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Summary

S0, was photoexcited at 25 °C and 313.0 nm in the presence of allene.
The quantum yields of the gas phase products, C;H,; and CO, were deter-
mined over a wide range of allene and SO4 pressures as well as in the pres-
ence of CO,, NO, and H,O. The quantum yield of CoH,, ® {C3H,}, increases
with the ratio [allene] /[SO;] to a maximum value of 13.1 X 1073, In the
presence of excess CO,, NO, or H,0, or at higher allene pressures, ® {C,H,}
is reduced for any [allene] /[SO,] ratio. At higher [allene] /[SO,] ratios NO
is a much less efficient quencher than at low ratios and thus both singlet
and triplet states of SO, must participate in CoH, production. The quantum
yield of CO, ® {CO}, also increases with the ratio of [allene] /[SO,] to a
maximum value of 20.9 X 1073, At low values of the ratio [allene]/{SO.]
as well as low total pressure, ® {CO} is quenched initially by adding CO,, NO,
and H,O in a manner similar to & {C;H, }. For continued increases in the
pressures of CO,, NO, and H,O or at higher values of [allene] /[SO;], ® {CO}
is enhanced. Both the singlet and triplet emitting states, as well as a previous-
ly proposed non-emitting triplet state are necessary to interpret the photo-
chemistry of SO, in this study. A relatively complete mechanism is proposed,
all of the pertinent rate coefficient ratios are derived and tabulated, and from
these values ® {CyH,} and ® {CO} values are computed which agree well with
the observed values.

Introduction

The reactions of electronically excited sulfur dioxide molecules are of
interest theoretically as well as practically in understanding the role of this
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molecule in atmospheric chemical reactions. Although SO, is a structurally
simple molecule, its primary photophysical processes are not clearly estab-
lished. As radiation above 218 nm is of insufficient energy to rupture the
S-0 bond, any photochemically induced reactions of SO, in the atmosphere
are the result of interactions with bound excited states of the molecule. Both
singlet and triplet states participate in its photochemistry upon absorption
of ultra-violet radiation of wavelengths present in the atmosphere. These
electronically excited states of SO, are of current interest because of their
possible role in the removal of SO, from polluted atmospheres. Olefinic
hydrocarbons may enhance the formation of aerosols in SO, polluted atmo-
spheres.

Two emitting states of SO, a singlet designated SO, (*B,) and a triplet
designated SO, (3B;) have been observed upon excitation into the region
from 250 to 340 nm. The simplest interpretation of this fact is that the initial
absorption is the SO, (B, ) « SO, (X, *A;) transition, and that SO, (®B, ) is
produced by intersystem crossing. Most of the early studies of the photo-
physical properties of SO, were done in this region via emission lifetime
measurements, and fluorescence and phosphorescence studies [1 - 10].

Excited SO, has been shown to be chemically reactive upon excitation
into the second absorption band (250 - 340 nm) [11 - 18] as well as the first
absorption band (350 - 390 nm) [19 - 26] . Quenching reactions of SO, (1B, )
and SO, (3B, ) have been studied using a variety of quenching gases and reac-
tion conditions [4, 10, 18, 27].

Past work in this laboratory [18, 28 - 31] and elsewhere [11 - 14, 17,
32 - 36] with photoexcited SO, has not been consistent with a mechanism
including only the two emitting states. The fluorescence quantum yields do
not obey Stern—Volmer quenching and thus there is evidence that SO, (B,)
is not the state formed initially upon absorption [37]. Participation of a
non-emitting singlet state, SOz, and one or two non-emitting triplet states,
SO5 " and SO}, have been included in the various mechanisms to explain
the data [18, 26, 28 - 31, 37 - 39].

The present study involves the photolysis of SO, at 313.0 nm in the
presence of allene and various quenching gases. Previous studies by Luria
et al. [38, 39] show CO, C,H,, and an aerosol to be the major reaction
products. It is believed that the quantum yield of C;H, as well as CO will
serve as a measure of the participation of the various possible reactive states
and that the addition of quenching gases will permit the further characteriza-
tion of these states.

Experimental

Photolysis was carried out in an opaque cylindrical cell of dimensions
50 cm X 5.0 cm o.d. which had quartz windows bonded to both ends. A 6
mm o.d. perforated tube passed down the length of the cell to insure thorough
mixing when the gases were introduced through it. The radiation source was
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a Hanovia 140 W medium pressure, U-shaped, type SH, mercury arc. The radia-
tion was collimated by a quartz lens and passed through a Coming 7-54 (type
9863) glass filter and an Ealing 313.0 nm interference filter before entering
the cell through the quartz window. In later experiments where low quantum
yields were expected an identical radiation source was placed at the opposite
end of the cell to double the intensity. A General Electric 935 photodiode
was, alternatively, placed at the opposite end of the cell to measure light
intensity.

All work was carried out in a high vacuum line using Teflon stopcocks
with Viton ‘O rings. Pressures from 20 to 750 Torr were measured on
0 - 50 Torr or 0 - 800 Torr Wallace and Tiernan absolute pressure gauges. A
silicone oil manometer was employed for most pressure measurements below
20 Torr. Pressures of less than 0.8 Torr were achieved by expansion.

Allene was supplied by Linde/Union Carbide. It was purified first by
passing through a gas chromatograph with a 30 ft. column of dimethy!l
sulfolane and then distilled three times from —112 °C to —196 °C. All other
gases were supplied by Matheson Gas Products. Sulfur dioxide (anhydrous)
was distilled once from —95 °C to —130 °C and stored in an opaque storage
bulb. Nitric oxide was passed through silica gel and then distilled from
—186 °C to —196 °C. It was also stored in an opaque storage bulb. Gas
chromatographic analysis showed only a small nitrogen impurity. Carbon
dioxide (bone dry) was distilled from —130 °C to —196 °C. Water (triple
distilled and deionized) was repeatedly degassed at —196 °C. Azomethane
was prepared according to the procedure given by Renaud and Leitch [40].
It was then purified by distillation from —90 °C to —130 °C and stored in
an opaque storage bulb. All of the above gases were degassed at —196 °C im-
mediately before use.

After irradiation, the vapor phase products were analyzed by gas chro-
matography. Ethylene was analyzed by expansion of an aliquot of the reac-
tion mixture into an injection loop attached to a Varian model 1200 gas
chromatograph. The mixture was separated by a 6 ft. X % in. o.d. stainless
steel column packed with 60/80 mesh Chromosorb 101 maintained at 100 °C
and with a flow rate of 30 cm?/min of helium. The ethylene and allene were
then detected by a flame ionization detector maintained at 150 °C. The
detector response of ethylene relative to allene was calibrated and thus the
unreacted allene (always greater than 99% of the initial amount) was used as
an internal standard to determine the amount of ethylene present. Carbon
monoxide was analyzed by first allowing the reaction mixture to expand
into two spiral traps maintained at liquid nitrogen temperature and then
pumping the non-condensable carbon monoxide, by means of a Toepler
pump, into a second gas chromatograph injection loop. In experiments where
nitric oxide was present, a trap cooled in solid nitrogen was used in place of
the second spiral trap to condense the nitric oxide. The carbon monoxide was
then injected into a Gow Mac model 40-05D gas chromatograph using a
thermistor detector maintained at 0 °C. A 6 ft. X % in. o.d. copper column
packed with Linde 13X molecular sieves, maintained at 25 °C with a flow
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rate of 70 cm®/min of helium provided separation of the non-condensable
gases. This system was calibrated with standard samples of carbon monoxide
and blanks were performed with all of the gases used. In later experiments
the carbon monoxide was converted to methane by means of a nickel cata-
lyst by the method of Williams et al. [41]. The methane was then detected
with greater sensitivity by the Varian model 1200 flame ionization detector
gas chromatograph as previously described. This system was also calibrated
with standard samples of CO, C,H,, and allene and thus allowed a single
injection method to detect, with allene again acting as an internal standard,
both carbon monoxide and ethylene.

Azomethane was used as the actinometer in this study. The quantum
yield of azomethane for N, production is unity at 313.0 nm. The N, pro-
duced in the azomethane photolysis was determined in the same manner as
described above using the Gow Mac thermistor detector gas chromatograph
with the same column and detectors. The gas chromatograph was calibrated
for N, using standard samples. The General Electric 935 photodiode was
used to match absorbances of SO, and azomethane. The amount of carbon
monoxide and ethylene produced in each experiment was determined and
converted to quantum yields by knowledge of the N, yield obtained from
azomethane photolysis at equal absorbances.

Results

Photolysis of SO, in the presence of allene and at times CO,, NO, and/
or H,O was performed at 25 °C with radiation of 313.0 nm. An SO, pressure
of 2.7 Torr reduced the intensity of radiation reaching the photodiode by
approximately 50%.

Carbon monoxide and ethylene analyses were performed for identical
experiments with varying photolysis times. In these experiments product
growth as a function of time was linear and showed no detectable induction
period as well as no fall off at longer photolysis times. Mixtures allowed to
stand overnight gave no products. This indicates that the carbon monoxide
and ethylene were primary products and that there was not a significant
amount of light scattering from the aerosol under the experimental condi-
tions employed.

A series of experiments were performed at an SO, pressure of 4.28 +
0.10 Torr and at an allene pressure of 4.29 = 0.10 Torr in which the incident
radiation intensity, I,, was varied from 0.58 to 7.7 mTorr/min. There was no
systematic variation in the results which were found to be identical within
experimental scatter. For most of the experiments performed in this study,
I, was between the above limits. For a few experiments with low SO, pres-
sures, I, was as small as 0.03 mTorr/min.

In the following series of experiments either the [SO,] was held con-
stant at pressures of 0.97 + 0.10 Forr, 2.05 + 0.10 Torr, 2.50 + 0.10 Torr
and 5.9 + 0.2 Torr and the allene pressure varied in the range of 14.3 mTorr
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Fig. 1. Log-log plot of CIJ{CZH4 }ws. [allene]/[SO3]. Four sets of data points are for con-
stant {802 ] and variable [allene], whereas two sets of data points are for variable [SO3]
and constant [allene]. The curves are theoretically computed from the rate coefficients
listed in Table 1. (a) and (a'), total & {CyH,4 }; (b) and (b’), ®3 {C3H, }; () and (<),

@' {CyH, }; (a) (b) and (c) are for [allene] = 1.0 Torr;(a’) (b') and (c') are for [SO5] =
2.7 Torr.

to 95.3 Torr, or the allene pressures were held constant at 0.250 + 0.010
Torr and 2.64 + 0.05 Torr, and the SO, pressure was varied from 0.1 Torr
to 15.6 Torr. ® {C,H,} was found to be dependent only upon the ratio of
[allene] /[SO;] at values of this ratio of less than 1.0 (Fig. 1). At higher
values of this ratio, ® {CyH,} was found to be dependent upon [allene],
with little, if any, dependence on [SO,]. ® {CO} values were found to be
dependent only upon the ratio [allene] /[SO,] at low allene pressures. ® {CO}
increased slightly with increases in the ratio and was always greater than

® {C,H,} in each run, but not by a constant multiple. At high allene pres-
sures ® {CO} had a complex dependence on [SO,] and [allene] (Figs. 2 - 6).
These results agree qualitatively with the very limited data of Luria and
Heicklen [38] though their absolute values for ® {CO} were slightly higher
than ours. Their values for ¢ {C,H,} were found to be identical with ours
within the scatter of the experimental data.

We performed two series of experiments by adding various amounts
of CO, to mixtures in which [SO;] equalled 2.63 + 0.09 Torr and [allene]
equalled 0.251 *+ 0.010 or 2.65 + 0.12 Torr. ® {C,H, } decreased as [CO,]
was raised. ® {C,H,} was found to be half quenched at a CO, pressure of
approximately 7.0 Torr for both ratios of [allene] /[SO,] (Figs. 7 and 8).
& {CO} was found to decrease at both [allene] /[SO,] ratios with increasing
[CO;] to a minimum value at 30 Torr of CO, for the lower ratio and at
125 Torr of CO, for the higher {allene] /[SO;] ratio. With the addition of
greater amounts of CO,, ® {CO} increased slightly and then leveled off
(Figs. 9 and 10).
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Luria and Heicklen [38] previously reported a reduction in ® { CO} when
750 Torr of CO, were added to a mixture of 2.2 Torr of SO, and 2.2 Torr
of allene. Two series of experiments were performed in the presence of ~600
Torr of CO,. SO, pressures were held at 2.66 = 0.08 Torr and 5.28 = 0.15
Torr while allene was varied from 23.2 mTorr to 19.7 Torr and from 34.4
mTorr to 10.8 Torr respectively. With ~600 Torr of CO, present, ® {CoH,}
was completely quenched. ® {CO} increased with increasing allene pressure
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to a plateau value of ~6 X 102 at approximately 10 Torr of allene (Fig. 11)
and was found to have a similar value in this region to that of Luria and
Heicklen.

Three series of experiments were performed by adding NO as a quench-
ing gas to the reaction mixture. In these experiments the SO, pressure was
2.70 £ 0.12 Torr throughout. In the first series the allene pressure was
0.253 + 0.007 Torr and the NO pressure varied from 31.3 mTorr to 3.0
Torr. In the second the allene pressure was 2.68 + 0.07 Torr and the NO
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Figs. 2 - 6. Log-log plot of ®{CO} vs. [allene]/[SO2]. The curves are theoretically com-
puted from the rate coefficients used in Table 1. (a), total @ {CO}; (b), ¥ {CO}; (c),
®! {co}; (), @*" {co}.

pressure was varied from 2.44 mTorr to 97.5 Torr. In the third the allene
pressure was 23.5 * 0.5 Torr and the NO pressure was varied from 10.4
mTorr to 100 Torr. In all cases ® {C,H, } and ® {CO} were quenched very
effectively. Both were half quenched at pressures of approximately 1.2,
4.0, and 25 Torr of NO, respectively, for the three series (Figs. 12 - 17).

Four series of experiments were performed by adding various pressures
of H,O as a quenching gas to the reaction mixture. In the first three of
these series the SO, pressure was 2.70 + 0.12 Torr and these three series
were run at allene pressures of 0.252 + 0.003 Torr, 2.66 = 0.12 Torr, and
25.0 = 0.10 Torr. H,O was varied from approximately 1.0 to 18 Torr for
all of these experiments. For the two series performed with lower allene
pressures, ® {C,H, } was half-quenched at H,O pressures of approximately
4.0 Torr (Figs. 18 and 19). In the series with 25.0 Torr of allene, & {CoH, }
was reduced very slightly by the addition of up to 18 Torr of H;O (Fig. 20).
The addition of up to 18 Torr of water reduced ® {CO} by 40, 45, and 20%
respectively for these three series (Figs. 21 - 23). These data again agree
qualitatively with that of Luria and Heicklen [38].

In the fourth series of quenching experiments with H,O, the pressure
of SO, was 0.95 £ 0.06 Torr and that of allene was 0.104 + 0.002 Torr.
H, O was again varied from about 1.0 to 18 Torr. In these experiments only
& {C,H,} was measured and it was found to decrease with increasing H,O
pressure to a 50% value at approximately 3 Torr of H,O (Fig. 24).

The quenching studies described above using NO and H,O were re-
peated in the presence of ~600 Torr of CO,. In the presence of ~600 Torr
of CO,, 2.74 £ 0.10 Torr of SO,, and 2.74 = 0.09 Torr of allene, [NO] was
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varied from 76 mTorr to 145 Torr. ® {CO}, again the only measureable
product, was quenched to a 50% value at approximately 4.0 Torr of NO
(Fig. 25).

In the presence of ~600 Torr of CO,, 2.75 *+ 0.03 Torr of SO,, and
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2.75 + 0.07 Torr of allene, [H,O] was varied from 1.19 to 18.2 Torr. ® {CO}
was found to be only slightly reduced by the addition of increasing amounts

of H,O (Fig. 26).
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Discussion

The major conclusions that can be drawn from this study are:

(1) SO, photoexcited at 313.0 nm reacts with allene to produce CO,
C,;H,, and an aerosol.

(2) At the lowest [allene] /[SO,] ratios used in this study, the exclusive
state involved in the chemistry in the ®B; state which emits phosphoresence.
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listed in Table 1. (a), total ®{CO}; (b), ®* {CO}; (c), ' {CO}; (d), #** {CO}.

This state is efficiently quenched by NO, an efficient triplet quencher, and
its production depends only upon the ratio [allene]/[SO,], in accordance
with our previous information on this state.

(3) The chemically reactive states include a singlet state as well as the
triplet because product formation, though reduced, is not eliminated at
higher values of the ratio [allene] /[SO,] when relatively large amounts of
NO are added.

(4) The above two states are the only chemically reactive states which
can lead to CoH, production.

(5) A third chemically reactive triplet state, SO3"*, which is not present
at low pressures and is not quenched by SO,, is also needed to produce CO
but not Cy3H,. This is demonstrated experimentally by the fact that CoH,
is not produced in the presence of 600 Torr of CO,, but CO is produced and
& { CO}is independent of the SO, pressure (Fig. 11).
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the presence of HpoO and ~600 Torr of CO5. The curve is theoretically computed from
the rate coefficients in Table 1.

The mechanism we have used to fit our results is one in which the major
steps have been obtained from previous studies. A few new steps have been
added to explain the uniqueness of the allene-SO, system. SO3 (®B;) is
abbreviated as 3S0O,, the fluorescing state as 1SO,, the longer-lived of the
two states formed by absorption as SO3, and the non-emitting triplet state
which is important at high pressure as SO3". I symbolizes an intermediate
postulated to form when 3SO, reacts with allene. It can unimolecularly
decompose to give CO or CyH, or it can be quenched, possibly to give the
aerosol. All of the excited states and their quenching constants with SO,,
CO,, NO, and H,O have been established from previous studies. The inter-
mediate 1 is a new species introduced here in order to fit the quenching data,
which otherwise cannot be fitted. The entire mechanism proposed to explain
this study is:
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SO, + hv 3w s03 Rate = al,
B30m , 350,  Rate=pl,
380, — 80, + hy, (1)
380, + allene — 1 (2a)
—> SO, + allene (2b)
I — 2C0O +CyH, (3)
1 + allene — not CO or C,H, ‘ (4a)
I+M — not CO or C,H, - (4b)
380, + SO, — 280, (5)
380, + M — S0, + M (6)
SO, — 150, ' (7a)
—» SO, | (7b)
SO, + allene — SO3;"* + allene (8a)
—> SO0, + allene (8b)
SO; +M — S0;" +M (9a)
— SO, + M (9b)
150, — 80, + hyg 10)
150, + allene —> C,H, + CO | (11a)
— SO0, + allene (11b)
150, + S0, — 280, 12)
150, + M — S0, + M (13)
S03z* — SO, (14)
SO3" + allene —> CO (15)
SO," +NO — not COor C,H, (16)

where M is CO,, NO, or H,0.

The SO, state is produced at a constant fraction, «, of the absorbed
radiation intensity, I,. It either forms SO, (discussed below) or unimolecu-
larly decays. The SO; state also can be collisionally deactivated to produce
S0;" as well as ground state SO, but does not react to produce products.
Cehelnik et al. [28] were the first to find that SO;" must come from this
collisional quenching and not from a first-order process as this state is present
only at high pressures where it is not quenched by SOy, CO,, or H;O. The
SO;” state is quenched by both allene and NO. The quenching by allene
produces CO but not C,H,. It is not possible to evaluate whether SO;" is
physically quenched by allene, so this reaction is omitted for simplicity.
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380, is produced at a constant fraction, g, of the absorbed radiation
intensity I,. This is not to imply that 3SQ, must be produced directly on
absorption but that whatever process of intersystem crossing which leads to
it must be constant and thus pressure independent [37]. 380, might be
produced from SOj3 but this would necessitate a constant fraction of produc-
tion by first order as well as collisional quenchings of SO; by allene, CO,,
and H,O because the Stern—Volmer quenching curve for 2SO, is linear [37].
It is very unlikely that these two removal processes would give 2SO, the
same fraction of the time. Another possibility is that the SO, comes from
the 1A, state which is collisionally deactivated at the pressures where this
study was performed. The 3SO, state may be collisionally quenched by any
gas present in the system and first-order removal steps are unimportant at
the experimental pressures employed. The 2SO, is also postulated to react
with allene to produce an excited intermediate state, 1.

The proposed excited intermediate state, I, is formed by reaction of
280, with allene. It may then unimolecularly decompose to give CO and
CyH, in relative proportions of 2:1 via reaction (3). Reaction (3), of course,
cannot proceed as written but represents two parallel paths of equal impor-
tance, one which produces CO + C,H,, and the other which produces CO
but not Cy3H,. I may also be quenched by allene, CO,, NO, and H, O but
not SO, (at the pressures used).

The longer-lived state formed by absorption of radiation is, presumably,
1B,, but because of its non-linear Stern—V olmer quenching plot the state
which fluoresces must be kinetically distinct and formed by a first-order
process from SO;, thus we designate it *SO, [37]. From the viewpoint of
photochemical kinetics it is immaterial whether this state is spectroscopically
distinct or merely the result of a perturbation with the ground electronic
state, as proposed by Brus and McDonald [34], because it behaves as a
distinct entity. 'SO, may be collisionally quenched by any gas present in
the system. First order removal of SO, is unimportant at the experimental
pressures used. 'S0, reacts chemically with allene to form both CO and
C,H,, presumably in equal proportions.

By a detailed analysis of the steady state expressions it is seen that:

Bk k3[C3Hyl +
(k2[C3Hyl + B5[SO,] + kg [M] ) ks + Ry [CaHyl + kg [M])
akrak11a[C3Hyl
(k7 + kg[C3H,l + kg [M])(Ry1[CsHyl + R12[SO2] + k13[M])
(D

©{CoH,}=

and similarly:
28kq,k3[CsHyl +
(ko[C3H ) + E5[SO2] + kg[M]) (k3 + k4,[CaHy] + kg [M])

ak7.k11.[C3Hy] +
(k7 + kg[C3H 1 + kg [MY)(R11[C3H4l + k12[SO,] + k13[M])

® {CO} =
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+ aky5[CaHy) (kga[C3Hyl + k9, [M])
(k7 + Rg[C3Hy] + kg [M] ) (R14 + R15[C3Hy] + R16[NO])

[M] in the above two equations represents [CO,], {NO], or [H,0]. The
first term in each of the two equations represents the contribution to the
quantum yield from the emitting triplet, SO5 (3B, ), state (via I) which will
be referred to as ®2 {CO} or ®3{C,H,}. The second term in each equation
is the contribution from the fluorescing singlet, 1SO,, state and will be re-
ferred to as ®! {CO} or ®! {C,H,}. The third term in the equation for ® {CO}

represents the contribution from SO;* and will be called ®**{CO}. Thus
egns. (I) and (II) can be expressed as follows:

®{C,H,}=®3{C,H,} + @' {C,H,} (IIT)

(I1)

and

@ {CO}= &3 {CO}+ 1 {CO}+ &** {CO} av)

Analysis of CoH, data, M gases absent
At values of [allene] /[SO;] below 0.05, the first term in eqn. (I) is
predominant. In the absence of foreign gases, eqn. (I) can be rearranged to:

i o {CzH4 }_1 =

ko (1 . ks[S0O,1 )(1 + k4a[C3H4]) (V)

Bk, k2[CaH,4) k3
Figure 27 is a plot of ® {C,H,} ™! vs. [SO,]/[C3H,]. The data are scattered,
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Fig. 27. Plot of the reciprocal of the CoH, quantum yield vs. [SOg]/{allene] for values
of [allene]/[SO5] below 0.05.
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mediate values of [allene]/[SO5].

but there is no evidence of a dependence other than on the ratio, i.e. the
results at different C3H, pressures but the same value of [SO,]/[C3H,] are
the same. Thus k4,[C3H,]/k3 < 1. The data are fitted by the best straight
line. The intercept gives ky/fka, = 600 and the ratio of intercept to slope
gives k3 /k5 = 90. The values of § have been given by Demerjian and Calvert
[17]; and at 3183.0 nm, it has been found to have a value of approximately
0.10. Thus ky,/ke = 0.0167. These values are summarized in Table 1.

In the absence of foreign gases at higher values of [allene] /[SO.],
where ® {CyH, } is still increasing with [allene] /[SO,], it is possible to
evaluate the second term on the right-hand side of egn. (I) by a plot of
1/(® {CoH, } — @3 {CyH, }) versus [SO,]/[allene], since:

k-k k12[SO kg[CsH
1/(# {CoH,} — $3{C,H,}) = _rrrmy (1 + kli[[C_Hi]].)(l + _‘_3_[..’:3_4_]_) (VI)
11 3+44 7

akiaki1a

The values for 2 {C,H,} are computed from the rate coefficient ratios
determined above, and the left-hand side of eqn. (VI) is plotted vs. [SO5]/
[C3H,] in Fig. 28. Again there is a large scatter in the data but no noticeable
dependence on [C3H,] other than through the ratio [SO,]/[C3H,]. Con-
sequently kg[C3H,]/k; <€ 1 and the data are fitted by a straight line. From
the intercept, k7 ky1/akq,k11. = 68; and from the ratio of intercept to slope,
k11/k12 = 0.49.

At the highest values of [allene} /[SO3]), which also corresponds to
high allene pressures, the term k,,[SO.] /k1;[C3H,] in eqn. (VI) becomes
negligible, and the rate law reduces to:
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Summary of rate coefficient data
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Ratio Value Units M Reference
0.10 None — Demerjian and Calvert [17]
a=1—8 0.90 None — Demerjian and Calvert [17]
kz/ks 90 None CsH4 This work
koalko 0.0167 None_ CgH, This work
kyolkg 0.02 Torr ' CzHy This work
kaniks 0.02 Torr 1 CO;  This work
0.1 Torr ! NO This work
0.08 Torr = H,0 This work
kglks 0.565 None COg This work
0.42 None CO, Kelly et al. [18]
0.31 None COq Mettee [10]
0.55 None COq Stockburger et al. {37]
0.29 None COq Sidebottom et al. [27]
kg/ks 80 None NO This work
80 None NO Kelly et al. [18]
64 None NO Mettee [10]
~100 None NO Stockburger et al. [37]
190 None NO Sidebottom et al. [27]
ks/ks 1.80 None H20 This work
1.62 None H50 Kelly et al. [18]
1.8 None H30 Stockburger et al. [37]
2.28 None H,O Sidebottom et al. {27]
kqlkg 22 Torr CgHy  This work
kolkq 0.015 Torr ! CO,  This work
0.0179 Torr ' €O,  Kelly et al. [18]
~0.025 Torr' CO;  Stockburger et al. [37]
kolkq 0.15 Torr ' H,0  This work
0.23 Torr © H0 Kelly et al. [18]
~0.1 Torr™ ! H,0 Stockburger et al. [37]
k7ku/ak7akua 68 None 03H4 This work
ki1/k1o 0.49 None CzH, This work
kiglkia 0.85 None COy This work
0.76 None COg Stockburger et al. [37]
0.63 None COg Mettee [10]
0.73 None COg Raoetal [14]
kiglki2 0.94 None NO This work
0.86 None NO Stockburger et al. [37]
0.69 None NO Mettee [10]
ki3/k12 1.01 None H,0 This work
0.93 None H;0 Stockburger et al. {37]
kialk1s 0.2656 Torr CsgH4  This work
kia/k 16 0.17 Torr NO This work
0.164 Torr NO Kelly et al. [18]
0.84 Torr - Cehelnik et al. {28]
kglakg, 170 None COy This work
45.2 None COy Kelly et al. [18]
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Fig. 29. Plot of the reciprocal of (B{CaH,} — ®3{CH,}) vs. [allene] at allene pressures
greater than 2.6 Torr.

L@ {CH, ) — 03 {CoH, ) = ot
akqk11a

Figure 29 is a plot of 1/(® {CoH,} — ®3 {C,H,}) versus [allene], and the
data points can be fitted by a straight line. The intercept gives kR, /ak7.R110 =
68, consistent with the value obtained from Fig. 28. The ratio of intercept
to slope gives k;/kg = 22 Torr. (This is an approximation because ®3{C,H,}
is slightly quenched by allene also. Within the experimental uncertainty of
the data, however, the correction is of no consequence.)

(1 + kg[C3Hy]/R7) (VII)

Analysis of CoH, data, M gases present

In no pressure regime where it was possible to perform experiments
and obtain sufficient product yields for analysis was it also possible to
uncouple the reactions of 180, and SO, with allene to produce C;H, or
CO. Therefore the quenching experiments performed with CO,, NO, and
H,O were analyzed on the basis of the quenching data of others in this
laboratory [18, 28, 87] and elsewhere [4, 10, 27]. Initially the intermediate
I was omitted and it was assumed that reaction (2a) gave C,H, directly. It
was apparent that the extent of quenching computed from the known rate
coefficient ratios was less than actually observed. Thus the intermediate I
was introduced, and the data in Figs. 7, 8, 12 - 14, and 18 - 20 were com-
puter fitted. The best fit was obtained with the rate coefficient ratios
listed in Table 1, most of which are averages or *“‘best values” from previous
investigations. The only entirely new rate coefficient ratios from this work
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Fig. 30, Plot of the reciprocal of the CO guantum yield vs. the reciprocal allene pressure
for the photolysis of SOs—allene mixtures in the presence of ~600 Torr of COs.

are k4,/k3 and k4, /k3. The computed curve for @ {C,H, } is given by the
curve (a) in each of the Figures, and the data are reasonably well fitted.

Analysis of CO data, 600 Torr CO;, present

In the presence of 600 Torr of CO, and at low allene pressures the
first two contributions to & {CO} in eqn. (II) are completely quenched. What
is left is the high pressure, SO3", state discovered by Cehelnik et al. [28]
and since reported by others [28 - 31, 37]. Furthermore reaction (8) is
negligible compared to reaction (9). Thus egn. (II) reduces to:

Ek k
&{CO}yl=0""{CO}y?="2 (1+—-“—) VIII
{co} {co} akg, k15[C3H,] ( )

A plot of ® {CO} ? vs. [allene] ! is shown in Fig. 30. The data can be fitted
by a straight line whose intercept gives kq/akg, = 170 and whose slope gives
k14/R15 = 0.255 Torr. The value for kgfakg, = 170 is considerably different
than that of 45.2 obtained by Kelly et al. [18]. This apparent discrepancy
results from a simplification in the mechanism since we have assumed that
removal of SO;" by allene (or CyH, in the study of Kelly et al.) always
produces products. If deactivation of SO3* by physical quenching with
allene occurs ~80% of the time, then the discrepancy is resolved.
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Analysis of CO data, M gases absent

Now it is possible to compare the experimental values of ® { CO} (Figs.
2 - 6) with those obtained from the various contributions of *SO,, 3S0,,
and SO, ". This was done initially assuming that CO and C,H, were produced
in equal amounts from both SO, and 3SO,. It was seen that there was a
discrepancy in the predicted values which was equal to the contribution
expected from 2SO, and thus it is hypothesized that two CO molecules are
produced for every one C,H; molecule formed in reaction (3). This means
that I represents two intermediates (or the same intermediate with different
amounts of vibrational energy) and that reaction (3) actually represents (2)
reactions:

I — CO + C,H, (+ SO) (3a)
I — CO (+ C,H,SO) (3b)

The computed curves for & {CO} are shown in Figs. 2 - 6. In some cases they
lie somewhat below the data points, but the trends are all reproduced.

Analysis of CO data, M gases present

® {CO} data obtained at various ratios of [allene] /[SO5] in the presence
of varying amounts of CO,, NO, and H,O can be closely approximated by
using the rate constant ratios previously derived in this study as well as
several quenching rate constant ratios, as mentioned earlier, which were
taken from the work of others and computing them from eqn. (II). The com-
puted values agree well with the data (Figs. 9 - 11, 15 - 17, and 21 - 23).
Two series of experiments were performed by adding various amounts of
either NO or H,O to reaction mixtures of allene and SO, containing 600
Torr of CO,. Values of ® {CO} computed from the proposed rate coefficient
ratios predict quenching plots which approximate these data very well
(Figs. 25 and 26).

Conclusions

The SO,—allene system is complex in that it involves contributions from
several excited states of SO, as well as a proposed excited intermediate state.
The mechanism proposed is an attempt to simplify as well as to approximate
the major features of this system. The rate coefficient ratios deduced from
this study have been used to compute the expected quantum yields. These
computed curves, along with the contributions from the individual excited
state of SO,, are shown in Figs. 1 - 26. As can be seen from the predicted
quantum yield plots this mechanism is generally successful to within the
limits of the experimental uncertainty. Many of the rate constants derived
are unique to this study and represent what would be considered to be
reasonable values from what is known about allene and the other gases used
and their relative reactivities. In the cases where comparison can be made
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with the data of others, our experimental results agree well with these data.
Most importantly, this study once again demonstrates that the emitting states
of photoexcited SO, are not always sufficient to explain the data. The SO3"
state which occurs only at high pressures has once again been shown to

exist and play an important role in SO, photochemistry.
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