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SUMMARY 

The absolute rate for the addition of S(3aPJ to acetylene (at 29510 is de- 
termined as [5.0 & 0.51 x lo-13 cm3 molecule-l s-1 (in the presence of 20 kN 
m- 2 of argon). The rate of the analogous reaction for S(3rD21, relative to the rate 
for quenching of this state by COz is also determined, kGn,/kCO, = 2.5 & 0.4. 
Both S(3sP,) and S(3lDs) are shown to react less rapidly with triple carbon bonds 
than with double bonds. The observation of CS radicals in the systems used to 
study these addition reactions, using flash photolysis, is shown to result from the 
photoexcitation of acetylene, rather than fragmentation of the addition product. 

INTRODUCTION 

In continuation of our investigation of reactions involving electronically 
excited atoms, and their comparison with reactions of ground state atoms, we 
here present a study of the reactions of S(33PJ) and S(3lDz) with acetylene. The 
reaction of S(33PJ) with CzHz has previously been investigated using flash photo- 
lysis with kinetic mass spectrometry, and the unstable addition product, CzHsS 
(lifetime - 2 set), observed1 : 

S(33P,) + CzHz += CzHzS +z CzHzS (1) f 

In a separate study, Strausz et al. 2 have determined Arrhenius parameters for the 
addition of S(33P,) to a range of unsaturated molecules, relative to those for 
addition to ethylene, using end-product analysis techniques. In those cases where 
the primary addition product was unstable, which included the acetylenes studied, 
relative rate parameters were determined by the suppression in the yield of episul- 
phide formed in the competing reaction. Using the previously reported absolute 
rate3 for the addition of S(33P,) to C&l4 at 300K, a value for the absolute rate of 
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reaction (la) may be obtained_ The present work thus provides an independent 
check on the rate data of refs. 2 and 3. 

The reaction of S(3rDz) with acetylene has been investigated using kinetic 
absorption spectroscopy in the ultra-violet4, and the formation of the CS radical, 
attributed to fragmentation following insertion into the triple bond4: 

S(3’Ds) + CzHs : CsHaS* (2) 

CsH2S* : CH + CHS* 

CHS*-+CS+H 

However, the most reliable thermochemical data suggest that fragmentation to 
yield CS is endothermicr. The alternative fragmentation process: 

C2H2S* -+ CH2 f CS (2d) 

also appears to be endothermic 1; however, the uncertainties in the thermochemical 
data make it difficult to exclude reaction (2d) entirely. 

We here re-examine reactions (1) and (2) and present quantitative rate data. 

EXPERIMENTAL 

The experimental arrangement for flash photolysis with time resolved atomic 
absorption in the vacuum ultra-violet has been described elsewheres. A 1 m con- 
cave grating vacuum monochromator (Hilger and Watts E766) was employed to 
isolate the 182.04 nm emission line of sulphur. The atomic emission lamp was 
similar in construction to that previously describeds, except that sulphur replaced 
the tellurium; the lamp was powered by a microwave generator (E-MS. “Microtron 
200”). Flash energies of 600 J were found to be adequate and resulted in low levels 
of photolysis; however, reaction mixtures were discarded after each flash. Care 
was taken to minimize the time for which reaction mixtures were exposed to the 
emission from the atomic lamp. A large excess (>lOs fold excess) of inert diluent 
gas (generally argon) was used for all reaction mixtures, to maintain isothermal 
conditions, and rate data are reported for 295K. 

An entirely separate apparatus was employed for the experiments in which 
the NS radical was used as a spectroscopic marker. This was of conventional design 
for flash spectroscopy in the region of 200-600 nm, and has been described pre- 
vi0us1ys. 

Materials 
CsHs: British Oxygen Co (BOC), cylinder grade acetylene was purified by 

passage through traps at 195K, degassed by repeated trapping at 77K, and frac- 
tionally distilled from 77K. 
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CO2: BOC “grade X” was used directly from pyrex break-seal flasks. 
SF6 : Matheson cylinder grade gas was trapped at 77K and degassed by 

bulb to bulb distillation. 
Ar Matheson “ultra high purity” grade was taken directly from the cylinder. 
Nz: BOC “white spot” grade nitrogen was passed through traps at 77K, 

before use. 
NzO and OCS were prepared as described previously6. 

RESULTS 

Ground state sulphur atoms S(3V,) were produced by the flash photolysis 
of OCS in the presence of a 1.5 x 103 fold excess of argon7. (Post = 13.3 N m-2; 
PAr = 20 kN m-2). The decay of S(33P,) was monitored by observing the attenua- 
tion of resonance radiation at 182.04 nm; Signal-to-noise ratios were similar to 
those shown in Fig, 1 of ref. 7. The first order rate coefficients determined by 
plotting In In 10,Jl against time are presented in Fig. 1. The second order rate 
constant determined from Fig. 1 (corrected for the non-linear Beer-Lambert 
relation), was found to be kI = (5.0 -& 0.5) x lo-13 cm3 molecule-r s --1(295K; 

I I I 

0 IO0 200 

Partial pressure of C, H,(Nr& 

Fig. 1. Plot of first order rate coefficients (kl’) against partial pressure of CZHZ. 
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P Ar = 20 kN m-2; error for two standard deviations). The Beer-Lambert factor 
(7) in the relation: 

In In (&/I) = O.D. = E (cl)Y 

was determined by comparing the attenuation of resonance radiation at 182.04 nm 
when half of the reaction vessel was blanked off, with that observed when the 
entire vessel was exposed to the flash; y was determined to be 0.75 -& 0.07 under 
the present conditionsa. The rate of reaction (1) was only determined for one 
value of the total pressure ; however, this was chosen to be close to the high 
pressure limiting rate (the high pressure limiting rate should certainly lie within the 
experimental uncertainty of the present determination)g. 

The rate for reaction (2) relative to that for quenching of S(3iD2) by CO2 
was determined using the NS radical as a spectroscopic markerG. The Stern- 
Volmer type plots, derived using the marker technique, are shown in Fig. 2, from 
which the ratio &n,/koo, was determined as 2.5 & 0.4. 

The CS radical was observed via the strong (0,O) band of the A t X system, 
following the flash photolysis of OCSlO in the presence of &Hz as reported pre- 
viously4. In these experiments we employed SF6 as the diluent gas so that no signi- 
ficant quenching of S(3lDz) would result; however, when CO2 was added to the 
reactant mixture, in ratios up to 2O:l (CO 2: CsH2, which would result in -go”/;‘, 
of the S(3lDs) being quenched), no reduction in the yield of CS could be detected. 
Similar results were obtained when a lo3 fold excess of Ns over CsH2 was used; 
under these conditions -99% of the S(3lDs) atoms would be quenched to the 

Fig. 2. Plot of ~S]Z/~S]m against pressure of added gas [MI. M = C&h @7), co2 (Xl. 
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Sf3 3P,) state6. Thus only if S(3lD2) and S(33P,) reacted with CzHz to produce CS, 
could the previously proposed mechanism4 be substantiated. As the production of 
CS from reaction (1) is strongly endothermic, we conclude that CS is not produced 
by the direct reaction of sulphur atoms with acetylene. 

Furthermore, the addition of excess ethylene to reaction mixtures should 
result in the removal3 of S(33PJ); we observed no decrease in the yield of CS when 
ethylene was added to the reaction mixtures containing acetylene. If ethylene and 
OCS, in the presence of excess argon, are photolyzed a small yield of CS is observed 
but this is negligible in comparison with that produced when acetylene is added. 
The yield of CS in the presence of acetylene was found to vary with flash energy, 
while doubling the flash energy resulted in a less than two fold increase in [CS] 
(due account being taken of the Beer-Lambert factor for the 258 nm bandll). 
This could be due to strong absorption by the species giving rise to CS, such that 
non-uniform light absorption across the reaction vessel occurred. Acetylene is 
known to be a strong absorber for A<200 nm and we conclude that the most likely 
source of CS is the reaction of photoexcited acetylene (or a photolysis fragment) 
with OCS. In view of the complexities of such reactions we have not investigated 
it further. 

DISCUSSION 

The reaction of 0(23P,) with CzHz is of considerable importance in a num- 
ber of combustion processes and has been the subject of numerous investiga- 
tions12y13. However, it is only recently that reliable rate data for the primary 
reaction have been establishedl2pls. Th e application of sensitive techniques, 
whereby the atomic reactant is monitored directly (i.e., using spectroscopic tech- 
niques), has allowed the rate of the primary reaction to be investigated, without the 
complications of competing side reactions which arise from the free radicals pro- 
duced following the fragmentation of the addition product. The addition of 
O(23PJ) to CzHz at high pressures (P>50 MN m-2) or in an argon matrixl* 
(20K) leads to the formation of CHzCO and not the oxirene, which thus indicates 
the high kinetic and thermodynamic instability of the initial addition product. 
In the gas phase the high exothermicity of the reaction leads to extensive fragment- 
ation via a number of reaction channels including chemi-ionizationl”. The domi- 
nant fragmentation process, however, produces CH2 and CO, and the subsequent 
reaction of CH2 with 0(23PJ) yields further amounts of vibrationally excited CO12. 
The production of CO with a vibrational population inversion has been suggested 
as the basis for a “free burning laser”15. 

By comparison reaction (la) is less exothermic and the only thermochemically 
favourable fragmentation process, is the reverse reaction (lb). Rearrangement of 
the initially formed thiirene to yield CHXS might be expected13 but Strausz 
et al, 1 favour the formation of the thiirene as the major product. 
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The absolute rate of reaction (la) was only determined at one total pressure, 
which was chosen* such that the observed rate should be close to the high pressure 
limiting rates, and equal to it within the experimental uncertainty. The observation 
of large quantities of CzHzS using kinetic mass spectrometryl, where lower total 
pressures were employed, further substantiates this point. Using the previously 
reported relative Arrhenius parameters 2 for reaction (la), together with the ab- 
solute rate for the addition of S(33P,) to ethylene3, a value for the absolute rate 
of reaction (la) at 295K is obtained which is apparently a factor of three Iess than 
that determined here. No indication of the error limits for the relative Arrhenius 
parameters was given in ref. 2, and it is possible that the combined errors in activa- 
tion energy and pre-exponential factor could account for this discrepancy. We note 
that the data for the acetylenes studied in ref. 2 were obtained by observing the 
depression in the yield of episulphide formed in a competing reaction, as the end 
product with acetylenes was unstable. This may have led to larger errors in the 
rate data for the acetylenes compared to the other molecules studied. 

The rate of reaction (la) is thus slower than that for the addition of S(33P,) 
to ethylene, and thus parallels the sIower addition rates observed for 0 and H 
atoms with acetylene, relative to their addition to ethylene12. 

By comparing the data given in ref. 6 with those determined here, it can be 
seen that the rate of reaction of S(31D3) with acetylene is also slower than the rate 
with ethylene. Thus it would appear to be a general rule, that the rate of atomic 
reactions with triple carbon bonds are slower than those with double bonds. 

The data of ref. 2 and those reviewed in ref. 12, indicate that this is due to 
the higher activation energies for reactions involving triple bonds. 
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