of 586 cm-' by Lee and Chia t~g;~]  we "guesstimate" the 
error in this assignment to be f l O O  cm-I. In units of cal mol-' 

(50) Chase, M. W.,  Jr . ;  Davies, C. A,; Downey, J. R., Jr.; Frurip, D. J.; 
McDonald, R. A.; Syverud, A. N. J .  Phys. Chem. ReJ Doto 1985, 14. Suppl. 
I. 

(51) Kojima, T.; Nishikawa, T. J .  Phys. SOC. Jpn. 1957, 12, 680. 
( 5 2 )  Kojima, T. J .  Phys. SOC. Jpn. 1960, IS, 1284. 
(53) See, for example: Knox, J .  H .  Molecular Thermodynamics; Wiley- 

Interscience: London, 197 1. 

deg-', the 298 K entropies of SH and CH3S used in our third law 
determinations are 46.77 and 58.32, respectively. Results of the 
third law determinations are summarized in Table VII. 

The analysis presented above is based on the idea that reactions 
-1 and -2 are the reverse of reactions 1 and 2. In the case of 
reactions 1 and 2 we know that the reacting bromine atom was 
in the 'P3/Z ground state because sufficient H2 was present in the 
reaction mixtures to instantaneously (on the time scale for Br 
reaction) deactivate any photolytically generated Br(2Plj2). Hence, 
the reverse reactions we wish to determine the rates of are 

SH + HBr - H2S + Br(2P3i2) (-la) 

CH3S + HBr - CH3SH + Br('P3/') (-2a) 

Our method, however, actually measures k-, = k-', + k-lb and 
k-2 = k-', + k-2b where reactions -1b and -2b are the channels 
producing Br('PIj2): 

S H  + HBr - H2S + Br(2Plj2) 

CH3S + HBr - CH3SH + Br(2P,/,) (-2b) 

Clearly, if reactions -1 and/or -2 proceed exclusively or a sig- 
nificant fraction of the time via channels -1 b and/or -2b, then 
we would be overestimating the rate of the true reverse reaction@) 
and our reported enthalpy changes would be in error. Simple 
thermochemical arguments based on the measured activation 
energies for reactions 1 and 2 can be used to place reasonable 
upper limits on k-lb and k-2b. Our measured activation energy 
for reaction 1 is 5.5 kcal mol-]. It is reasonable to assume that 
the activation energy for reaction - la  is greater than -1.0 kcal 
mol-'. Since the bromine atom spin-orbit splitting is 10.5 kcal 
mol-', reaction -1 b must be endothermic by at least 4.0 kcal mol-'. 
Taking 1 X lo-" cm3 molecule-' s-' as an upper limit A factor 
for reaction -1b and 4.0 kcal mol-' as a lower limit activation 
energy for reaction -1b leads to the result k-lb(299 K) I 1.2 X 

cm3 
molecule-' s-I, i.e., k-lb/k-l 50.068 at 299 K and k-lb/k-l 50.19 
at  423 K. We have repeated the second and third law analyses 
of the reaction 1 data assuming that the above upper limits were 
the correct values for k-lb. Under this scenario, the second law 
AH values for reaction 1 which are given in Table VI1 would be 
increased by 0.29 kcal mol-' while the third law AH values for 
reaction 1 would be decrcased by 0.09 kcal mol-'. Our measured 
activation energy for reaction 2 is 0.8 kcal mol-'. If we assume 
as above that the activation energy for reaction -2a is greater than 
-1 .O kcal mol-', then we are led to the conclusion that reaction 
-2b must be endothermic by at least 8.7 kcal mol-'. Taking 1 
x lo-'' cm3 molecule-] s-I as an upper limit A factor for reaction 
-2b and 8.7 kcal mol-' as a lower limit activation energy for 
reaction -2b leads to the result k-,,(273 K) I 1.1 X cm3 
molecule-] s-I and k-,,(426 K) I 3.4 X cm3 molecule-' s-I, 

i.e., k-2b/k-2 I 3.1 X 
at 426 K. Clearly, the contribution of channel -2b to our measured 
values for k-, must be negligible over the entire temperature range 
investigated. 

The enthalpy changes for reactions 1 and 2 determined in this 
study can be combined with the accurately known heats of for- 
mation of Br, HBr, H2S, and CH3SH28ss0 (Table VIII) to obtain 
SH and CH,S heats of formation. Values for AHro0(R,S) and 

cm3 molecule-' s-' and k-lb(423 K) I 8.6 X 

at  273 K and k-2b/k-2 I 5.7 X 
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Br + CH4 rate coefficient leads to a value of 35.3 f 0.5 kcal mol-' 
for AHf,298(CH3);24 bond strengths derived using this value for 
the methyl heat of formation are given in parentheses in Table 
IX. 

Values for AHHfOASH) reported in this study are compared with 
literature values in Table VIII. The current JANAF recom- 
m e n d a t i o n ~ ~ ~  are based on measurements of the SH ionization 
p ~ t e n t i a l ~ ~ . ~ ~  and the appearance potential of SH+ from pho- 
toionization of H2SS6 Hwang and Benson have obtained a value 
for AHf,298(SH) based on a study of the I2 + H2S reaction at  
555-595 K;57 derivation of A H F , ~ ~ ~ ( S H )  from their kinetic data 
required the assumption that the activation energy for the SH 
+ H I  reaction is 1 f 1 kcal mol-'. A value for AH,,(SH) has 
recently been obtained by Nourbakhsh et al. based on time-of- 
flight measurements of CH3 and SH photofragments from 193-nm 
photodissociation of CH3SH in a supersonic molecular beam.s8 
Within combined uncertainties, the results reported in this study 
agree with all three literature values mentioned above. However, 
the error limits in the present study are somewhat smaller than 
those reported previously. 

Values for AHfoT(CH3S) reported in this study are compared 
with literature values in Table VIII. An early determination of 
AHf,298(CH3S), reported by Colussi and B e n ~ o n , ~ ~  involved 
studying the kinetics of benzylmethyl sulfide pyrolysis; their data 
analysis required knowledge of the benzyl radical heat of for- 
mation. A number of subsequent evaluations of AHf,298(CH3S) 
have appeared in the literature28~60~61 which involve reevaluation 
of Colussi and Benson's results based on different assumed values 
for AHf,298(benzyl); the recommendation of Lias et al.,28 which 
shows the best agreement with our results, is based on an assumed 
benzyl heat of formation of 49 kcal mol-'. as recommended by 
Tsang.62 Janousek et al.63 have measured the electron affinity 
of CH3S and combined their result with gas-phase acidity data 
for CH3SH64 to derive a value for AHf,298(CH3S) which agrees 
quite well with our findings. Shum and Benson20 have studied 
the kinetics of the I2 + CH3SH reaction over the temperature 
range 476404 K and obtain a lower limit value for AHf,298(CH3S) 
which is consistent with our findings. Hence, the value for 
AHf,298(CH3S) which we obtain from kinetics studies of reactions 
2 and -2 seems to be consistent with (but more precise than) most 
earlier work, although uncertainties in the heat of formation of 
benzyl radica161,62 somewhat hinders the comparison. However, 
an interesting discrepancy exists between our results and the recent 
molecular beam photofragmentation studies of Nourbakhsh et 
al.58965,66 These authors have obtained three independent mea- 
surements of AHf,,(CH3S) based on time-of-flight measurements 
of photofragments from 193-nm photodissociation of CH3SH,5s 
CH3SSCH3,65 and CH3SCH3;66 they report values for AHf,o- 
(CH3S) (with uncertainties of 1.5-2 kcal mol-') which are all 3-4 

TABLE VIII: Gas-Phase Heats of Formation 
species U f 0 O  mf0298 ref 

H 51.634 f 0.001 52.103 f 0.001 50 
S 65.662 f 0.060 66.200 f 0.060 50 
Br 28.184 f 0.014 26.735 f 0.014 50 
HBr -6.836 * 0.060 -8.710 f 0.040 50 
H2S -4.203 f 0.191 -4.900 f 0.191 50 

CHjSH -2.89 f 0.14 -5.47 f 0.14 28 
CH3SCH3 -5.09 f 0.12 -8.96 f 0.12 28 
CH3SSCH3 -1.63 f 0.24 -5.78 f 0.24 28 

CHI 35.62 f 0.19 34.82 f 0.19 50 

SH 34.07 f 0.72 34.18 f 0.68 this work 
33.3 f 1.2 50 
33.6 f 1.1 57 

33.9 f 1.5 58 

29.4 f 2.1b-c 28 
34.2 f 2.0b 59 
31.4 f 2.0b 60 
33.2 f 1.5b*c 61 
30.5 f 2.0 63 

129.5 f 2.0 20 
35.4 f 1.5 65 
35.5 f 2 58 
34.2 f 1.5 66 

CH3S 3 1.44 f 0.54 29.78 f 0.44 this work 

"Units are kcal mol-'. "These values are obtained by coupling the 
kinetic data of Colussi and Benson (ref 59) with different values 
(ranging from 44 to 49 kcal mol-') for the benzyl radical heat of for- 
mation. CCritical review. 

TABLE I X  Bond Strengths Derived Using the SH and CH,S Heats 
of Formation Determined in This Study in Conjunction with Other 
Heats of Formation Given in Table VIII" 

bond DO0 0 ° 2 9 8  

S-H 83.23 f 0.78 84.12 f 0.74 
HS-H 89.91 f 0.91 91.18 f 0.87 

(75.0 f 1.3)b 
H,C-S 69.84 * 0.79 7 1.24 f 0.69 

(71.7 f l.O)b 
HICS-H 85.96 f 0.68 87.35 f 0.58 
H3CSCH3 72.15 f 0.85 73.56 f 0.75 

(74.0 f l . l )b  
HJCS-SCH, 64.51 f 1.32 65.34 f 1.00 

HjC-SH 72.58 f 1.05 74.47 f 1.01 

"Units are kcal mol-'. bComputed using AHf,298(CH3) = 35.3 f 0.5 
kcal mol-' as reported in ref 24. 

AHf0298(RlS) are given in Table VIII. Simple averages of the 
second and third law enthalpies of reaction have been employed 
to obtain our reported R,S heats of formation; this approach seems 
reasonable since (a) estimated uncertainties in the second and third 
law determinations do not differ greatly and (b) the second and 
third law values for AHfo&RiS) agree to within a few tenths of 
a kcal mol-' for both SH and CH3S. The reported uncertainties 
in AHfodRIS) represent 2a estimates of absolute accuracy; since 
the 2a error estimates for the individual second and third law 
determinations are significantly larger than the deviation of the 
two determinations from their mean, we take the larger of the 
(second and third law) error estimates to be the error estimate 
for the mean. In the case of SH, we increase the uncertainty by 
an additional 0.1 kcal mol-' to account for the fact that reaction 
-1 could have a small but not negligible channel forming Br(2P,12) 
(see above). Our estimated uncertainties in AHf0&RiS) of 
0.44-0.72 kcal mol-' are substantially smaller than those reported 
previously (Table VIII). The SH or CH3S heat of formation 
represents the least well-known parameter required for evaluation 
of a number of bond dissociation energies (BDEs); in Table IX 
we give values for these BDEs derived using our reported values 
for AH,OAR,S) in conjunction with the other heats of formation 
given in Table VIII. For consistency, we employ the JANAFS0 
value of 34.82 f 0.19 kcal mol-' for AHf,298(CH3) to derive 
H3C-SH, H,C-S, and H3C-SCH, bond strengths. It should be 
pointed out, however, that combining our recent measurement of 
the CH3 + HBr rate coefficient with the literature value for the 

(54) Morrow, B. A. Can. J. Phys. 1966, 44, 2447. 
( 5 5 )  Palmer, T. F.; Lossing, F. P. J. Am. Chem. SOC. 1962, 84, 4661. 
(56) Dibeler, V. H.; Liston, S. K. J. Chem. Phys. 1968, 49, 482. 
(57) Hwang, R. J.; Benson, S. W. Int. J. Chem. Kinet. 1979, 11, 579. 
(58) Nourbakhsh, S.; Norwood, K.; Yin, H.-M.; Liao, C.-L.; Ng, C. Y. 

(59) Colussi, A. J.; Benson, S. W. Int. J. Chem. Kinet. 1977, 9, 295. 
(60) Rossi, M.; Golden, D. M. J. Am. Chem. SOC. 1979, 101, 1230. 
(61) McMillen, D. F.; Golden, D. M. Annu. Rev. Phys. Chem. 1982,33, 

493. 
(62) Tsang, W .  In Shock Tubes in Chemistry; Lifshitz, A,, Ed.; Dekker: 

New York, 1981. 
(63) Janousek, B. K.; Reed, K. J.; Brauman, J. 1. J. Am. Chem. Soc. 1980, 

102, 3125. 
(64) Bartmess, J. E.; McIver, R. T., Jr. In Gas Phase Ion Chemistry; 

Bowers, M. T., Ed.; Academic Press: New York, 1979; Vol. 2. 
(65) Nourbakhsh, S.; Liao, C.-L.; Ng, C. Y. J. Chem. Phys. 1990, 92, 

6587. 
(66) Nourbakhsh, S.; Norwood, K.; Yin, H.-M.; Liao, C.-L.; Ng, C. Y. 

J .  Chem. Phys. 1991, 95, 5014. 
(67) Wine, P. H.; Thompson, R. J.; Semmes, D. H. Int. J. Chem. Kiner. 

1984, 16, 1623. 
(68) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Molina, M. J.; 

Hampson, R. F.; Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R. Chemical 
Kinetics and Photochemical Data for  Use in Stratospheric Modeling, JPL 
Publication 90- I ;  Jet Propulsion Laboratory, Pasadena, CA, 1990. 

J .  Chem. Phys. 1991, 95, 946. 
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kcal mol-' higher than the value of 31.44 f 0.54 kcal mol-' 
obtained in this study. The error in our determination of k2/k-? 
needed to rationalize a 3-4 kcal mol-' increase in AHf,o(CH3S) 
is a factor of several hundred in the direction where k2 would have 
to be slower or k-2 would have to be faster; errors of this magnitude 
seem unlikely. 

Summary 
Time-resolved resonance fluorescence detection of Br(2P3,2) 

disappearance following 266-nm laser flash photolysis of 
CF2Br2/H2S/H2/N2, CF2Br2/CH3SH/H2/N2, CI2CO/H2S/ 
HBr/N2, and CH3SSCH3/HBr/H2/N2 mixtures has been em- 
ployed to study the kinetics of reactions 1, 2, -1, and -2 as a 
function of temperature. In units of cm3 molecule-' s-I, 

Arrhenius expressions which describe our results are k l  = (14.2 
f 3.4) exp[(-2752 f 90)/7'l, k-, = (4.40 f 0.92) exp[(-971 f 
73)/Tj, k2 = (9.24 f 1.15) exp[(-386 f 41)/Tj, and k-2 = (1.46 
f 0.21) exp[(-399 f 41)/T]. By examining Br(2P3,2) equili- 
bration kinetics following 355-nm laser flash photolysis of Br2/ 
CH3SH/H2/N2 mixtures, a 298 K rate coefficient of (1.7 f 0.5) 
X cm3 molecule-' s-l has been obtained for the CH3S + Br, 
reaction. To our knowledge, these are the first kinetic data re- 
ported for each of the reactions studied. Comparison of A factors 
and activation energies for reactions 1, -1, 2, and -2 with known 
kinetic parameters for other radical + H2S, CH3SH, HBr hy- 
drogen-transfer reactions suggests that both thermochemistry and 
electronic properties (Le., IP - EA) exert important influences 
on observed reaction rates. 

Second and third law analyses of the equilibrium data, Le., 
kl/k-, and k2/k-2, have been employed to obtain the enthalpy 
changes associated with reactions 1 and 2. At 298 K, reaction 
1 is endothermic by 3.64 kcal mol-] while reaction 2 is exothermic 
by 0.14 kcal mol-'. Combining the experimentally determined 
enthalpies of reaction with the well-known heats of formation of 
Br, HBr, H2S, and CH3SH gives the following heats of formation 
for RS radicals in units of kcal mol-': AHTo(SH) = 34.07 f 0.72, 

AZ-Zf0298(CH3S) = 29.78 f 0.44; errors are 20 and represent 
estimates of absolute accuracy. The SH heat of formation de- 
termined from our data agrees well with literature values but has 
reduced error limits compared to other available values. The CH,S 
heat of formation determined from our data is near the low end 
of the range of previous estimates and is 3-4 kcal mol-' lower than 
values derived from recent molecular beam photofragmentation 
s t ~ d i e s . ~ ~ , ~ ~ * ~ ~  
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Comparison of Heterogeneous and Homogeneous Electron-Transfer Rates for Some 
Nitroalkanes and Diketones 
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Redox catalysis has been used to investigate the homogeneous electron-transfer reactions between the substrates (nitroalkane 
or diketone) and the reduced form of the catalyst, which was terephthalonitrile. The substrates were RN02 (R = Me, Et, 
i-Pr, and t-Bu) and RC(O)C(O)R (R = Me, Et, and t-Bu). The experiments were conducted in acetonitrile solvent at 298 
K with three different electrolytes, R4NC104 (R = Et, n-Bu, and n-C7HI5). The effect of added water and alcohols (methanol, 
ethanol, and s-butanol) was investigated. Formal potentials and standard heterogeneous electron-transfer rate constants, 
k,, were also determined. It was found that increasing the size of the cation of the electrolyte resulted in a decrease in k, 
but did not affect the rate of the homogeneous electron-transfer reactions. The result is interpreted as a decrease in 
electron-tunneling rate with increasing thickness of a compact layer of adsorbed cations, a double-layer effect that cannot 
influence the homogeneous reaction. Addition of the hydroxylic solutes, S, caused diminution of both k, and the rate constant 
for homogeneous electron transfer from the anion radical of the substrate to the catalyst. This result is discussed in terms 
of two models, viz., complexation or adduct formation between the anion radical and S or increasing solvation energy of 
the anion radical. 

Introduction 
Factors governing the rates of heterogeneous and homogeneous 

electron-transfer reactions continue to be of fundamental interest. 
It has recently been demonstrated] that the technique of homo- 
geneous redox catalysis2 can be used to determine rate constants 
for solution electron-transfer reactions between a catalyst redox 
couple and a substrate couple even when there are no irreversible 
chemical steps to drive the catalysis reaction. In this way, the 
rate constant for electron transfer from the radical anion of 
terephthalonitrile to 2-methyl-2-nitropropane was measured under 
a variety of conditions. From the known self-exchange rate 
constant for terephthalonitrile and its radical anion, the self-ex- 

'Present address: Air Products and Chemicals, Inc., Allentown, PA 18195. 
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change rate constant for 2-methyl-2-nitropropane and its radical 
anion was estimated for the first time. 

In this technique, mixtures of the catalyst (P) and the substrate 
(A) are investigated by cyclic voltammetry. The catalyst couple 
is chosen so that its formal potential, Eo", is close to that of the 

A + e = B Eo'AB (1) 
P + e = Q Eo'pQ (2) 

A + Q & B + P In K, = (F/RT)(EO',,  - EO'pQ) (3) 
k b  

(1) Gilicinski, A. G.; Evans, D. H .  J .  Elecrroanal. Chem. Interfacial 

(2) Andrieux, C .  P.; Hapiot, P.; Savtant, J. M. Chem. Reu. 1990, 90, 723. 
Electrochem. 1989, 267, 93. 
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