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The cis-trans isomerization of cis-2-butene caused by electronically-excited sulfur dioxide has been studied

at the gas-solid interface of porous Vycor glass.
larger than =30.
polymerization of sulfur dioxide and cis-2-butene.

All of the quantum yields for the isomerization obtained gave values
Infrared studies show that the product on the glass is the polysulfone formed through the co-
These results and the kinetic data for the isomerization can be

explained satisfactorily by the proposed mechanism in which the isomerization occurs through the addition and
elimination of 2-butene molecules at the terminal of the polysulfone formed on the glass; the copolymerization

is initiated by an electronically-excited SO, (°B,) state.

The photochemistry of sulfur dioxide is of special
interest to the scientist who is concerned with the rates
and mechanisms for the removal of sulfur dioxide in
sunlight-irradiated atmospheres. There is substantial
evidence that the harmful effect of sulfur dioxide on
health is enhanced when there are significant levels
of suspended particulates in polluted atmospheres.? This
leads to a consideration of the effect of suspended
particulates on photochemical reactions involving sulfur
dioxide, through excitation due to the absorption of
sunlight in the first allowed absorption band (SO,(*B,)«
SO,(X, 'A,)), which extends from 340 to 240 nm.

The chemical reactions between photochemically-
excited sulfur dioxide and olefin hydrocarbons have
been studied by a number of investigators.2—9 All
these studies, however, have been limited to homoge-
neous systems of gas or liquid phase, and there appear
to be no published studies on these reactions at the
gas-solid interface.

Recently, Otsuka e al. have reported that sulfur
dioxide adsorbed on porous Vycor glass catalyzes the
geometrical isomerization of 2-butenes.!® The rate
of this reaction is enhanced to a great extent by ultra-
violet irradiation. Hence, in this report, the isomeriza-
tion of cis-2-butene induced by electronically-excited
sulfur dioxide over porous Vycor glass is described in
detail. This system can be regarded as a very basic
model of the system which involves the atmospheric
reaction of sulfur dioxide with olefins over solid partic-
ulates in sunlight-irradiated atmospheres. Porous Vycor
glass was chosen as the solid adsorbent because of its
large surface area and high transparency to ultraviolet
radiation down to wavelengths of about 210 nm, which
is advantageous for ultraviolet spectral measurements
of the adsorbed molecules and for a kinetic investigation
of the photo-excited adsorbed molecules?

Experimental

The porous Vycor glass (Corning No. 7930, 30 x 8 X 1 mm
plate, surface area=149 m?/g), sulfur dioxide, cis-2-butene
and apparatus used were described previously.!®

Procedure. Before each run, the porous Vycor glass
(0.50 g) placed in the reactor was calcined at 600 °C in dried
oxygen and then degassed for 2 h in a vacuum down to about
8x 1075 Torr at the same temperature. Following the intro-
duction of sulfur dioxide into the reactor, which was main-

tained at a given temperature, the reaction was initiated by
irradiating the glass immediately after introducing the cis-2-
butene and circulating the sulfur dioxide-cis-2-butene gas
mixture through the reactor. A small amount of the react-
ing gases was periodically collected for analysis by gas chro-
matography, and the amount of frans-2-butene produced was
determined. The ultraviolet light generated by a Toshiba
H-400-P medium-pressure mercury lamp was filtered upon
passage through 1 cm of water, a Corning 7-54 glass filter
and either a Toshiba UV-29 (transparent to 270—410 nm)
or a UV-31 (290—410 nm) glass filter. The temperature
of the reactor was controlled to within 4-0.2 °C using the air
or water bath shown in Fig. 1.

Reactants

lll

Fig. 1. Schematic diagram of the reaction system. A:
Reaction vessel, B: porous Vycor glass, C: glass filters,
D: water filter, E: quartz window, F: thermometer,
G: stirrer, and H: electric heater.

Estimation of Absorbed Light Intensities and Quantum Yields.
The emission intensity distribution of the mercury lamp
(from Toshiba Technical Data No. 21-HM-11) and the trans-
mission of the combined filters provided the energy distribu-
tion of the incident light, I,(4). The relative light intensity
absorbed by the sulfur dioxide adsorbed on the glass, I, was
calculated using the equation,

= L0 {110 b B B >

where Dg,(4) and Dg(4) are the optical densities of the
adsorbed sulfur dioxide and of the porous glass, at wave-
length 4, respectively,'? and 7'(4) is the transmittance of the
glass-sulfur dioxide system.

A quantitative determination of the incident light intensity
at the cell face was made employing potassium ferrioxalate
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actinometry, and the absolute light intensity absorbed by
sulfur dioxide, I,, was calculated using the equation,

1= 11, /| K@aw,

where I, is the incident light intensity at the cell face. The
absolute quantum yield of the isomerization of ¢is-2-butene
is given by R,.,/I,, where R, is the rate of geometrical iso-
merization.

Results

The cis-trans Isomerization of cis-2-Butene. The
light of wavelength longer than 270 nm applied in
this study induces no reaction of c¢is-2-butene in the
absence of sulfur dioxide. If sulfur dioxide is present on
the porous Vycor glass, selective cis-trans isomerization
occurs thermally.!® The initial rate of this thermal
isomerization, RZI.,, or the rate of trans-2-butene
formation, is plotted against the amount of adsorbed
sulfur dioxide, Vgo,, in Fig. 2, where the experiments
were carried out at 25 °C at an initial pressure of ¢is-2-
butene of 150 Torr.
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Fig. 2. Plot of the rate of thermal isomerization, RY,,,
vs. the amount of sulfur dioxide adsorbed, Vgo,, at
Py ;=105 Torr; the reactions were carried out at
25 °C.

Ultraviolet irradiation of the glass, onto which sulfur
dioxide had been adsorbed, markedly accelerated the
rate of isomerization. The rate of photo-induced
isomerization, RY.,, calculated from the difference
between the rate measured under irradiation and RL.,,
was obtained for various cis-2-butene pressures and
amounts of adsorbed sulfur dioxide. Figure 3 shows the
plot of R, as a function of the cis-2-butene pressure.
R.; does not depend on the pressure for pressures
higher than 100 Torr. The effect of Vg, on R, is
indicated in Fig. 4. It has been confirmed in advance
that the sulfur dioxide preadsorbed on the glass does
not desorb after the addition of c¢is-2-butene for the
experimental conditions under which the data in Figs. 3
and 4 were obtained.

The relative quantum vyields of isomerization for the
data in Fig. 4 are plotted against the amount of adsorbed
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Fig. 3. Plot of the rate of photo-induced isomerization,
RE,,, vs. the pressure of cis-2-butene, Py, The
filters were Corning 7-54 and UV-31 filters. The
amount of sulfur dioxide adsorbed is 2.5 X 10~ mol/g;
the reactions were carried out at 25 °C,
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Fig. 4. Plot of RY,, vs. Vg,, at Pyypyy=105 Torr and

at 25 °C. Filters: (O); Corning 7-54 and UV-29, and
(@) ; Corning 7-54 and UV-31.

sulfur dioxide in Fig. 5. It can be seen that the quantum
yield decreases with the amount of sulfur dioxide
adsorbed. The estimated absolute quantum vyield,
R?../I,, for the lowest value in Fig. 5 is about 30.
This high quantum yield suggests that the reaction
proceeds via a chain process.

The addition of a small amount of nitric oxide
(0.77 x 10-5mol) to a system of sulfur dioxide (0.55 x
105 mol) and cis-2-butene (1.44 X 10-3 mol) completely
poisons the photo-induced isomerization, suggesting that
the reaction intermediate is a radical.
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Fig. 5. Plot of the relative quantum yield of the photo-
induced isomerization, RY,,/I., as a function of the
amount of adsorbed sulfur dioxide. Filters: (0); Corn-
ing 7-54 and UV-29, and (@); Corning 7-54 and
UV-31.

The Copolymerization of Sulfur Dioxide with cis-2-Butene.
All the experiments described in this section were
carried out with a sulfur-dioxide concentration (2.1 X
10— mol) compared to that applied in the preceding
section (<{1.3 X 10-% mol). ,

After a photo-induced geometrical isomerization for
150 min at 0 °C, the product on the glass was extracted
with dioxane. The solution was dropped onto a KBr
film and the dioxane solvent was evaporated. After
several repetitions of this procedure, the infrared
spectrum of the film was recorded (Fig. 6). This
spectrum exhibits the two characteristic absorption
bands of the polysulfone from cis-2-butene, one at 1300
cm~! and the other at 1105—1140 cm™! due to the
symmetrical and asymmetrical stretching vibrations of
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Fig. 6. Infrared spectrum of the polysulfone formed on

the glass from cis-2-butene and sulfur dioxide under
irradiation. The reaction was carried out at 0°C
under initial pressures of ¢is-2-butene and sulfur dioxide
of 105 Torr (2.10x 10-2 mol).
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the sulfone group, respectively.!?

During the progress of the isomerization, the pressure
decrease due to the reaction of SO, with cis-2-butene
on the glass was followed by reading a glass Bourdon
gauge at different temperatures. After the initial rapid
adsorption, no reactants were consummed in the gas
phase when the temperature was higher than ~40 °C.
However, a considerable consumption of gas was
observed at low temperatures (<{20°C). Without
irradiation, no gas consumption was detected after the
initial adsorption for all temperatures in the range from
0 to 60 °C. The average rate of gas consumption under
irradiation for times of 10—30 min, AV,/A¢, and the
rate of photo-induced isomerization are plotted as a
function of temperature in Fig. 7. The rate of isomeriza-
tion has a maximum value at just the temperature for
which the consumption of reactants becomes negligible
(=30 °C). It was shown that at a low sulfur-dioxide
concentration (0.15 X 10-% mol) the rate of isomerization
decreases monotonically with a rise in temperature
from 0 to 70 °C.
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Fig. 7. Temperature effects on the rate of gas consump-
tion, AV,/A¢, and on that of photo-induced isomeriza-
tion, RY,;, (O); AV,/At and (@); RE.,. The initial
pressures of cis-2-butene and sulfur dioxide were 105
Torr.

Discussion

Many studies of the gas-phase photolysis of sulfur
dioxide-olefin hydrocarbon mixtures have suggested
that electronically-excited sulfur dioxide sensitizes the
geometrical isomerization of the olefins.4:6-9:13-19) Fur-
thermore, it has been observed that the 3B, state of
sulfur dioxide is the only excited electronic state of
sulfur dioxide participating in the geometrical isomeriza-
tion of 2-butenes,®89 12-dichloroethylenes,® 1,2-
difluoroethylenes, 415 and 2-pentenes.'%:1) In these gas-
phase studies, however, the absolute quantum yield for
isomerization never exceeds unity. The high quantum
yields (>>30) obtained in the present work cannot be
explained by means of the mechanism proposed for the
photosensitized isomerization in the gas phase.
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Bristow and Dainton first observed that irradiated
mixtures of ¢is- or trans-2-butene in liquid sulfur dioxide
result in a fast cis-trans isomerization, in addition to the
polysulfone formation via the copolymerization of SO,
and 2-butene.®) The formation of polysulfone over
glass confirmed in the present work (Fig. 6) suggests
that the isomerization at the gas-solid interface occurs
via a mechanism similar to that proposed for the reaction
in the liquid phase.®

Assuming 3B, is the only electronically-excited state
of SO, initiating the copolymerization, the following
mechanism is proposed :3:19

I,
SO, + v — 1SO,(*B,),
1SO,(*B,) + cis-2-butene
— 380,(®B,) + cis-2-butene, (1)

—— SO, + cis-2-butene, (2)

380,(®B,) + c¢is-2-butene — P, + Py, (3)
— SO, + trans- or cis-2-butene, 4)

P, + cis-2-butene — P, (5)
P, + SO, — P, (6)
P, — P, + trans-2-butene, (7)
— P, + cis-2-butene, (8)

P, — P, + SO, 9)

P, — stabilized. (10)

(11)

where the mechanism is considered for a low isomeriza-
tion conversion rate and a low sulfur-dioxide concentra-
tion compared to those for c¢is-2-butene. All species
appearing in the above reactions are in the adsorbed
layer.  For low sulfur-dioxide concentrations the
unimolecular decay of the !B; and 3B, states of sulfur
dioxide and the quenching of these states by ground-
state sulfur dioxide molecules are unimportant!®1 and
have not been included in the above process. Py and
P, represent the terminal group of active polysulfone
(P¢—>SO,CH(CH,)CH(CHj)-+++++++e- SO,CH(CH,)CH-
(CHg)<—Py). The strong poisoning effect of nitric oxide
must be due to the quenching of these terminal groups
through a reaction with nitric oxide. The selective
cis-trans isomerization occurs mainly through depropaga-
tion Steps 7 or 8 of the copolymerization since the
contribution from Reaction 4 can be neglected because
of the low quantum yield (<(1.0).8:9,15-17)

If the consumption of reactants during the isomeriza-
tion is due to polysulfone formation, the results shown
in Fig. 7 (open circles) indicate that the copolymeriza-
tion of sulfur dioxide and cis-2-butene on the glass has
a ceiling temperature around 30 °C. Above the ceiling
temperature, the rates of the depropagation steps exceed
those of the propagation steps and, thus, polymerization
can no longer occur. The decrease in the rate of iso-
merization above the ceiling temperature (Fig. 7 closed
circles) can reasonably be explained as a consequence
of the decrease in the number of long-chain polysulfone
sites necessary for the isomerization.

Dainton and Ivin have shown that the ceiling tem-
perature for the polysulfone formation decreases with

P, —— stabilized,
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decreasing concentrations of comonomers.2? The fact
that, at low sulfur-dioxide concentrations, no maximum
of the isomerization rate has been observed within the
temperature range down to 0 °C, may be due to a
shift of the ceiling temperature to a lower value below
0 °C.

According to the Reactions 1—11 indicated above,
the rate of photo-induced isomerization can be described

by Eq. i:

P k1 k3
re= ni(h) ()
v { 2(ky[cis-2-but] + ko) + kyq } (0
kyo(ks[eis-2-but] + kg +kyy) + k13 (ke[SO.] + k7 + k) ’

where the concentrations for cis-2-butene and sulfur
dioxide are those on the surface, and I, is the light
intensity absorbed by sulfur dioxide on the glass; we
have neglected the contribution of photo-sensitized
isomerization (Reaction 4). At high ¢is-2-butene
pressures (>100 Torr), it has been shown that the
rate of isomerization is independent of the pressure
(Fig. 3). This must be attributed to saturation of the
active site on the glass by the chemically-adsorbed cis-2-
butene which is involved in propagation Step 5.2%)

We can rearrange Eq. i to Eq. ii in order to observe
the effect of the adsorbed sulfur-dioxide concentration,
thus,

L/RE., = 4 + B[SO,], (ii)
where
4 Ut (kyk)
kykskq
x { ko (ks[cis-2-but] + kg + kyy) + kyy (k7 + kg) }
2(kg[cis-2-but] +kg) + k13
and
B = (kithks) kst k) { ek } )
Fokos 2 (kyleis-2-but] + kg) + fry

At high cis-2-butene pressures (>>100 Torr), 4 and B
can be regarded as constant (Fig. 3). Using the data in
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Fig. 8. Plot of I/RY,, vs. Vg, Filters: (O); Corning
7-54 and UV-29, (@); Corning 7-54 and UV-31.
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Fig. 4, which were obtained in experiments carried out
at a constant cis-2-butene pressure of 105 Torr, I./R.,
is plotted against the amount of adsorbed sulfur dioxide
in Fig. 8. A reasonably good linear relation between
these variables supports the proposed process.

As described above, all the results and the kinetic
data obtained in this work can be explained satisfac-
torily by the reaction mechanism in which the geo-
metrical isomerization of ¢is-2-butene accompanies the
copolymerization of sulfur dioxide with cis-2-butene,
which is initiated by the electronically-excited 3B, state
of sulfur dioxide.
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