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nificant only in the very last stages (¢ > 300 usec) of the
iodine and iodine monochloride formation shown in Figure
1.

Effect of Additives. We attempted to examine the ef-
fects of nitric oxide, oxygen, and ethylene on the flash
photolysis to see if atom-scavenging reactions could be ob-
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served. These attempts failed because in all three cases a
very rapid dark reaction occurred, consuming the iodine
monochloride. ’
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The photolysis of thietane vapor at 254 and 313 nm and at temperatures between 22 and 200° has been
examined. The only primary photodecomposition forms ethylene and thioformaldehyde. Thioformal-
dehyde monomer is long lived and undergoes secondary photolysis to produce propylene in a sequence of
reactions involving both the photoexcited monomer and a diradical. Photolysis of thioformaldehyde
yields Hy with a quantum yield <0.08 at temperatures less than 200° and is therefore much more resis-
tant to photodecomposition than its oxygen analog.

Extensive investigations have yielded valuable informa-
tion concerning the mechanism of the primary processes
involved in the photolysis of the cyclic ketones,! the pyra-
zolines,2 the cyclic ethers,® and the cyclic sulfides.® In
particular, the question of diradical vs. molecular decom-
position pathways has been thoroughly studied and, in the
cases of the cyclic ketones and the pyrazolines, tentative
identifications of the excited states involved have been
made. For the cyclic ethers and sulfides, however, the na-
ture of the excited states and the photodecomposition
pathways are much less certain. In part this is due to the
added complication that one or more of the primary prod-
ucts may absorb light strongly at the photolysis wave-
length.

For the particular case of the cyclic ethers, some evid-
ence that secondary photolysis may be important has been
obtained.® The carbonyl-containing fragment produced in
the primary step apparently undergoes secondary photo-
decomposition with the production of several additional
products.

Previous reports of the photolysis of thietane*® vapor
have indicated that ethylene is a major product, likely
arising via the molecular scission of an excited molecule.

g + w —> CH, + CH,S (1)
Other hydrocarbon products, cyclopropane and propylene,
were thought to arise from the reaction of unidentified in-
termediates with the substrate. It was necessary to postu-
late the existence of at least four different excited states
and three additional intermediates to explain the results
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obtained. No secondary photolysis processes were re-
ported.

In this paper evidence that propylene is not a primary
product of the photolysis of thietane vapor in its lowest
energy absorption band is presented. Rather, it is demon-
strated that propylene is very likely produced as a resuit
of the secondary photolysis of monomeric thioformal-
dehyde. Conclusions regarding the nature of the likely pri-
mary processes in the photolysis of thioformaldehyde are
also presented.

Experimental Section

Materials. Thietane (Eastman) was purified by prepar-
ative gas chromatography on a 10-ft dinonyl phthalate
column., NO (Matheson) was purified by passing it
through a 5-ft silica gel column at —78° followed by de-
gassing under vacuum at —210°. It was distilled from

(1) (a) H. A J. Carless and E. K. C. Lee, J. Amer. Chem. Soc.. 94, 1
(1972); (b) J. Metcalfe and E. K. C. Lee, ibid., 94, 7 (1972); (¢} J.
C. Hemminger, C. F. Rusbuit, and E. K. C. Lee, /bid.. 83, 1887
(1971); (dy T. F. Thomas and H. J. Rodriguez, /bid., 93, 5918
(1971); (e) W. C. Agosta and A. B. Smith, ibid., 93, 56513 (1971).

(2) (a) E. B. Klunder and R. W. Carr, Jr., Chem. Commun., 742
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Soc., Chem. Commun., 273 (1972); (c) J. J. Gajewski, A. Yeshur-
un, and E. J. Bair, J. Amer. Chem. Soc.. 94, 2138 (1972).
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Figure 1. Ratio of rate of C3Hg to C,H4 production vs. time of ii-
lumination in the 254-nm photolysis of 30.0 Torr of thietane at
200°.

—160° prior to each run. H,S was purified by gas chroma-
tography on a 10-ft Porapak Q column to remove traces of
hydrocarbons. Ethylene and isopentane were subjected to
rough fractionation and degassing under vacuum.

Apparatus. The reaction system was a typical mercury-
containing, grease-free high-vacuum system. Photolysis
was carried out in a cylindrical quartz cell 20 ¢cm in length
and of 0.216 1. total volume mounted in an aluminum
block furnace. The temperature of the oven was controlled
to £1°.

In some runs a Hanovia medium-pressure lamp was

used in conjunction with a Corning No. 7740 filter to iso-

late the A >300-nm region, and with a Barr and Stroud
U2 interference filter to isolate the 254-nm region. In most
experiments a PEK Model 715 500-W high-pressure
mercury lamp was used in conjunction with a Bausch and
Lomb high-intensity grating monochromator, adjusted for
a 10-nm bandwidth. Intensity of irradiation was moni-
tored using an RCA 935 phototube coated with sodium sa-
licylate. Response of the phototube was linear with light
intensity at both wavelengths.

Extinction coefficients were measured using a Cary 14
spectrophotometer and were found to be nearly invariant
with temperature from 25 to 230° in the 330-240-nm re-
gion.

Analysis. Products from the photolysis were analyzed
using a Gow-Mac 69-500 gas chromatograph modified to
allow the direct sampling of gases. The fraction noncond-
ensable at —130° was separated on a 10-ft Porapak Q col-
umn, and the condensable products on a 10-ft 10% dinonyl
phthalate on Gas-Chrom Z column. NO was measured
using a molecular sieve 13X column using carrier gas pu-
rified by passage through a molecular sieve trap at —196°.
Identification of products was made by mass spectrometry
and comparison of retention times with authentic sam-
ples.

Results

Thietane exhibits a broad, structureless absorption ex-
tending from about 240 to 330 nm. At the photolysis
wavelengths of 254 and 313 nm the decadic molar extinec-
tion coefficients for thietane vapor were found to be 11.4
and 0.75 M -1 cm~ 1, respectively, virtually independent of
temperature and in excellent agreement with previous
measurements. .5
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Figure 2. Rate of CiHg production vs. temperature from the
313-nm photolysis of 10 Torr of thietane.

Photolysis of thietane vapor at either wavelength, at
temperatures from 22 to 235° and at pressures from 1 to 40
Torr produces only ethylene (and thioformaldehyde) in
substantial yield when the percentage decomposition of
the substrate is sufficiently small. That propylene is in
fact a secondary photolysis product may be observed from
Figure 1, in which a typical graph of the ratio of the rate
of CsHg to the rate of CoHs production is plotted as a
function of exposure time. Because the rate of production
of CoH,4 is nearly invariant with exposure time in these
experiments, it is evident that at very small percentage
decompositions the rate of C3zHg fails to near zero. In
order to show that the presence of ethylene was not neces-
sary for the production of propylene, a similar series of ex-
periments was carried out in which 10 Torr of thietane
with 1 Torr added ethylene was photolyzed. The rate of
C3Hg production still fell to near zero at short exposure
times. The rates of formation of cyclopropane and of all
other minor products are less than 2% of the rate of CoH,
formation for photolysis in this absorption band and were
not measured routinely. When 10 Torr of thietane was
photolyzed at 200° with 1 atm of Ar added no significant
change in the yield of cyclopropane was observed.

In order to obtain some information regarding the na-
ture of the secondary photolysis process, experi-
ments were carried out in which the yield of C3He from the
photolysis of thietane to about 1% conversion was measured
as a function of temperature. Figure 2 indicates that there
are probably two processes producing propylene. One is
dominant at temperatures less than ahout 200° and is re-
sponsible for the slow increase in the yield with increasing
temperature. The second is responsible for the rapid in-
crease in the yield at temperatures greater than about 200°.
Blank runs showed that this rapid rise in yield was photo-
chemically and not thermally initiated.

These results were confirmed by experiments in which
the yield of C3Hg was measured as a function of the pres-
sure of added nitric oxide (Figure 3). At 205° only part of
the propylene is scavengable with NO. As the temperature
is lowered, the fraction of the C3Hg which can be scav-
enged increases sharply and virtually all the propylene is
scavengable at temperatures less than 175°.

(5) (a) R. E. Davis, J. Org. Chem., 23, 1380 (1958); (b) D. R. Williams
and L. T. Kontnik J. Chem. Soc. B, 312 (1971).

The Journal of Physical Chemistry, Vol. 77, No. 4, 1973



436

.4 7=205 °C

s x10 (pmoies)

CjH
&
/Cf

S )
g o.of ~__ o
= " Q

i 4 [ 5]

0.6
L L J, L 1 L il L " L 1 i L L 1
o} i 2 3 4 5 10 15
P (torr x I02)

NG

‘ Figure 3. Yield of CaHg vs. pressure of added NO from the 313-
nm photolysis of 10 Torr of thietane at 205°,

Table 1#
Rate (CaHy4), Rate (CsHsg), AR(NO)/
Pwo, Torr umoi/5 hr pumol /8 hr AR{C3Hg)
0 1.75 0.150
50 1.76
10 1.73
2.32 X 1072 0.080 1.49
3.74 X 1072 0.072 1.78
5.53 X 102 0.067 2.07
8.40 X 102 0.066 2.01
11.73 X 102 0.066 2.06

o7 =205° A = 313 nM, Ptnietane = 10 Torr.

In order to show that NO was in fact scavenging radi-
cal- or diradical~precursors of propylene (and not just
quenching some excited intermediate) experiments were
carried out in which the amount of NO consumed was
measured. All experiments were performed at 205° with
313-nm radiation. The results are presented in Table 1. In
these experiments the yields of ethylene (a primary prod-
uct) were unchanged when up to 50 Torr of NO was
added. Blank runs indicated that NO was not consumed
on prolonged heating of mixtures of NO and thietane or
NO, thietane, and its photolysis products. (Greater than
98% of the NO initially present was recovered in these
blank runs.) At NO pressures for which scavenging of the
scavengable precursor of C3Hg was complete (>4 X 10-2
Torr at 205°), the ratio of the amount of NO consumed to
the amount of C3Hg scavenged, AR(NO)/AR(C3Hg), was
2:1 within an experimental error of about £7%.

Discussion

The available evidence now indicates that the only pri-
mary products of the 254- and 313-nm photolysis of thie-
tane vapor at temperatures from 22 to 200° are ethylene
and monomeric thioformaldehyde. Propylene is a secon-
dary photolysis product, one precursor of which is scaven-
gable (at T < 175°) by nitric oxide. Other products (cyclo-
propane, CHy, and C8;) are present in trace amounts
(<1% of the CyHy yield) and are not formed by a signifi-
cant decomposition pathway.
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Figure 4. Stern-Volmer plot of the ratio of the yield of scaven-
gable CaHg with no added NO (Y9 to the yield of scavengable
CsHe with NO added (Y) vs. concentration of added NO. Photol-
ysis was at 313 nm and 205°.

The question of the nature of the secondary photolysis
process and the mechanism of CsHg production is a par-
ticularly intriguing one. Two questions must be answered:
first, what is the identity of the species which absorbs and
thereby initiates the propylene-producing reactions, and
second, what is the nature of the nitric oxide consuming
species which is the propylene precursor?

Identity of Absorber. The light absorber responsible for
the initiation of the propylene-producing reactions is very
likely monomeric thioformaldehyde, produced in the pri-
mary process (reaction 1) in yield equal to that of ethyi-
ene. This process is analogous to that postulated by Mar-
gerum, et al.,3 in the photolysis of oxetane vapor at A
<200 nm in which formaldehyde, a primary product, ab-
sorbed light in its (7,7*) absorption band and decomposed
to H, HCO, Hj, and CO.

Thioformaldehyde is unstable in monomeric form and
has been reported to undergo trimerization to trithiane,® a
crystalline material of low volatility {(mp 216°) which, if
present, could not have been analyzed in our experiments.
The rate of disappearance of the monomer is likely quite
slow, however, and previous measurements”-8 have indi-
cated that the half-life of thioformaldehyde may be as
long as several minutes in a static system. Because a
“steady-state” concentration of thioformaldehyde mono-
mer will only be achieved after a period of several mono-
mer half-lives, it is evident that it may take several min-
utes for a steady state to be achieved in the photolysis
system. This compares favorably with the observed time
required for a steady state to be achieved in the rate of
CsHg production (cf., Figure 1). One therefore may con-
clude that the production of monomeric thioformaldehyde
is a necessary preliminary step in the production of CsHsg.
Reactions leading to propylene subsequent to the initial
excitation of thioformaldehyde may easily occur in a time
which is short in comparison with the time necessary to
establish steady-state conditions in the photolysis system.

(6) E. E. Reid, “Organic Chemistry of Bivalent Sulfur,” Vol. til, Chemi-
cal Publishing Co., New York, N. Y., 1960, Chapter 2.

(7) {(a) A. B, Caliear, J. Connor, and D. R. Dickson, Nature (London),
221, 1238 (1969); (b) A. B. Callear and D. R. Dickson, Trans. Far-
aday Soc., 66, 1987 (1970).

(8) (a) J. W. C. Johns and W. B. Olson, J. Mol. Spectrosc., 39, 479
(1971); (b) D. R. Johnson, F. X. Powell, and W. H. Kirchhoff, ibid.,
39, 136 (1971).
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Other evidence that thioformaldehyde monomer is the
most logical choice for the secondary absorber comes from
a consideration of the nature of the electronic absorption
spectrum which such an absorber must have. If the ab-
sorption of light by the secondary absorber (assumed to be
CH;S) produces C3Hg with a maximum quantum yield of
unity, then, when only a small percentage of the incident
light is abscrbed, ([CH2Slss €(CH2S)284)/([C3HgS]:
e(C3HgS)254) = (rate CgHg)/(rate C2H4) under steady-
state conditions. The best fit of the data of Figure 1 gives
a half-life for CH»S of about 3 min (in excellent agreement
with previous measurements®) and a resultant steady-
state concentration of CH2S of about 2 X 10-8 M, assum-
ing that the monorner disappears by first-order or pseudo-
first-order processes. Using this data, the previously de-
termined value of «(C3HgSj25%¢ 114 M-!* em-1 and a
{C3HeS] of 1.61 X 10-3 M, one calculates that ¢(CH3S)254
>1.3xX 103 M- 2*em—1,

Unfortunately the electronic absorption spectrum of
thioformaldehyde has not been measured. However, in
this reaction system only a (x,#*) or a (n,o*) transition of
a thiocarbonyl group is likely to have a molar extinction
coefficient of the required magnitude. Furthermore, the
existence of a (r,r*) transition having a position near 254
nm and ¢25¢ = 1.3 X 103 M~1 cm~? is not at all unreason-
able. Previous measurements of the absorption spectra of
aliphatic thio ketones®1? have shown that there are three
adsorptions in the near uv-visible region; an intense
(n,o*) absorption with Apax near 215 nm (corresponding
to the long-lived absorption observed by Callear, et al.,”
in the flash photolysis of CH3SSCHj3), an intense (r,7*)
absorption with Amax near 240 nm, and a weak (n,7*) ab-
sorption with Amax about 500 nm. Since the aliphatic al-
dehydes and ketones exhibit similar spectral? it is not un-
reasonable to expect that thio aldehydes will have elec-
tronic absorption spectra similar to those of the thio ke-
tones. Other possible light absorbers such as saturated
sulfides and disulfides would not likely have large enough
extinction coefficients at this wavelength. The conclusion
that CH2S is the absorber responsible for the initiation of
the sequence of reactions which result in the ultimate pro-
duction of CsHg is compelling.

One interesting conclusion which may be drawn from
these experiments iz that photolysis of CHyS at wave-
lengths greater than 240 nm produces little atomic or mo-
lecular hydrogen. Careful analysis of the reaction products
in runs in which a narrow band of wavelengths was em-
ployed produced no measurable amount of Hy either in
the photolysis at elevated temperatures of the substrate
alone or in the presence of added HsS and isopentane,

"commonly used as sources of readily abstractable hydro-
gen atoms. However, in experiments in which the full (A
>240 nm} spectrum of the high-pressure lamp was utiliz-
ed Hs was produced with a yield of about 7-8% of that of
propylene at 200°. Thus at temperatures less than 200°
the quantum yield of Hp from the A >240 nm photolysis of
CH3S must be less than about 0.08 since the maximum

. quantum yield of CzHg is unity. Thioformaldehyde would
therefore appear to be much more resistant to photodecom-
position than its oxygen analog.2 One can conclude that
other radiative and nonradiative pathways for dissipating

the absorbed energy must be much more important thar. de-
composition in the photolysis of CHsS in its (x,7*) or

(n,7*) absorption bands.

Nature of the Scavengable Precursor of CzHg. It is
much more difficult to identify the scavengable interme-
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diate which is the propylene precursor. The results pre-
sented do allow it to be partially characterized however.

A 2:1 ratio for AR(NO)/AR(C3Hg) is consistent with
either (1) the scavenging of a diradical precursor of CsHg
by 2NO, or (2) the reaction of INO with each of two free
radicals, one of which is a precursor of C3Hg. The latter
possibility may be eliminated on the grounds that there
are no products present in significant yield which could
have free radical origins. Moreover, the possibility that
NO is consumed in reactions involving free S atoms can
be ruled out since previous work#® has demonstrated that
free S atoms are not formed in this system. It is conceiv-
able that NO could react with excited CH3S to yield a
product of formula ONCH2SNO but it is highly unlikely
that this species would be stable even if such a reaction
could occur. One therefore concludes that a diradical is
the most likely CsHg precursor.

The diradical cannot be -CH,CH,CH,S. because such
a species would almost certainly decompose to CoHy and
CH,S, yet the CgHy yield is unaffected by nitric oxide.
Trimethylene is also not likely involved because cyclopro-
pane, a major product of trimethylene ring closure,? is not
present in significant quantity either at low pressure or
with high pressures of inert deactivator added. Rather, we
suggest that the diradical must be formed from the reac-
tion of electronically excited thioformaldehyde either with
ground state CH2S, or with the substrate in a sequence of

‘reactions which leads to the formation of polymer and

propylene. The former process is analogous to the photo-
dimerization of thiocarbonyls proposed by Ohno, et al.,12
but would require subsequent reactions with substrate be-
fore propylene could be produced. The latter process is
also more likely because the substrate is present in a con-
centration which is about a thousand times larger than
that of CH2S. A mechanism for the reaction below 175°
which identifies the necessary overall reactions but which
is likely quite incomplete follows.

CH,S + hv —> CH,5* (2)
CHS* + [} — diradical (D) 3)
D ‘—_)CgHG + CHZSZ (4)

D+ E‘S —> polymer (5)

D + 2NO — product (6)

The identity of the diradical, D, cannot be established
at present because it was not possible to characterize the
product of reaction 6. Either this product is unstable to
gas chromatographic analysis or it is sufficiently involatile
that it is impossible to remove it from the reaction cell.
Some polymeric material is formed in the cell but neither
photolysis nor thermolysis subsequent to its formation
yields C3Hg or CoHy. Any reaction in which a diradical
decomposes to more than one C3Hg can be ruled out since
a AR(NO)/AR(C3Hg) ratio of less than 2:1 would be ob-
tained in such a process. Hence, any product of reaction 5
cannot yield more than one CsHg if it decomposes. More-
over, because AR(NO)/AR(C3Hg) =~ 2 and because nei-

(9) J. Fabian and R. Mayer, Spectrochim. Acta, 20, 299 (1964).

(10) D. R. Kemp, A. H. Lawrence, C. C. Liao, R. 0. Loutfy, P. de Mayo,
A. A. Nicholson, and S. Paszye, Pure Appl. Chem., Supp. 1, 367
(1971). )

(11) J. G. Calvert and J. N. Pitts, Jr., “Photochemistry,” Wiley, New
York, N. Y., pp 368-377.

(12) A. Ohno, Y. Ohnishi, and G. Tsuchlhashi, J. Amer. Chem. Soc.. 91,
5038 (1969).
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ther N2 nor NQOy'3 were produced in these experiments,
further reaction of NO with the product of reaction 6 ap-
parently does not occur.

At present the nature of the reactions which result in
the formation of unscavengable CsHg at temperatures
greater than 175° is unclear. This aspect of the work is
under active investigation, however, and speculation re-
garding the possible results would seem to be unwarranted
at present.

Finally, an estimate of the lifetime, 7, of the scavenga-
ble diradical precursor to CsHg can be obtained from
analysis of the data in Figure 3. Considering the scavenga-
ble portion of the CsHg only, a Stern-Volmer type of plot
may be constructed (Figure 4). The slope of the graph
gives TR = 4.3 X 108 M -1, where k is the rate constant for

R. G. de Pena, K. Olszyna, and J. Heicklen

the scavenging reaction. An upper limit of £ < 3.6 x 1011
M-1 sec-1 is obtained for the case in which the scaveng-
ing reaction is diffusion controlled. Thus the average life-
time of D will be greater than 1.2 X 105 sec at 205°.
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Introduction

NH4NO3 particles were prepared from the reaction of NHz and O3 at room temperature. The NH; and
initial Oz pressures ranged from 0.034 to 2.0 and from 0.020 to 0.10 Torr, respectively, their ratio being
between 2 and 21.5. In all of the experiments Ny was also present. The O3 decay was monitored by ultra-
violet absorption and obeyed the rate law ~d[O3]/dt = k[O3], where % is a function of [NHg] andl [OQs]o
(the initial value of [O3]). One molecule of NH,NOg was presumed to be produced for every four mole-
cules of Oz consumed. The total number of particles greater than 200 or 1000 A diameter was monitored
as a function of reaction time. Initially there is a rapid production of particles in a short period of time
(<1G min) until about 105 particles/cc are produced. Then particle production stops, as deduced from
the fact that the number of particles between 200 and 1000 A rapidly falls to zero. The larger particles
grow, though the number, N, decays slowly according to the rate law N = Ny exp(—k’t). The number of
particles is too small for coagulation to play any role, and the decay constant &’ can be associated with
diffusional loss to the wall. The number of particles at zero time, Ny, increases with the loss rate of O3
and with the Ny pressure. The particles, C; (I = integer), grow by reaction with the monomer, the aver-
age growth rate constant being Sk[Os]/4N where § is the fraction (~3 X 10-3) of NH{NO3 monomers
entering the gas phase. The loss of particles is entirely by diffusion to the walls, with a pressure-depen-
dent rate constant kz,;. For the simplified situation in which initially No particles of » monomer units
each are produced, and the particle growth rate constants are all considered identical, i.e., BR[O3]/4N (a
nearly time-independent parameter since N and [O3] decay at similar rates), then a simplified solution
for the particle size distribution results, [C;] = No(Bk[O3]t/4N)*" exp(—ayt) /(I — r)!, where oy = Bk[03]/
4N + kg ;. This distribution predicts a single maximum for [C;] at 7max = ({ — r}/eu.

acetylene pyrolysis initiated at 770-1070°K and reaching
3000°K as a maximum has been discussed by Tesner.2 He

In our laboratory, we have initiated a program to exam-
ine the kinetics of particle formation, i.e., both the size
distribution and growth rates, as a function of time for
particles produced from gas-phase chemical reactions. As
far as we know, such studies have not been made before
under isothermal conditions, though particle formation
has been observed in numerous laboratory studies and is
important in polluted urban atmospheres.

A number of studies have been made of soot formation
in flames and hydrocarbon pyrolysis. Soot formation in
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considered an initial distribution of carbon particles, cor-
responding to a commercial soot, and assumed that the
particles grew upon every collision with a CoH. molecule
until the CoHo was exhausted. The computed growth rate
was about seven times that found experimentally, which

(1) (a) CAES Report No. 246-72. (b) Department of Meteorology. {c)
Environmental Protection Agency air poliution trainee.
(2) P. A Tesner, Disc. Faraday Scc.. 30, 170 (1960).



