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ABSTRACT

The reactions of S (3P) and § (lD) ;toms as well as the
reactions of the sulfur radicals SZ’ 83, Hé, and H82 have been
investigated with the technique of flash photolysis kinetic
spectroscopy.

S (3P) atoms were formed in the_sbort wavelength photolysis
of CSz, in the relaxation of § (1D) by C02, and in the
disproportionation of HS radicals. § (3P) atoms were shown to combine
to form S2 in all three low lying electronic stétes.

S (lD) atoms, formed in the photolysis of COS, abstracted
a sulfur atom from COS. The abstraction reaction most likely proc;eds
through the intermediate COS.. § (lD)_atoms were found to insert into

2

H2 and CH4 forming hot products which underwent considerable secondary
cracking reactions.

82 (lAg) was formed in the abstraction from COS by S (lD);
in the combination of § (3P) atoms, the cross disproportionation of
HS and HSZ’ and in the disproportionation of HS,. 82 (%Ag) suffered
collisional relaxation to the ground state and invthe presence of HZ’

the process is very rapid due to the near resonance condition .between

the donor and acceptor.

3
82 ( Eg) was formed in the combination of S (3P) atoms and

in the disproportionation of HS and H82 radicals. Ground state 82 1s



ii

also formed in the reactions:

* 4+ cs 2¢8 + S

cs, 2 2

*
CZH4S + C2H4$ 2 CZH4- + 32

S2 (%E;) decays by third body combination forming S4 and ultimately
polymeric sulfur. Rate constants for the combination have been
calculated with several third bodies. The efficiency of the third
body increases as its complexity incfeases. Ethylene épisulfide is
about 50 times as efficient as Hz.

HS was formed in the photolysis of H_S and H_S_ as well as

2 22
1
in the reaction of S ('D) atoms with H_ and CH,. HS was found to

2 4
undergo disproportionation with itseif and with H82 as well as
combination reactions. The disproportiongtion into H2 + 82 was
shown to be unimportant. The extinction coefficient of the 3060 A
line was determined and absolute rate constants for HS decay were
obtained.

H82 was formed in the photolysis of H282 and also in the
recation between HS and S (3P). H82 was found to undergo
disproportionation with itself and HS and combination with itself
and with HS. ‘

The triplet excited state of 082 formed in the long

wavelength photolysis of carbon disulfide underwent luminescence as

well as chemical reaction with another 082 and with 02.



iii

Rate constants of several radical reactions are listed.

Spectra of the intermediate radicals are shown in the Plates.
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CHAPTER I

INTRODUCTION

The subject of photochemistry is concerﬁed with the
processes resulting from the interaction of radiation with matterl’2
The radiation of photochemical importance almost exclusively lie
in the visible, ultra violet and the vacuu; ultra violet regions
of the spectrum. The photon, once absorbed by the molecule, causes
a change in the electronié.configuration in the molecule with the
result that the new molecule is higher in energy and has different
reactivity and characteristics. In general there are more than one
energy levels and corresponding excited states and a molecule may
absorb in different regions of the spectrum giving rise to different
modes of reaction subéequent to photoexcitation.

| A photochemical reaction can be separated into ;hree
stages:

a) light absorption. According td the Einstein Law
of Chemical Equivalence, in the primary process each molecule is
activated by the absorption of one photon.

b) the primary reaction - the immediate chemical
change that occurs in the excited molecule. Some of these are:

1, Unimolecular reaction, dissociation or

isomerization of the excited molecule.



2, Bimolecular reaction, reaction involving a second
molecule.

3, Luminescence, light emission with simultaqfous
transition to a lower state of tﬁe same or different multiplicity.

4, Internal conver;ion, nonradiative traﬁsition to
a lower.state of the same multiplicity.

5, Intersysfgm crossing, nonradiative conversion to
a state of different multiplicity.

c) secondary reactions - the reactions of the product
of the primary reaction.

Sometimes, instead of reacting or losing its energy, an
excited ﬁolecule may collide with another molecule and transfer its
energy causing the other molecule to be excited. This process is
called photosensitization. Mercury photosensitization is a common
example of such an energy transfera.

Except in a few simple cases, the course of a photochemical
reaction between the initial excitation and the formation of the
stable products is quite complex and often involves the participation
of atoms, radicals, excited states and even ions. The short
lifetimes and the low steady state concentrations of these reactive
intermediates prevented their detection by physical methods.
Therefore, the postulated mechanisms were derived from circumstantial
evidence provided by spectroscopic observations and quantitative

measurements of the end products. In most cases the proposed



mechanisms were satisfactory but the lack of physical evidence
for the proposed intermediates often led to undue crificiSm.

It was for this reason that Norrish and Porter in 1946
tried to obtain spectroscopic evidence of the presence of these
short lived intermediates in a photochemical reaction.

They found that very large.measures of photolysis could easily
be achieved by applying a very intense light flash to suitable
reactants['. These early flashes were produced By discharging a
bank of condensers through argon and were of 1 - 2 msec duration
and dissipated up to 10,000 joules energy. It seemed obvious
that if free radicals were produced, ihey would be of such high
concentration that they could be detected through their absorption
spectra. - This was first achieved by Porter5 by using a second
flash as a photographic source triggered mechanically at short
intervals after the firét flash. He was able to demonstrate the
decomposition of chlorine and to obtain the absorption spectfum
of CS from the photodecomposition of carbon disulfide.

This early success was followed by the development of
the technique. Shorter flash durations were achieved by the use
of improved very low inductance capacitors. Short, very precise
delays were achieved by using electronic delay devices vhich
were capable of timing to within a microsecond. The basic device6
still in use today,though much more refined, was developed in

1953 and is described in Chapter 2 of this thesis.



It became apparent that many of the early results were
invalidated by the great rise in temperature whiéh reéulted in thermal
as well as photochemical dissociation. This.temperatufe rise comes
from the fact that when the inteﬁge flash is applied, the light
energy absorbed is rapidly.degradeh to heat and Qhen only a few
torr of.reactant are present, this temperature rise may exceed
a thousand dégrees. If a igrge excess of inert gas, e.g., 500 torr
nitrogen, is present, the temperature rise can be limited to a few
degrees. Tﬁus under adiabatic éonditions resﬁlting from lack of

temperature control, thermal cracking as well as explosive reactions

may be initiated.

Carbon Disulfide

Porter5 first demonstrated the great significance of the
technique of flash photolysis-kinetic spectroscopy in ellucidating
the mechanism of the phétodecomposition of carbon disulfide. Since
the final products are suifur and a polymer, little was known about
the photochemistry of this compound. Porter detected the transients
CS and S, (32;) when he flashed carbon disulfide in a quartz vessel

and proposed the mechanism:

cs2 + hv -+ CS + 8 - {1}

S + cs + S + 5. Cr) {2}
2 2 g

nsS + 8 {3}



ncs + (CS), {4}

" Arguing on the grounds of spin conservation, he stated that the S
atom formed in {1} must be in the singlet state.

If a singlet sulfur ator is produced in {1}, then from
the same rules the S2 produced in {2} should also be in a singlet
state. This singlet state was not observed.

Wright7 repeated Porter's experiments and obtained
similar results. He concluded that CS decay was a heterogeneous
process and that no condensation or feaction with sulfur occurred
in the gas phase. |

Owing to limitations of his apparatus, he was unable to
study the formation of SZ' He did conclude that two processes

could form Sz, namely,
S + €. + € + S . {2}
S + S + M + S+ M {5}

although reaction {5} would only become significant at very high
pressures of inert gas.

Callear8 also studied the flash photplysis of carbon
disulfide using much lower pressures, 0.03 torr, and a much more
refined apparatus. He was able to detect the formation of S (3P)
atoms but neither the (IS) nor the (lD) could be observed. Therefore

he concluded that the initial step in the photolysis was absorption



to a singlet state, followed by intersystem crossing to one of the

10,11

nearby triplet states and decomposition from this triplet state.

This scheme can be summed up in the equation

1+ 3 .
052 + hv =+ € (Z) + s (P {6}

He attributed the formation of 82 to recombination via reaction
{5} rather than to the abstraction reaction {2} proposed by Wright
and by forter.

Callear proposed that the fate of 32 is a third oxder

recombination via

* .u .
2sz+M+.s4+,M {7}

although this mechanism failed to explain the observed pressure

dependence of S, formation and decay.

2
A thorougﬁ investigation of the flash photolysis of
carbon disulfide was carried out by Basco and Pearsong. They found

that their results were best explained by the following mechanism:

G, + hv =+ € + 8 {6}
" _
s, + 8 < cs3 {8}
cs, + S + ¢, + S (3):') {9}
3 _ 2 2 g :
2 s + M + S, + Mk {10}



They based this mechanism on the observations that the rate of S2
formation is dependent on carbon disulfide pressure, that the
activation energy of 82 formation is negative, and that the addition

of a large excess of inert gas has little effect on the rate of §

2
production.

They also carried out the flash photolysis of carbon
disulfide in the presence of small amounts of nitric oxide. The
marked increase in the rate of formation of 82 was attributed to
the reaction scheme

s + No % SNO , {11}

SNO + S =+ NO + S, {12}

In the presence of nitric oxide, a new transient spectrum was
observed in the spectral region of A = 3500 - 4300 A. No attempt
was made to assign the spectrum but they suggested thaf it resembled
the spectrum of NO,.

They were able to obtain values for the rate constant
kg, the ratio kg ! k_g, and for the equilibrium constant K = kg/k_g-
These values are 3t1 x 108! M-Zsec_l, 1.2+0.5 x 104 and ~ 105
respectively.

Heicklen12 has observed luminescence from carbon disulfide

vapor irradiated with light between 2800 A and 3600 A. He was able

to show that the excited molecule formed in the primary process



, + hv o cs. * - 13}

cs 2

is long lived, T = 3.3 x 10_6 sec., and emission from the excited

state occurs before vibrational relaxation can take place

*

052 > s, + hv . {14}

He proéosed that luminescence quenching in carbon disulfide vapor

takes place via the self quenching process

* . .
cs, + c52 + 2 Cs, {15}

With the exception of Heicklen's work, all of the above
mentioned investigations were carried out in quartz vessels and
consequently carbon disulfide was photolyzed in its short wavelength
region, leaving the much weaker long wavelength region unexplored.

The object of this investigation was to examine the
mechanism of luminescence quenching and to establish whether
chemical reaction can occur from the luminescent state. A secondary

3
objective was to examine the recombination of § ( P) atoms.

1
Carbonyl Sulfide and the Reactions of § ('D) and (3P) Atoms

The ultra violet absorption spectrum of gaseous carbonyl
sulfide consists of a series of weak vibrational bands superimposed
on a strong continuum in the region of 2000 A to 2600 A. Sidhu 55_5;}3

-9
have calculated the lifetime of the excited state to be 10  sec.



They also found that the first absorption corresponds to transition
¥« 7.
As early as 1932,it was suggested that the photochemical

1
decomposition of carbonyl sulfide may form S ( D) atomsl4. Forbes

‘
and Klinelsfound that the Quantum §ield of CO was.close to unity and
assumed fhat S atoms are incapable of seéondary reactions. -

Stfausz and Guﬁniﬁgl6 studied the photolysis of COS and
showed that it was a clean source qf sulfur atoms with the carbon
monoxide being a good monitor of the amount of S atoms produced.

Taking the heat of formation of S (3P) atoms as 66 Kcal/molé17
and AHg COS = -33.8 Keal/mole'", then D(0C=S) = 72.4 Keal/mole. .
The first two excited states of sulfur are 1D and ;S and are

26.4 and 63.4 Kcal/mole above ground state respectivelylg. - Therefore

the two primary processes
1 )
oS + hv .» CO + S (D) {1}
1
COS + hv =+ €0 + S(8) {2}

can commence at 2895 A and at 2105 i respectively.
The mechanism proposed for the decomposition of carbonyl

sulfide is
oS + hv =+ CO + S ) . {1}
scdp)y + cs +» co + s {3}

2

cos + S (ln) + COs*x + S (3p) ' {4}



‘10

cos + S(BP) + € + 8, ' {5}

zs(3p) + M > 52 + M* {6}

Carbonyl sulfide was shown to bring about the relaxation of S (ID)
to the groun& state via reaction‘{4}29. Reaction {6} is not
important since the addition of an S atom scavenger reduces the
CO yield to one half.

The quantum yield of carbon monoxide has been measured13
under different conditions and was found to be 1.80 rather than the
expected value of 2.0. However, since the quantum yield is
independent of pressure, this low value is probably due to an
inefficiency in the primary photolytic processlB.

The reaction between S (lD) atoms and pardffinic
hydrocarbons was shown to be an insertion proce3521’22. The
exothermicity of the process is about 85 Kcal/mole and except with
methane, the number of available degrees of freedom are sufficient
to prevent decomposition of the hot mercaptan.

The rate of reaction of S (lD)kwith the C - H was found to
be independent of the bond type. The mercaptan distfibution with
propane was n-PrSH/iso-PrSH = 2.85 + 0.05 and with isobutane,
1-BuSH/t-BuSH = 8.8 * 0.1. This indicates that the attack is
indiscriminate and hence of high efficiency. .

The addition of carbon dioxide reduces the mercaptan yield

: 22
to zero indicating that S (3P) atoms do not insert or abstract .

The fact that the CO yield can not be reduced to exactly one half



11

was attributed to the formation of § (3P) atoms in the primary
brocess. From the rate of mercaptan formation, it was concluded that

this process may occur to the extent of 26222
: 3 '
CS + hv =+ €0 + S (°p) {7}

The following mechanism was proposed for the reaction

of S (lD) atoms with paraffinic hydrocarbons:

S + hv + co + s () {1}
s ) + m + neE | 8}
s (11)) + RH + Rix + s (°p) {9}
S (lD) + CS + CO + s, {3}
s ) + cos + co + 5, . {5}
25Cp) + M o+ s, + {6}

The rate of reaction {3} was shown to be about twice as fast as
{8}.

In the case of methane, considerable cracking of the hot
mercaptan occurred since the number of dergrees of freedom was less
than in the higher paraffins. The following mechanism based on

the secondary products was offered:

cH,  + s (') > CH.SH* " {10}
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CHSH* + M = CH,SH + M# - {11}
CH,SH > CHS + H {12}
H + CH > Hy + CH, {13}
2 CH4S +  CH,SSCH, {14}
CH3S + CH, > fcn3scn3 o {15}
CH,S + CH, > CHS + o {16}
2 CH, + CH {17}

" The ratio CH3SH/£CH3S = 0.67 ﬁas found to be independ;nt of the
total pressure up to 1450 torr indicating that aboﬁt one third of
the hot mercaptan underwent préssure independent fragmentationZI.
The products of the reaction of sulfur atoms with
‘ olefins were found to be. episulfides, vinylic mercaptans, and
alkenyl mercaptan323. The carbon monoxide yield decreased to one
half indicating that complete scavenging of the sulfur atoms had
been accomplighed. The addition of a large excess of carbon
dioxide suppressed the formation of all mercaptans indicating that
they are formed from S (lD) atoms only. Ground state triplet atoms
react with olefins to form only an episulfide. Alkenyl and vinylic
mercaptans indicate the participation of singlet sulfur atoms. The

following mechanism was proposed to account for the reaction of

1
S (D) atoms with olefins:



C0S + hv
1
s + S (D)

S (lD) + olefin

S (3P) + olefin

>

w + s (b
0 + s,
episulfide

alkenyl mercaptan
vinylic mercaptan

*
S (3P)- + olefin

episulfide

13

{1}

{3}

{18}

{19}

" {20}

{21}

{22}

Thus a convenient method of distinguishing between singlet

and triplet sulfur atoms was developed. Triplets form only

episulfides while singlets form episulfides and mercaptans.

Triplets

do not react with paraffins while singlets insert to give the

corresponding mercaptans.

Basco and Pearson investigated the flash photolysis of

carbonyl sulfide and proposed that S2 formation proceeds via the

mechanismg:

COS + hv
cos + S A
COS2 + S >
2S

co

1
+ S (D)
+ s,

+  M*

{1}
{23}
{24}

{25}
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These conclusions are in disagreement with those of Strausz and Gunning16
since they can not explain the decrease in the CO'yield when .an
olefin or paraffin is added to the system.

McGrath gg_g;?a also ianstigated the flash photolysis of
carbonyl sulfide and observed a neé transient speétrum which they
said may.be due to an excited state of SZ‘ Thgy attempted no
assignment of this spectrumL. They also observed that S (lD) atoms
react with hydrogen to glve thé transient HS. They did not attempt
a mechanism for HS formation.

The object of the investigation of the flash photolysis
Ef carbonyl sulfide was. to examine the abstraction :eacfion'{3}
as well as to attempt to obtain rate constants for the reactions of
8 (lD), S (3P) atoms and S,.
The reaction of S (lD) with hydrogen and with methane was

also examined to determine the mechanisms involved in the thermal

cracking reactions.

Hydrogen Sulfide

Hydrogen sulfide begins to absorb in the ultra violet
region at 2600 A and reaches maximum absorption at 2200 A. The
absorption is continuous and shows no structure.

Forbes.gg_gl?s investigated the photochemisfry of
hydrogen sulfide and found that the quantum yield for HZS

disappearance is unity. They varied the wavelength from 2080 A to
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2370 A and the pressure from 7.5 torr to 1400 torr but the quantum
yield did not change. They also found that the intensity, which
was changed by a factor of 15, did not affect the results. From

these facts, they concluded that the most likely primary step is

HS + hv > B + HS {1}

and that‘HS radicals must be stable with respect to dissociation

into atoms. They postulated that 1f H atoms react via

H + HZS + HZ + HS {2}

then HS must undergo

2HS + HS + S {3}

An alternate primary process 1s the reaction
HyS + hv .» Hy + S . {4}

However, the work of Avery and Forbes26 ruled out this step. They
found that the photolysis of hydrogen sulfide in carbon tetrachloride
solution resulted in the formation of sulfur, hexachloroethane, and
trichloromethyl marcaptan. These products can only be explained
in terms of reaction'fl} being the primary process.

Porter27 carried out the flash photolysis of hydrogen
sulfide and was able to show that the primary photochemical step

is reaction {1} by observing the spectrum of HS at the shortest delay.
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He proposed the following reaction scheme for the

decomposition 6f hydrogen sulfide

H,S + hv + H + HS {1}
H + HS + H, + HS {2}
2 HS + H, + S (32') ' {5}
2 2 g
3.~ | ' :
28, (zg) + M > 5, + M#* {6}

Porter also detected a new transient spectrum in the
region of 3100 A to 3770 A and attributed it to the_species HSZ'
He did not propose a mechanism for its formationm.

Darwent and R.oberts28 also investigated the photolysis
of hydrogen sulfide by measuring the quantum yield of hydrogen at
a variety of conditions. They found that the quantum yield of Hz

was 1.09 at 30 torr and '1.26 at 400 torr.. They attributed this

increase to the reaction

2H <+ H, + 8§, {7}

They found that at 400 torr pressure, about 13% of the HS reaction
proceeded via {7}, the rest via {3}.

Darwent and Krasnansky have been able to show that the
rate of reaction {2} is fast29 although its absolute rate constant
is not known with any certainty since the H atom is translationally

hot when formed and depending on the total pressuré, will influence
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the reaction rate. .
30
In a recent study, Darwent et al have been able to
show that the rate of reaction {7} is much slower than the rate
of {5} at low pressures. They reacted methyl with hydrogen

sulfide via

CH, + HS > CH + HS {8}

and noted that H2 was not formed. Therefore, reaction {7} must
not be important.

Stiles gg.glél however were able to shéw that the
electron spin resonance spectrum obtained from the photolysis of
hydrogen sulfide was that of 82 (32;) and most probably came
from the reaction of HS via {7}.

Since there is some disagreement in the literature

about the reactions of HS, the photochemistry of hydrogen sulfide

was reinvestigated to clarify this situation.

Hydrogen Disulfide

The only study on the reactions of hydrogen disul fide was
' 2
made by Dolgoplosk and coworkers3 . They reacted hydrogen disulfide
in liquid pentenes at 70°C. From the products found, they proposed

that H282 decomposes via
HyS, + 28 {1}

followed by
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BS + HyS, = H,S + HS, {2}

They also discussed some of thé addition reéction.of HS and HS,

with the various Qlefins to produce mercaptans and disulfides.
Except for this omne inveéfigation, no attention has

been paid to the photochemistry of hydrogen sulfide. The

investigation of the photochemistry of this compound was undertaken

for this very reason. Also,'it seemed reasonable that if the

transient spectrum was correctly assigned by Porter to HSZ’ then

hydrogen disulfide would be a good source of this species.

Ethylene Episulfide

Low intensity studies of the photolysis of ethylene _
episulfide,[E], have shown ‘that the major product is ethyleﬁe and
sulfur. The quantum yield of ethylene was found to.be about
1.67 at 7.3 torr and 1.57 at 16.0 torr33. The mechanism

suggested for the formation of this product is

*

C,HS + hv = g {1}
1g* > 3g” {2}
3g* s oy, + s Cp | {3}
E + sCp -+ CH o+ S, | {4}

The sulfur atoms are formed in the triplet ground state since
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mercaptans could not be found among the products on addition of

paraffins or olefins, although the episulfide of the added olefin

was readily detected.

1
8, (Ag)

The emission spectrum of 82 (lAg) has been observed
: 56 )
by several workersss’ ’57. Barrow gg_gl.56 have attributed the
spectrum to- the transition'blAu -+ xlAg. The vibrational assignment

58

has recently been reassigned” based on the rotational analysis of

S2 enriched samples.
Mchath 55_5534 observed several lines of this spectrum
in the flash photolysis of c;rbonyl sulfide although they did not
assign the spectrum to the S2 (lAg) species, Strausz gg_gl.sg
have observed the spectrum from a variety of substrates and also

detected five short wavelength bands that were not seen in emission.

The following bands were observed in absorptioni

2343 (15,0) 2426.0 (11,0)  2520.7 (7,00"
2364 (14,0) 2448.4  (10,0)
2384,1 (13,0) 24717 ( 9,0)

2404,7 (12,0) 2495.8 ( 8,0)

*
Partially obscured by Si emission line.
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CHAPTER II

EXPERIMENTAL
APPARATUS

1, High - vacuum system

A conventional high - vacuum system was used consisting
of pumping, distillation, storage, metering and product analysis
stages. The system was gompletely grease free employing only
Delmar mercury float valves and helium tested Hoke valves.

The pumping stage consisted of a Welch Duoseal Model 1405
mechanical pump and a two stage mercury diffusion pump. Typical
pressures attained were 10-6 torr. The distillation stage (Fig. 1)
served the dual purpose of reagent purification and product fractiona-
tion. It consisted of three traps isolated by mercury float valves.
The storage stage consisted of five 2 liter pyrex bulbs where the
purified reagents were stored behind mercury float valves. The
metering stage (Fig. 1) consisted of a mercury manometer and a McLeod
gauge. The manometer was used for measuring préssures in excess of
2 torr while the McLeod.gauge was used for lower pressures. The
reactants were méasured directly into either the flash cell or into
the static cell. The product analysis stage (Fig. 2) consisted of a
Toepler pump in conjunction with a set of calibrated bulbs for

quantitative measurements of the fractionated products. A second
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Toepler pump was used to transfer products into the G.L.C. sampler
for chromatographic separation and analysis. The G.L.C. unit
consisted of a thermal conductivity unit, Gow - Mac Model TR IIIB,
a power supply, Gow - Mac 999-C and a Sargent recorder, Cat. No.

S - 72189. Helium at a flow rate of 60 cc/min was used as carrier.

G.L.C. columns were constructed of 6 mm ID glass coils.

2, Mercury - free system

The mercury and metal free system (Fig. 3) consisted of a
trap for hydrogen disulfide, several inlets of 12/30 standard taper
joints, a mercury manometer with N.R.C. DC 704 pump oil covering the
mercury surfaces, and storage bulbs for krypton and nitrogen. High -
vacuum was achieved by a Welch Duoseal Model 1405 mechanical pump
and an oil diffusion pump using N.R.C. DC 704 pump oil. The only
purpose for this system was to fill the flash lamps and for metering
reactants in the hydrogen disulfide experiments. Typical pressures

attained were about 10-'5 torr.

3, Static photolysis assembly

Most static photolyses were carried out with an Hanovia
Type SH medium pressure mercury arc. A second light source, Osram Cd
resonance arc, was used iﬁ several hydrogen disulfide experiments.
The reaction vessels were either cylindrical quartz with plane
quartz windows or cylindrical pyrex (transmitted A > 2900 A) with
plane pyrex windows. The dimensions of all cells were 10 cm iong

and 5 cm in diameter. The cell was positioned 10 cm in front of
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the light source in such a mannmer that the cell could be removed

for cleaning and be replaced into the same original position.

4, Flash apparatus

The componenets of the flash unit were: (a) reaction
housing, (b) photo - flash source, (c) delay generation, (d)
spectroscopic source flash, (e) delay monitoring, and (f) optical
bench and spectrograph. |

(a) Reaction housing; The reaction housing was a
cylindrical tube 60 cm. long and 15 cm. ID. The top half of the
reactor could be removea for changing fhe cell and the bottom half
was supported on the optical bench. The bottom half contained two
supports for positioning the center of the reaction vessel on the
optical axis of the apparatus. The inside of the reactor was coated
with either MgO or with polished aluminum to reflect the light of the
photo - flash. Since MgO was a loose deposit that tended to flake off,
the aluminum reflector was used unless ﬁaximum light intensity was
essential.

All reaction vessels used in the course of this work were
50 cm. long and were equipped with plane quartz ﬁindows. Cell walls
were constructed of quartz, Vycor 7910, or pyrex with cell diameters
of 28, 47, or 50 mm. Most flashes were done in Vycor 7910 cells
unless specified otherwise.

(b) Photo - flash source, The photo - flash unit (fig.4)

consisted of a conventional high voltage power supply,
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a Tobe Deutschmann Model ESC 249 E, 60 uf, 10 Kv low inductance
capacitor, a quartz flash lamp of 12 mm ID with molybdenum alloy
electrodes, Vitreosil Model T/E7/232, 50 cm tip to tip and a
trigger wire along the outer surface of the lamp operated from a
single pulse Tesla coil. The photo - flash lamp was filled with 10
torr nitrogen + 60 torr krypton. The phoko - flash reached maximum
intensity in 14 usec and decayed with a half life of 25'usec.

(c) Delay generation unit. The time delay unit, whose
function wasvto fire the source lamp after a predetermined delay
after the photo - lamp is shown in Figure 5. It consisted of a
photqcell, Phillips 6910 blue sensitive, an electronié delay unit

and a thyrotron valve.

The electronic delay unit had a set of coarse and fine
delay settings which were calibrated with an oscilloscope. The
delay unit could be eliminated from the circuit by an in - out switch.
Another switch selected either the photo - flash or the source flash
for firing. The delay unit also served as the power supply for the
photocells.

(d) Spectroscopic source flash. The source flash
assembly (Fig. 5) consisted of a trigger gap, spark gap, high voltage
power supply, source capacitor and a source flash lamp. The spark
gap and the trigger gap are shown in Figure 6. The source flash
lamp (Fig. 7) was constructed of quartz with two molybdenum alloy

electrodes. The lamp was filled with 100 torr krypton and the flash
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reached maximum intensity in 5 psec and decayed with a half life of
15 usec. Thé source capacitor, Cornell Dubilier, NRG type 206 low
inductance capacitor was 2.6 uf and was charged to 10 Kv.

(e) Delay monitoring. Delays were monitored with a
photocell, No.2, and the output was displayed on é Hewlett Packard
Model 130 C oscilloscope. The.traces were photographed with a
Hewlett Packard Polaroid camera Model 196B. A typical delay is
shown in Figure 8{ Delay ﬁimes were measured from the onset of the
photo - flasﬁ to the point where half of the éource flash energy
had been dissipated.

(f) Optical bench and spectrograph. The optical
arrangement is shown in Figure 9. The quartz lens had a focal length
of 25 cm and was used to focus the near enﬁ of the capillary onto
the spectrograph slit., The collimator was of standard design and
reduced the scattered light from the photo - flash to very low
levels. The spectrogrépﬁ was an Hilger Watts medium quartz Model
E 498. Spectra were recorded on either Kodak 103a - 0 or Ilford
HPS plates. /n Hilger Watts neutral density wedge, positioned
iﬁmediately in front of the entrance slit was used t6 calibrate the
photographic plates to obtain absolute optical densities.

(g) Chain of events in one flash. When the manual
switch was closed, the single pulse Tesla coil applied a high voltage
pulse to the trigger wire which caused some ilonization inside the
photo - lamp, causing a decrease in the lamp resistance and a spon-

taneous discharge of the photo - capacitor through the lamp.
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Photocell #1 saw the flash and iﬁs output was fed into the delay
unit where it was delayed for the required time. After the delay the
signal passed to the grid of the thyrotron and the "valve" was open.
When the thyrotron began to conduct, the trigger gap eléctrodé
discharged to the spark gap causing some ionization between the
spark gap electrodes. This ioni;ation héd the effect of decreasing
the effective resistance between the sﬁark gap electrodes to such an
extent that the source capacitor was now able to discharge across

the spark gap and across the lamp in series with it. Photocell #2

saw the flashes and the output was displayed on the oscilloscope.

MATERIALS

The materials used in this work, their source, grade, and
purification are given in Table I. Hydrogen disulfide was prepared .
by the method of Feher37; Ethylene episulfide was distilled from

a heated mixture of ethylene carbonate and KCNS33.

EXPERIMENTAL PROCEDURE

1) Static photolyses

Reactants were measured into the reaction cell with a
mercury manometer and allowed to equilibrate for one hour. The light
source was also given a one hour warm up time. It was found that
after a one hour warm up, the 2537 i line was completely self

reversed in the medium pressure mercury arc and consequently there
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was no need to eliminate mercury from the cell.

After irradiation,the cell contents were frézen in the
cold finger and any non - condensables transfered by the Toepler pump
into the-gas burette. The material in the cell was warﬁed.ahd
refrozen twice to insﬁre coﬁplete removal of ail trapped non -
condensables. The contents of the cell were then transfered to the
analytical stage, fractionated and analyzed.

If so desired, individual préducts could be trapﬁed in the
G.L.C. trappiﬁg train and transfered to break seals for mass spectral

analysis. Mass spectra were obtained on a Metropolitan Vickers MS2

mass spectrometer.

2) Flash photolysis and kinetic spectroscopy

Reactaﬁt and product handling was the same as above. The
capacitors were charged to the desired voltage, usually 9 Kv for
the photo - capacitor, 10 Kv for the source capacitor. 15 micron
slits were used throughout this work. A wavelength scale accurate to
+ 2 A was recorded on the plate. Before a time delay sequence was
started, the spectrum of the empty cell and of the cell plus the
reactants were recorded. Since the photographic plate réspoﬁse to
incident light was not linear, each plate had to be calibrated with
a set éé neutral optiéal density wedges,.O.D. values 0.0, 0.2, Q 4,
0.6, 0.8, 1.0, 1.2. The delay times were so chosen as to show the
formation and decay of the intermediates. Two or three short delays

of less than 50 useé were used to show the growth portion and then
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Retention Times
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. Column Retention
Compound Columna temp. C°  time min.
Oxygen Iv 25 .2:49
Nitrogen . IV 25 3:30
Carbon monoxide v 25 5:20
Hydrogen v 25 1:40
Carbon disulfide II 25 "4 335
Carbonyl sulfide I1X 0 12 : 50
Carbon dioxide IIT 0 9 : 00
Hydrogen sulfide II1 0 16 : 00
Sulfur dioxide II 25 2 : 45
Methyl mercaptan I 25 .3 : 00
Ethyl mercaﬁtan- I 25 4 s 15
Vinyl mercaptan I 25 51:20
Ethylene episulfide I 25 9 : 50
n - Propyl mercaptan II 34 25 ¢ 05
iso - Propyl mercaptan . II 34 14 s 05

a) column I, 7 foot, 10% tricresyl phoéphate on

chromosorb W, 60 cc/min hydrogen flow.
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TABLE II
(continued)
column II, 10 foot, 20% tricresyl phosphate on
chromosorb W, 60 cc/min hydrogen flow.

column III, 10 foot, medium activity silica gel,

60 cc/min hydrogen flow.

column IV 10 foot, molecular sieve, 60 ce/min

helium flow.
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roughly evenly spaced delays were used to show thg decay. After the
completion of the delay study a spectruﬁ of the cell plus reactants
plus products and one of the re-evacuated cell were recorded. Any
absorption not apﬁearing in the empty,the before apd the after shots
was attfibuted to intermediates.

The.photographic plate was developed for four miﬂutes
in Kodak D-19 developer and fixe& in Kodak Rapid Fixer for five'
minutes. The plates were washed in running water for half an hour.’

Plate densitometry was carried out on either a Jarrel Ash
Model 2310 recording microdensitometer or‘iﬁ the latter part of the .
work on a Joyce, Loebl Model MK III C double beam recording micro-
densitometer. The calibration shots were used to obtain plots of
densitometer reading against absolute optical density. From thé
densitometer readings for the intermediates, their absolute optical
densities were determine§ and plotted against time. Optical density

could be related to concentration by the equation

"0.D. = eCf
where € is the molar decadic extinction coefficient, C is the

concentration in moles per liter, and % is the path length in cm.

3) Hydrogen disulfide

Hydrogen disulfide was found to be very unstable, readily
decomposing in the presence of moist glass walls, metals, rough glass
joints, or basic compounds. Reaction cells and the mercury free

vacuum system were preconditioned with HC1l by allowing about 200 torr
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anhydrous HC1 to stand in these parts for about two hours. This
conditioning made the walls slightly acidic and prevented decomposition
without affecting the reaction. Since sulfur was formed as a
product of the photolysis a reaction mixture could only be used
once before the remaining substraté would decompose. Therefore,
for delay time studies ten identical cells were filled at the same
time ;o insure equal pressures. Each cell was flashed only once.
' The cells were cleaned after every photolysis with a solution of
5% HF.

| Hydrogen disulfide was found to be unstable at pressures
above & torr at room temperature or above -Z0 C in the liquid
phase. At -45 C the vapor pressure was approximately 1.8 torr and
this pressure was used for all studies. The trap containing the
hydrogen disulfide was warmed to this temperature and the substrate

was allowed to expand into the reaction cells.



CHAPTER 1III

THE PHOTOCHEMISTRY OF CARBON DISULFIDE

A. RESULTS

1. Short wavelength photolysis

2. Long wavelength photolysis

B. DISCUSSION

1. Short wavelength photolysis

2. Long wavelength photolysis
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RESULTS

1. Short wavelength (A = 1950 - 2256 A) photolysis.

Photolysis of carbon disulfide vapor under static conditions
gave a brown polymer as the only product. When the photolysis was
carried out in the presence of propane, the polymer yield was
apparently not affected. In the presence of ethylene, the polymer
yield decreased and ethylene episulfide was found as the only volatile
product.

When 5 torr carbon disulfide was flash photolyzed in the
presence of 50 torr carbon dioxide as diluent gas, the transients
detected by kinetic spectroscopy were 82 (lAg), 52 (32;), and
Cs (1E+). The singlet and the triplet states of S, were observed
in their respective ground vibrational states even at the shortest
delay time, 20 psec. CS was observed to be vibrationally excited
up to the v" = 3 level.

The series of absorption spectra, Plate 1, show the .
formation and decay of the intermediates. The spectrum of CS was at
maximum intensity at the shortest delay an& did not change over the
delay range used. The CS (0,0) spectrum was visible for §everal
minutes after the flash. The vibrationally excited states of CS are
relaxed to the v" = 0 level. The 82 (lAg) spectrum reaches maximum
intensity at 27 usec and aecays within 70 psec. The corresponding

times for S2 (32;) are 706 and 500 psec respectively.
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. The effect of diluent gas was examined by carryiﬂg out the
flash photolysis Qf 5 torr carbon disulfide in the presence of 50 torr
argon, 50 torr carbon dioxide and 5 torr ﬁitric oxide + 45 torr
argon. The following results were observed:

a) The spectrum of S2 (lAg) appéared strongly'in the
presence of carbon dioxide but only weakly in the presence of argon
or nitric oxide.

b) The effect of diluent gas on the formation and decay
of 32 (32;) is shdwn in Figﬁre 10. The raﬁé of_Sthormation'Véé ;
highest in the presence of nitric oxide‘and slowest in the presence
of argon. The rate of decay showed similar dependence on the
diluent gas.

c¢) The vibrationally excited CS was relaxed rapidly by
carbon dioxide but only slowly by argon and nitric oxide.

d)- In the presence of nitric oxide,a new absorber was
detected. The weak spectrum appeared in the region A = 3500 -

4300 A and consisted of twenty unevenly spaced bands. The spectrum |
reached maximum inteénsity within 100 psec and decayed within 400
usec. |

The flash photolysis of 5 torr éarboﬁ disulfide in the
presence of 100 torr ethylene gave ethylene episulfide as the only
stable product. The spectrum of CS was observed by kinepic spectro-
scopy but the spectra of both the singlet and the triplet S, were

2

absent.
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2, Long waveléngch (X = 2800 - 3600.4) photolysis.

Thg long wavélength.photolysis of 20 torr carbon disulfide‘
vapor resulted in a brown polymér as the only product. The addition -
of 100 torr ethylene or 100 torr propane caused a deéréase in the
polymer yield but no volatile products cogld be found. Howe&gr,
when the phofolysis of 20 torr carbon disulfide.was carried out in
the presence of 100 torr oxygen in a Vycor 7910 cell (transmitted
A > 2290 A), the polymer yield decreased markedly and ;arbony1-'
sulfide and sulfur dioxide were formed in the ratio of 1:2; The.
photolysis of the same mixture in a pyrex cell (transﬁitted_k'>,

2900 &) resulted in the formation of sulfur dioxide only.

In the flash photlysis of 7 torr carbon disulfide in the
presence of 400 torr nitrogen as diluent gas, the transients detected
by kinetic spectroscopy were 82 (32;) and CS (12+) in the v“ = 0.
and 1 vibrational levels. The S2 spectrum reached magimum ‘ _
intensity within 35 psec and lasted for about 500 usec. The CS (0,0)
band lasted for several minutes but the (1,1) band decayed within
100 psec. |

The spectra of CS and'S2 were detected in the flash

photolysis of 20 torr carbon disulfide in the presence of 80 torr

ethylene but the S, spectrum was weaker than in the presence of

2
nitrogen. Ethylene episulfide was not found. From the flash

photolysis of 3 torr COS + 30 torr CS, + 90 torr butene-2 + 280 torr

2

Ny, CS and S, were observed and butene-2 episulfide was isolated.

2
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However, when carbonyl sulfide was omitted from the above.mixturg,

no episulfide was formed but S, and CS were still observed. Again

2
the S2 Spectrum was weak.

The flash photolysis of 22 torr CS, in the presence of

. 2
90 torr oxygen and 280 torr nitrogen as diluent gas resulted in the
complete suppression of the Sé spectrum while the CS spéctrum

was not much affected. Sulfur dioxide was the only volatile

product and its spectrum only appeared at delay times greater than

1 msec. The spectra of SO or §,0 were‘not‘observed.. In the absence

of diluent gés, the 082 - 02 mixture exploded ylelding carbon

dioxide and sulfur dioxide in stoichiometric proportions.

Luminescence measurements.

Figures 11 aﬁd 12 show reciprocal Stefn—Volmer plots for
the intensity of luminescence, I, vs. éressure of carbon disulfide
and oxygen respectively. The exciting wavelength was 3000 A._.The
luminescence intensities were approximately correéted for absorption
by‘dividing the measured intensity by the total percentage of light

!

absorbed. .
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DISCUSSION

1. Short wavelengtﬁ.photolysis;

The rapid appearance of the CS spectrum in the flash
photplysis of carbon disulfide indicates that the decomposition
produces cs and S. This view is further demonstrated by the»fac; that

ethylene episulfide is formed in the flash photolysis of CS2 - CH,

23

mixtures. Gunning‘and Strausz“” showed that S (3P) atoms add to

olefins to produce an episulfide.but do not react with paraffins;
S (1D) atoms also add t§ olefins but the products are.an episulfide
and a vinylic mercaptan. S (lD) atoms also imsert into paraffinic
C - H bonds to produce a mercaptan. Since only ethylene episulfide
was formed and no reaction was observed with propane, the sulfur

atoms formed in reaction {1} are in the 3 state.

¢S, + hv =+ (S (lz"') + 8 (31>) {1}

This observation is in agreement with the results of Callear8 .

From the short wavelength photolysis of carbon disulfide, he
detected SI(3P) atoms by kinetic spectroscopy. S (1D) atoms were
not observed.

For reaction {1} to follow spin conservation rules, the
_excite& 082 molecule which dissociates must be in a triplet state.
However, the short wavelength absorption region has been shown to

1

1+
correspond to a transition from the Eg ground state to the B2
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excited'state. The excited molecule could cross to the nearby 332
state11 an& decompoée.

At short deiays the CS vibrational levels are popula;ed
up to theav"=3 level indicating that the CS is produced vibrationally
excited in reaction {1}. Since D(SC = Sj'is 110 Kcal/mole9 and the
exciting Qavelength has én average energy of about 140 Kcal/m§1e,
the excess energy is cgpable of populating'the v''=7 level. However,

the mechanism of excitafion 1s uncertain. Vibrationally excited CS

is relaxed through collisions with the diluent gas.
O+ M > Gy + M {2}

The long lifetime of the ground state CS, 4 minutes in a 2 cm
diameter cell and 20 minutes in a 5 cm diameter cell, indicates that
the fate of CS is diffusion to the walls and subsequent
polymerization. The polymer may return carbon disulfide to the
vapor phase.
The appearance of the S, (lAg),and the S2 (38;) spectra
indicates that the fate of the sulfur atoms is recombination via
3 ‘ " K :
25(P) + M -+ M  + sz(,zg). {3}
% 1 ‘ :
+ M+ S, (1) {4}
| %
1 \ ‘
S, ( Ag) is relaxed to the ground state by collisions with the

diluent gas, (vide infra).
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L1 3.- C ok ' .
Sz\Ag) + M sz(zg) + M {5}

5, (32;) decays by a pressure dependent, sé;ond prder process,

- ' - * . !
zsz.(32g) + _M -+ S4‘+, M : {6}_

(vide infra).
Basco and Pearson? have recently proposed that the

recombination of sulfur atoms proceeds by complex formation with

_carbon disulfide, namely, -
s+ s, ¥ cs, ' - 17}
cs3 + S =+ €5, + 5, ' {8}

The results of this investigatioﬁ #re consistent with such a
mechanigm. Figure 1 shows the formation and decay of_82 (32;) as a
function of different diluent gases, namely, argon, carbon dioxide,
and nitric oxide. Argon is expected to be much less efficient a -
third body than carbon dioxide or nitric oxide. The fact that the
rate of formation of S2 is very.nearly equal forvargon and for
carbon dioxide suggests that it is not the diluent gas but rather the
carbon disulfide that is responsible for the récombination rate.
Thus the above mentioned scheme seems reaéonable. The presence 6f'a
small amount of nitric oxide causeé a sﬁarp increase in the |
recombination .rate as shown in Figure 10. This increase is best

attributed to a complex formation with nitric oxide,
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sCp) + N 2z swo - R I

SNO + s(3p) + NO + s, : : {10} -

1
Since S2 ( Ag) was detected in the recombination of $ (3P) ;
atoms, the above mechanism must be altered to account.for thig faq;.

. . 3 -
In the reactions {8} and {10}, S, not only represents the ‘Eg

2
state as implied by Basco and Pearson, but rather all states that

could result from the recombination. By éomparispn with the O2

and the

8’
. All three states correlate

molecule, S2 has three low lying states,‘the‘ground 32

+
lA and 188 metastable states45

g
with two S (3P) atoms. Therefore, the recombination of two ground
state S atoms should produce these states in the statistical ratios.
of 3:2:1 respectively. Although the ;Z; state has not been
detected, probably due to instrumental limitations, the presence of
the lAg state does show'that ground state atoms can recombine to
higher electronic states. Ffom this observation;it foil&w; that
reactions {8} and {10} do not correctly repreéent the formation of
S2 (32;)7 The collisional relaxation of the excited states to the
ground state must also be considered.

The‘spectrum observed in the 3500 - 4300 A region in the
presence of nitric oxide was at first attributed to SNO molecule
but subéequent work, (Zigﬁ.iEfEE)’ showed that the spectfum is more
plausibly attributed to the species 83. The formation Af S_ is best

3
described by the mechanism
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NO + S ('3i=) "3 . SNO ‘ © {11}

SN+ 8, (322) + N + S {12}

3

83 decays to sulfur polymer. The presence of S3-causes a further
'complication in the kinetics of S2 formation and decay. Hdwever,
since the amount of S3 formed could not be determined, its importance

could not be established.

Lbng Wavelength Pho;olyeis » ‘
The only products observed when carbqn‘disulfide was

photolyzed alone or in the‘presence of ethylene or propane was a
brown polymer. Since there was no product formed with ethylene or
propane, the polymerization does not involve S atoms. The flash
fhotolysis of carbon disulfide also produces polymer ﬂut again tﬁere
1s no reaction with ethylene or propane. However,iCS and Sz (32;)
were observed by kinetic spectroscopy. The transients must have
been formed by some meens otﬁer than S atoms. A reasonable

mechanism is

s, + hv > st , " {13}

* 1.+ 3.~ .
cs, + c§2 +‘\ 2c5(zg) + sz(zg)_ {14}

!

This scheme is consistent with the simultaneeus formation of CS and
SZ' Further support for this mechanism is given by the observation

that the presence of an olefin causes a decrease in the amount of-
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82 formed without the formation of a stable product. Higher pressures

of carbon dioxide, a good deactivator, had a similar effect. Thus,

csz*’ M - s, + M* {15}

The absence of the S2 (lAgS'state is' a further indication

' that S2 is not formed by S atom recombination. The absence of the

éinglet state also gives an insight into the electronlc state of the
CSZ* involved in the reaction. It has been suggested that the

absorption in the long wavelength region cbrreSponds to a transition

3A2 state35’36.

Thus, in reaction {14}, the formation of 82 in a singlet state would

from the ground 12; state to the Bz'component of the

violate spin conservation rules. This finding also supports the
mechanism proposed for 82 formation.

In the flash photolysis of 082 - 0, mixtures, the 82
spectrum 1is completely suppressed wﬁile the CS spectrum remains
essentially unaltered. Sulfur dioxide is the only volatilé product
and its spectrum only appears at delay times greater than 1 msec

suggesting its formation via the superoxide (800)34. A mechanism

consistent with these results is
cs* + 0. =+ € + S00 o {16}

SO0 + M > 502 + M® . {17}

The fact that carbonyl sulfide is formed in static photolysis but not

under flash conditions and that the CS spectrum is decreased by a
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~ factor less than two upon the addition of oxygen can be bestvexplained
by the assumption that ground state CS does not react with oxygen
but that electronically excited CS formed by secondary light absorption

does..
s (th + w » sfn s

s dm  + 62 > ocs + o0 (Cp {19}

‘This mechéniém.is further supported'bylthe fact that ;arbonyl_
sulfide is not formed Qhen the static photolysis is carried out in
a pyrex vessel (transmitted A > 2900 A) ‘(CS does not ;bsofb in ﬁhe”
‘ul.tra violet sbove 2589.6 &). &

Heicklen has observed luminescence from carbon disulfide
vapor illuminated in thé long wavelength absorption régionlz.
He found that the vibrational energy of the excited state was not
dissipated by collision before emission and the lifetime of the

6

excited state was estimated to be 3.3 x 10 ° sec. Thus another

relaxation process must be included, namely,

cs.* =+ csy + hv {20}
2 "2 |

Assumiﬁg that only reactions {14} and {16} are quenching processes
vin the presence of:carbon disulfide énd oxygen respectively, the
relative rate constant ki, / k16 could be détermined by the
measurement of the luminescence intensities. The intensity of

luminescence, If, is given by the expression
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-1 k
I = 1+ EM (cs,)
20

In the presence of oxygen, this expression becomes
(6 + k) 0y

I = 1 +
£ K

20

Figures 11 and 12 show reciprocal Stern-Volmer plots for the intensity
of luminescence vs. pressure of carbon disulfide and oxygen
réspectiveiy. The slopes can be equated to k14/k20 and k16/k20
but since IF is only proportional to the absolute luninescence
infensity, only the ratio of the two slopes has any significance.
The ratio of the two slopes an& thus ki4/ki6 = 7.6, Therefore,
C82 is about eight times as effective at relaxing CSZ* as 1s oxygen.

In the flash~photolysis of CS2 - 02 mixturgs, it was
found that a 4.5 fold excess of oxygen was sufficient to éuppress
S2 formation below the 1limit of detection. However, reaction {16}
could only account for about a 50% decrease. Two possible explanations
can be offered. First, that 82 undergoes rapid reaction with oxygen.
This can be discounted since Wright7 found that 82 did not react with
oxygen. The second possibility is that there are more than one '
kind of CSZ* involved. The long wavelength absorption region of
carbon disulfide has been shown to be made up of transitions to

several electronic states !0, Thus, some of the higher lying states

will react via {14} while the lower energy states will react via
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) * . . . . N -
Csz, + €5, + 2 cs, {21}

Reaction {21} has also been suggested by Héicklen7 as the luminescence
quencﬁing_step. Oxygen on the other hand reacts with any of the
excited states of CS,. This. high reactivity is consistent with the

high combustibility of carbon disulfide.



CHAPTER 1V

THE FLASH PHOTOLYSIS OF CARBONYL SULFIDE

RESULTS

DISCUSSION



al

RESULTS

The transients observed in the flash photolysis of 17 torr
COS were Sy ( A ) and S ( z ) The stable products of the reaction'
were carbon monoxide and sulfur. The series of aﬂsorptibn spectra
in Plate 2 show the formation and decay-of the transients. SZ'(lAg)
reached maximum ‘concentration within 240 Husec and decayed within
550 psec.- the corresponding tines for s, (32;) were 300fusec and 3
msec respectively. . V A ' |

| The effect of carbonyl sulfide pressure was examined
using 7, 17, 31, 65, 192, and 410 torr pressures. Increasing,carbonyl
sulfide pressure had the following effects:
. a) The rate of formation and the rate of decay of
82 (32;) increased as shown in Figure 13.

b) The S ( A ) spectrum could only be observed at COS
pressures of 65 torr or less. At higher COS pressures, .the COS
continuum caused -total absorption in the S‘ (lA ) region. Table III
shows the effect of increasing COS pressure on the rate of formation
and the rate of decay of S ( A )

c) At 410 torr COS a new transient spectrum appeared
in the region of 3500 - 4300 Ai The spectrum consisted of cwenty
unevenly spaced, diffuse bands degraded to the red. The absorber

reached maximum intensity within 100 psec and decayed within 500 psec.
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The f;ash pﬁotolysis of 7 toxr COS.in the presence of 400
torr éthylene gave ethylene episulfide, vinyl mercaptan, and carbon'
monoxide as stable producﬁs. No transients were detecfed."The
CO yield ﬁas 1.27 ﬁmole/flash. When the photolysis of 7 torr
C0S was carried out under the same conditions but'withou; the added
ethflene, the CO yield was 2.51.ﬁmole/flash. The éO yields from the
flash photolysis of 50 torr COS and from 50 torr COS + 500 torr
ethyieng were 1.0l and 0.53 ﬁmole/flash respectively. |

The flash photolysis of carbonyl sulfide was also
investigated in the presence of a large excess of carbon dioxide.
Two mixtures, 17 torr COS + 600 torr 002 and 31 torr COS.+ 850 torr
CO2 were examined. JThe transients observed were S2 (lAg), 82 (32;),
| and the 3500 - 4300 A band system. 'The growth and decay of thé

triplet S, are shown in Figure 14. The §, (lAg) could not be

2
densitométered due to background absorption by COS but an estimate
of the time required to reach maximum intensity and to decay below
the 1imit of detectibility are given in Table III. The yields of‘CO
were 1.61 and 2.25 ﬁmole/flash for the above mixtures respectively..
The CO yields for 17 torr and 31 torr COS without the added C02‘were
3.25 and 4.56 ﬁmole/flaéh respectively.

The transient spectrum in thé A = 3500 - 4300 A region

was examined under high resolution. The following COS and added
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gas mixtures were used to generate the carrier of the spectrum:

a) 50 torr COS + 70 torr NO; b) 30 torr COS + 390 torr CO.; c) 400

2;
torr COS. The spectra, taken at 80 psec delay, are shown in Plate
3. Under high resolution, some of the bands show rotational fine

structure. Some bands which under low resolution appeared as a

single band resolve into two or three separate band heads,

DISCUSSION

The simplest mechanism that will account for the observed

products and for the transients is:

' 1
COS + hv -+ €0 + s (D) {1}
1 1
cos + S (D) > 0 + 5, ( Ag) {2}
S (lA ) + M + S (32') + Mk - {3}
2 g 2 " 8
2 s (32-) + M > S+ Mk : {4}
2 g 4 . '

Reaction {1} has.been demonstrated by trapping the sulfur atoms

23 4nd reaction {2} has been proposed to account

with hydrocarbons
for the the quantum yield of co being 1.813, The importance of
reaction {2} in this study is demonstrated by the fact that the

addition of a large excess of ethylene to carbonyl sulfide reduces

the CO yield exactly to one half owing to the scavenging reactions:
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C. 400 torr COS;
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1
S (D) + CH, =~ CHS {5}

- CH2 CHSH {6}

The decrease of the CO yield to exéctly one half shows that the fate
of the singlet sulfur atoms produced in reaction {1} in the absence
of an olefin is abstraction via reaction {2}. This fact precludes the
recombination of sulfur atoms.

For spin conservation rules to be obeyed, the 52 formed in
reaction {2} must be in a singlet state. Two low lying singlet
states of S2 are the lAg and the 12; states, 13 and 24 Kcal/mole

above ground state respectively38. Since the exothermicity of reaction

{2} for the formation of ground state S, is 55 Kcal/mole, the

2
1
formation of both singlet states is energetically possible. S, ( Ag)

has been observed, Plate 2, but the L

Z; has not been detected. This
does not preclude its formation since its absorption spectrum may
lie in a region of the spectrum inaccessible with the equipment
used.,

The abstraction reaction {2} has been stated to be a fast
process, proceeding about twice the rate of S (lD) atom insertion
into paraffinic C-H bonds which is an indiscriminate process and hence
of high efficiencyzz. This point is further demonstrated by the
results to be discussed in Chapter VII. In the flash photolysis of

Ccos - CH4 mixtures the transient HS is observed in absorption. Its

formation will be shown to be due to the reactions:



70

s '(ln) + CH cH_su*
<>
4 3

. * o .
CH3SH -+ CH3 + HS

It was opserved that the HS appeared at maximum concentration at

the shortest delay, further indicating _that the insertion reaction
is indeed very rapid. Since the 1nser£ion reaction is fast, and the
rate of reaction {2} proceeds.at about twice the rate of insertion,
from gas collision f:equencies,-é fate constant of the 6rder of 1011
Mrlsec—l would not be Unr;asonable; HoWevef, from Table III, the
formation of S2 (lAg) is much slower, cdrrespondihg to a rate
constant of about 107 or 108 Mrlsec-l. Thus there appears to be a
slow prbcess between the first interaction of S (1D) with COS and the
fdrmaéion of S2 (lAg).

Thig slow process becomes further apparent when the
formation and decay of the singlet and thé triplet S2 are examined.
The maximum of the triplét curve appears at about 70 to 100 psec
after the s;nglet S2 has reached maximum iﬁtensity and not after it
has decayed, as is the case in other systems (gigg_iggzg). This
observation indicates that the singlet is formed by a slow process
“and deéays by a fast process. That the S2 (1Ag) never attains a
high 0.D., concentration, is i;dicative of just such a seqﬁence.

This slow step will be discussed later.

1
The fate of 52 ( Ag) is collisional relaxation to the

3_
ground zg state by the diluent gas. Radiative relaxation can be
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neglected since the transition
1 3.-
S2 ( Ag) -+ 82 ( Zg) + '.hv‘

is strongly forbidden. For Oxygen, the corresponding transition
has a half life of one hour39 « Diffusion to the walls can be
neglected since such a process would be too slow to account for
the rapid decay of S2 (lAg).

Figure 15 shows the plot of O.D.;l against time for
82 (32;). Since the data.pbints define‘straight lines, the decay
of S, is a second order process with respect to S (32 ) That.
the slopes increase with increasing pressure indicates that a
third body 1s required for the recombination. The second and
thirdAorder rate constants for reaction {4} can be calculated from

the slopes in Figure 15 using the equation
k4 =Sxex?

where S is the slope, € is the molar decadic extinction coefficient,
and £ is the path length in cm. The values of k4 are listed in
Table IV.. Since the third order rate cohstants show good agreement,
the decay of S2 (38;) is well described by reaction {4}.

The results of the flash photolysis of carbonyl sulfide
in the presence of a large excess. of earbon droxide can be best

explained by the mechanism:
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Cs + hv o+ €O ¥ s (ln) : ' {1}
1 3 * .
S(D) + co2 > S (P + co, {7}
25 + M o s, + M - {8}
5, ( Ag) + M > 5, ( 23) + Mk {3}

3.~ ' .
2s, ( Ip +t M > 5, +omk | | {4}

The relaxation of S (ID) to the ground state by co, has been

21’23. ' The fate of tﬁe'S (3P) atoms

‘demonstrated in several studies
has been shown to be an abstraction reaction when the photolysis

was carried out at low light intensities,
s + cs + 0 + s, {9}

since the quantum yield of CO was found to be 1.8, and the CO yield
was reduceé to one half upon the addition of a large excess of an
olefin. At very high pressures of carbon dioxide, there was al
decrease in the CO yield and this was attributed to S atom |
recombination via reaction {8}. The rate of reaﬁtion'{9} was shown
to be about 30 times slower than reaction [2].

In this studf, the addition of a large excess of carbon
dioxide reduced the CO yield to one half the yield in the absence of

2

CO,. This decrease indicates that the sole fate of the S (3P) atoms
under flash conditions is recombination rather than abstraction.
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This view seems reasonable since under flash conditions, thé
momentary concentration of S atoms is at least 106 greater than in
static'systems with the result that radical - radical reactions can
compete effectively with radical ~ substrate reactions.

Tﬁe fact that under flash conditions S (3P) atoms
recombine rather than abstract has an important bearing on the photo-
lysis of carbonyl sulfide. It has been suggested that in the static
phoiolysis of COS up to 26% of the S atoms are formed.in the‘3P'state

directly by the spin forbidden step:
s + hv + ¢ + S Cp) {10}

This step was proposed to éccount for thé fact that about 267 of the [
atoms produced in the primafy step could not be scavenged by paraffins
and were thus shown to be in the 3P state. Since in the flash

' photolysis'of pure COS all S atoms underwent abstraction and S (3P)
atons were shown to recombine, the 5 atoms formed in reaction'{l}

must be in the 1D state., The accuracy of fhe CO yield measurements

is about * 5% and thus the gross error in the two CO yields may be

as high as 10%. However, the CO yields are the result of 12 flashes
and four measurments and the error would not be expected to be as

much as 10%. Thus, for the most part, ié is not reaction {10} but
some other process that is responsible for the production bf S (3P)

atoms in COS - paraffin systems. This point will be discussed later.
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Reactibn'{B}jhas been shown in the prévious chapéer to be
the fate of triplet sulfur atoms. The.82 (32;) spectrum reaches
a maximum intensity as the 82 (lAg) has nearly completely decayed,
suggesting the scheme of reactions {3} and {4}. The decay of Si (32;)
is a pressure dependent, second prder process’.és shown in Figure 16,
with second and third order rate comstants given in Table IV.

The recombination rgaction,‘{S}, is proposed to proceed
via the complex chaperon mechanism similar to that found for the

3
recombination of S ( P) atoms in the presence of carbon disulfide:
s + cos ¥ ocos, {11}

cos, + s 3p) » cos + s, {12}

where 82 again represents the three possible states of SZ’ namely,
3}:;, Lo, and lz;.

The complexity of the transient spectrum in the 3500 -
4300 A region_precludes the fact that the carrier of the spectfum
is a diatomic molecule in its ground vibrational state. The carrier
of the spectrum is not a vibrationally excited diatomic molecule,
since the relative intensities of the bands remain constant as the
absorber decays from the system. Basco and Pearson9 observed this
spectrum in the flash photolysis of 082 - NO and COS - NO systems
but made no assignment as to its origin. They did suggest that the

spectrum bore close resemblence to'NOz. The fact that the spectrum

is observed even when NO is absent indicates that the carrier can
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not be the species SNO. COS, is precluded by the fact that the

2
spectrum is obse;Qed in the 082 - NO system and the bands match
the bands observed in the COS system. Therefore the.éarrier
molecule is most likely composed of sulfur atoms only.

84 can not be the carrler since in other systems, low
pfessures of COS, HZS’ ﬁzsz, and ethylene episulfide, where
82 (32;) is formed in large.amounts and decays by recombination,
the spectrum is not observed. The most likely carrier of the spectrum -
is 83. This assignmént seems reasonable since the spectrum is
observed in systems where S (3P) atoms are not only formed but

where the S atoms are capable of forming a complex such as SNO or

'cosz. In the presence of NO, 83 is formed via

S (39) + NO -+ SNO {13}

3 - ) .
SNO + szczg) + NO + 53 {14}

SNO has been suggested by Basco and Pearson9 + In the presence of

C0S, the proposed mechanism for the formation of 83 is
3 )y -> .
s (p) + COS . (COS, {15}

Cos

2

3.~ | -
+ 5, 00) =+ 85, 4cos {16}

1 .
S (3P) atoms are formed by the relaxation of S ('D) by CO2 and NO.

That the spectrum of S, is aléo observed at high pressures of COS

3
indicates that COS also relaxes the singlet sulfur atoms. This

point is in agreement with previous low intensity results.
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Triplet sulfur atoms are also produced in the flash

25 - 002 mixtures~(vi&é~infra). The fact that the

spectrum of S3 is not observed in that éystem indicates that 002 and -

photolysis of H

S (3P) do not form a complex such as C0,S to anyAsignificant extent.,

2
This is'in agreement with the results found in the flash photolysis
ﬁf CS2 - CO2 mixtures where it was found that the S atoms recombine -
via the CS3 chaperon and carbon dioxide has little effect on the
recombination rate. |

It has been shown that although reactién'{Z} corréctly
accounts for the stoichiomefry of the :eactién of_sltlb).witﬁ cos,
it fails to explain the slow formation 6f 82 (lAs). Basco and
Pearsqn9 have investigated the flash photolysis of carbonyl
sulfide and found that the rate of 82 formation was proportional
to the pressure of COS over a narrow pressure range - 1.0 to 2.0
torr COS - and that the activation energy of S2 formation was
2

negative. To account for these findings, they proposed that S, was

formed via
Ccos + S 2 Cos
COS2 + S > (COS + S

This mechanism does not permit the quantum yleld of CO to be greater
- than 1 nor does it consider the role of 82 (lAg) and must therefore
be fejected.

A mechanism that will explain the results of this
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investigation, the results of Basco and Pearson, as well as earlier

low intensity studies, is proposed to be

COS + hvy + €O + S (ln)~ {1}
oS + S (11)) < cos2 : {17}
]_ .

cos,, > Cc0 + szA( Ag)l | : {18}
s, My + m 0+ s, iy 4+ ow 13}
2 - g 2" %

25. Cr) + M o+ 5.+ Mk {4}

2 g 4 .

This mechanism does not alter the fact of abstraction but merely
proposes a mechanism consistent with the rapid removal of S (lD)
atoms by COS and the slow formation of S2 (lAg). '

Thus it is proposed that S (ID) atoms react rapidly with

COS to form COS2 and the equilibrium is rapidly established. Once

COS2 is formed, it will not react with olefins or paraffins and the

CO yield will not be reduced to one half, hence the need to use lérge

excesses of hydrocarbons to scavenge the S (ID) atoms. The COS2

then undergoes unimolecular decomposition to yield 82 and CO. At

‘ 1
low pressures of C0S, the rate of S, ( Ag) formation is slow since
the concentration of C082 is low. As the pressure of COS is increased,
the equilibrium 1is driven to the right ahd the concentration of
1
A). At
(g)

0082 increases, resulting in a more rapid formation of S2

very high pressures of COS, the mechanism predicts that the rate of
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52 production will be independent of COS pressure énd will depend
mainly on the amount of S (lD), and hence COSz, produced in reaction
"{1}. That this is so can be seen in Table III and Figure 13. In the

pressure region of 17 to 65 torr COS, the rate of S production

2
is directly proportional to COS pressure. Above 65 torr, at 192 torr
and 410 torr, the rate of triplet 82 production is independent of COS
pressure. At these pressures of COS, ﬁhe S2 (lAg) spectrum cannot
be observed due to interference from the COS continuym, but since the
relaxation of singlet to the triplet is veky rapid, the formation of
the triplet closely parallels that of the singlet and so it can be
stated that the formation of the singlet is also independent of COS
pressure. '

The negative activation energy obtained by Basco and
Pearson can be explained in terms of the equilibrium reaction {17}.
Since the reaction is exothermic, any increase in temperature would
shift the equilibrium to the left with the result that the rate of
S2 formation is decreased. The mechanism is aiso_consistent with
their finding that the rate of S2 formation is proportional to tﬁe
pressure of COS as explained above. They also observed that the
addition of an inert gas caused a small increase in the rate of
32 (32;) formation. This may ﬁe attributed to the increase in the
collisional relaxation of S2 (lAg) via reaction {3}. |

The quantum yield of CO in the low intensity photolysis of

Ccos - CO2 mixtures and in the mercury photosensitization of COS is
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" 1.8, while in the flash photolysis of COS - COz_mixtures the quantum
yield is 0.9. Therefore at low light intensities,S (3P) atoms
abstract from COS while at flash intensities, and hence much higﬁer
concentrations,uthey.primarily recomb;ne. This light intensity

effect can be best described in terms of the following mechanism

3 .
s (P) + cos % 3cos2 {11}
3cos2 + S (3p)‘ + €05+ 32 {12}
3 ‘ - ’

cos, | | + | co + s2 | | | ,{19}

The superscript is used to differentiate the COS2 formed in {11}
from that formed in reaction {17}. .

The proposed mechanism is consistent with the results of
low and high intensity studies. At low light intensities, the path
of the reaction is mainly reactions {11} and {19} as evi&enced
by the CO quantum yield of 1.8. This seems reasonable since the
concentration of S atoms under static conditions is very low. The
abstraction process is slow since the S (3P) atoms are easily
scavenged by added olgfinsza.

Under flash conditions, the reaction proceeds ﬁainly via reactions
"{11} and {12} as evidenced by the CO quantum yield of 0.9. This
seems reasonable since under flash conditions, the S atom concentration

is at least 106 higher than under static conditions and radical -

radical reactions occur more readily.
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Therefore under all conditions, reaction {11} is the most
likely reaction between S (3P)-and cos. vif the S atom concentration
is sufficiently high, recombination will occur in preference to
abstraction. If the S atom concentration is low, the ratevbf reaction

{12} is slow and is replaced by the abstraction reaction {19}.

An estimate of the recombination rate constant can be

made from the growth portion of the 52'(32;) curve in Figure 14.

11 -1 1

This rate constant is about 7 x 107 M “sec — for 17 torr COS + 600

torr C0,. However, only 50% of the 82 is formed in the 32; state
with 33% formed in the 1Ag state and 17% in the 12; state. Since

these singlet states are relaxed to the triplet at rates that could
not be determined in this study, the recombination rate constant
is only an estimate. .However, the value is of the right order of

magnitude since atomic recombinations proceeding by a chaperon

10 1 1

: : 12 - -
mechanism usually have a rate constant about 107" to 1¢ M "sec .



CHAPTER V

THE FLASH PHOTOLYSIS OF ETHYLENE EPISULFIDE

RESULTS

DISCUSSION
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RESULTS

The only important transient in the flash photolysis of
ethylene episulfide was 82 (322). Very weak‘spectra of CS, HS, and
HS9 were also observed. The series of absorption spectra in Plate
4 show the formatiﬁn and decéy.of the intermediates. The products
of the reaction were ethylene, elemental sulfur, and about 10% each
of hydrogen sulfidé and acetylene.

The flash photolysis of ethylene epiéulfide waé carried
out at three pressures, 10, 13, and 19 torr. The 82 (32;) spectrum
was densitometered and the 0.D. vs. time plots are shown in Figure
17. The spectra of CS, HS, and H82 were too weak for densitometry.
The yields of ethylene corresponding to 10, 13, and 19 torr ethylene
episulfide were 1.18, 1.60, and 1.30 ymole/flash. Plots of 0.D. "
vs. time for the decay of S, (32;) are shown in Figuré 18.

Experiments were carried out to determine if the spectrum
of S2 (32;) obeyed the Beer - Lambert law. Various lengths of
the reaction cell were exposed to the flash and the spectrum of
S, were recorded. Figure 19 shows the piot of 0.D. of 82 (32;)

vs. exposed cell length.
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0.D.

T 1
100 © 200
Cell length in mm.

Figure 19, Plots of 0.D, vs, exposed cell length for S2 (32;)

in the flash photolysis of ethylene episulfide,
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DISCUSSION

Low intensity studies of the photochemistry of ethylene
episulfide33 have shown that the major product of the reaction is
ethylene with a quantum yield of about 1.6. The mechaniém proposed

for its formation was ( E = ethylene episulfide )

E + hv > 1g* {1}
1g* +> 3g* {2}
3p* ca + s :

E + o S (°P) {3}
- |

3 4+ E + 2E {4}
gk ’ 3;- '

B + s@p) -+ 2 CH, + S, Cr) s}
3g* + E + 2CH + S (32-) {6}

24 - 2*7g

where the superscript denotes the multiplicity of the electronic
states. The S atoms are formed in their triplet ground states siﬁée
mercaptans could not be detected among the products on the addition
of paraffinic or olefinic hydrocarbons, although the episulfide
of the added olefin was readily detectable33.

In the flash photolysis of ethylene episulfide, the-
products volatile at -130°C contained in addition to ethylene about
10% each of hydrogen sulfide and acetylene. These products likely

arise from a molecular snlit of the excited singlet state
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1Ig* o HS + CJH, (7}

The intermediate CS may also be a cracking product of the excited
singlet state but from its low optical density, less than 10'"2 A
of the singlet decomposes to produce this species. The transient
HS is most likely the product of the secondary photolysis of the

hydrogen sulfide formed in reaction {7}. HS_ is formed by the

2
recombination of HS and S. The spectra of these transients are
very weak and represent less than 1% of the reaction and can be

neglected.

3

The 82 formed in reactions {5} and {6} is in the 2;

state since spin conservation rules preclude the formation of a
singlet state. This view is supported by the absence of the lA
state even at the shortest delay. The kinetic expression for the
formation of 32 is simplified by the absence of the 1Ag state and

also by the fact that the formation of S, is very rapid and can be

2
approximated by the equation for the photo - flash output. This
can be seen from the fact that the 82 curve in Figure 17 reaches
a méximum at about 40 ﬁsec, about 85% dissipation of the flash
energy. Thus the rate of formation of 82 is well described by

A £(t) where A is the limiting concentration of S2 proéuced (i.e.,
corresponding to t = © and no decay) and is equal to one half the

ethylene produced per flash. The function f(t) is the relative

©
intensity of the photo - flash at.time t such that [ f(t)dt = 1.



The decay of the S2 is again found to be a second order, pressure

dependent process and is best described by

3 - .
*
282(23) + M - s4 +‘ M {8}

From these facts the kinetic expression for the formation

and decay of S2 becomes:

d(SZ)

= Af(t) - kg (M)(SZ)Z ' (4)
dt

Upon integration, the equation yields
= t - rt 2
(SZ)t AS £(t)dt k80M)f°<SZ) dtv (B)
or in terms of optical density

©.0.), = Aesif(t)ar - _Iis_fg(O.D.)zdt (c)
)

The integral (O.D.)zdt was evaluated graphically for various
value of t from a smoothed out plot of (O.D.)2 against time. The
resulting linear differential equation was normalized to f:f(t) dt
= 1. 0.D. was plotted against f; (O.D.)Zdt as shown in Figure 20
and analyzed by least mean square. The resultiﬁg values of Aef
and k8/ez together with the measured yields of ethylene are
summarized in Table V.

From these data, the molar decadic extinétion coefficient,

3~ -
€, at the peak intensity of the 82 ( Eg) (13,0) band can be
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calculated. These values are listed in Table V. The average of

the three values is 1.41 # 0.21 x 104 M-l cm_l. This value 1s in

good agreement with the value obtained by Gaydon40 > 3.9°x 103,_
considering the fact that he obtained his result in shock tube studies
at temperatures as high as 3000°K. Also, the extinction coefficient
is sensitive to experimental cénditions such as the spectral slit
width, |

| Figure 19 shows the plot of 0.D. against irradiated
cell length for S2 (32;). The fact that the data points definé a
straight line indicates that 82 (32;) (13,0) band obeys the Beer -
Lambert law. Simllar results were obtained by Callear in tﬂe flash

photolysis of carbon disulfide. Since the Beer - Lambert law is

obeyed, optical density can be used without the need for corrections.



CHAPTER VI

THE FLASH PHOTOLYSIS OF HYDROGEN SULFIDE

RESULTS

DISCUSSION



RESULTS

The flash photolysis of 30 torr HZS in the preéence of
105 torr CO2 produced the transients 52 (lAg), S2 (322), HS, and
HSZ' The stable products of the reaction were hydrogen, hydrogen
disulfide, and elemental sulfur. The series of absorption sﬁectra
in Plate 5 show the formation and decay of the.intermediates.
The spectrum of 82 (lAg) reached maximum intensity within 42 usec
gnq decayed within 95 usec. The spectrum of 5, (32;) reached
maximum intensity within 42 usec and deca&ed wifhin 550 pusec. HS
was at maximum concentration at the shortest delay, 27 usec, and
decayed within 113 ﬁsec. HSé reached maximum intensity within 77
usec and decayed within 240 usec.

The effect of added inert gas pressure was examined by
carrying out the flash photolysis of 30 torr HZS in the presence
of 0, 105, and 335 torr CO,. The following effects were observed:

a) The hydrogen yield per flash decreased with
increasing carbon dioxide pressure. The yields were 3.76, 3.46, and
3.12 ﬁmole/flash respectively.

b) The yield of HS decreased with increasing carbon
dioxide pressure. The rate of decay of HS also increased as shown
in Figure 21.

c¢) The rate of decay of 82 (BZ;) increased with carbon

dioxide pressure as shown in Figure 22. The yield of 32 decreased.
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d) 82 (lAg) decayed at faster rates at higher carbon
dioxide pressures.

e) The HS_ spectrum was mostly unaffected.

2

The flash photolysis of 30 torr H_S in the presence of

2
100, 325, and 575 torr H2 gave essentially the same results as the

HZS - 002 system except for one point; The 52 (lAg) could only

be observed at the lowest hydrogen pressure, 100 torr, aﬁd only

at the shortest time delay, 27 ﬁsec. Its spectrum was very weak.

The formation and decay of HS and S, (3z;y are shown in Figures

23 and 24 respectively.

The flash photolysis of 30 torr HZS + 210 torr C2H4
resulted in the formation of ethyl mercaptan ( 1.6 ﬁmole/flash ) and
ethylene episulfide ( 0.2 ﬁmole/flash ) as the only products. The
only transient observed was HS but its spectrum was very weak and
could only be detected at the shortest delay, 27 psec. When the
same mixture was photolyzed under static conditions, the only
product was ethyl mercaptan, 3.5 umoles.

The flash photolysis of 30 torr H2S and 30 torr HZS + 460
torr CO2 was carried out with varying lengths of the cell exposed
to the flash to determine if HS obeyed the Beer - Lambert law. Figure
25 shows the plot of 0.D. against path length for the HS (1,0) band.
Figure 26 shows the plot of log (0.D.) vs. log (path length) for the
HS (0,0) band.

The quantum yield of hydrogen was also measured at 30, 300,

500, and 700 torr H,S. The light source was a Cadmium resonance

2
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Figure 25. 0.D. of HS (1,0) band as a function of the

irradiated cell length. © 30 torr HZS

O 30 torr HZS + 460 torr COZ'
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lamp equipped with an interference filter to pass only the 2288 A
resonance line. COS was used as an actinometer. The yields of CO

and H2 are tabulated in Table VI,

DISCUSSION

41
Porter has shown that the primary photolytic step in the

decomposition of hydrogen sulfide is

S + hv > H + HS {1}

This is consistent with the observation that the spectrum of HS in

Plate 5 is at maximum intensity at the shortest delay. The fate of

the H atoms is
H + HS + H + HS {2}

Reaction 2 is known to be fast29 although its absolute rate is not

29. The H atoms formed in {1} may possess as

known with certainty
much as 20 Kcal/ﬁole translational energy and the addition of an
inert gas may influence the rate of {2} by removing some of this
energy.

The hydrogen quantum yield measurements shown in Table VI

indicate that not all the H atoms react via {2} and some must be

lost either on the vessel surface or in the reaction
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H + H + M = HS + M {3}

These two processes amount to about 10% of the reaction as shown by
the hydrogen yield. Darwent and Robérts28 have also measured the
hydrogen quantum yield.and found that at 30 torr H,S its value is
1.09. From the rates of hydrogen productioﬁ at different HZS pressures
they inferred that.at 200 torr.the quantum yield is 1.26. This
increase was attributed to reaction {5}.

There is no obvious explanation for the large difference
in the quantum yield values obtained by Darwent and Roberts and the
values obtained in this work. One possible explanation could be
the fact that they used hydrogen bromide as an actinometer‘and had
to correct for the back reaction. In this study, COS was used as an
actinometer éince the guontum yield of CO is well established as 1.813
and no serious complications are encountered.

Darwent and Roberts proposed that the fate of HS is
2 BS > HS + 8 . (4}

> H, + s2 ' {5}

'

although {5} is very much slower than {4} at low pressures. Another

HS removing step must be considered, namely,

2 BS + M > HS, + M* {6}

since hydrogen disulfide was a product of the reaction. Its
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formation was inferred from the présence of a product involatile at
-130°C which undervent surface decomposition to hydrogen sulfide
and elemental sulfur. These same properties were observed for
hydrogen disulfide in later work (vide infra). In an independent
study4l, hydrogen disulfide was shown to be a product of the flash
photolysis of hydrogen sulfide. Using the technique of flash
photolysis kiﬁetic mass spectrometry, they showed that the signal
at m/e = 66 was the parent peak of hydrogen disulfide.

The quantum yield measurements indicate that reaction {5}
is unimportant and that HS is.removed primarily by reactions {4}
and {6}. The decrease in the hydrogen yield as the pressure of
carbon dioxide is Increased is best attributed to the occurence
of reaction {3} at high pressures of inert gas. Hydrogen atoms
may also diffuse to the walls since considerable photolysis occurs
close to the wall facing the lamp.

The flash photolysis of a mixture of 30 torr HZS + 210
torr C2H4 resulted in the formation of eth&l mercaptan and
ethylene episulfide in the ratio of 8:1. The absence of vinyl
mercaptan shows that S (ID) atoms are absent and that the S atoms
formed in {4} are in the ground 3P étate. Ethylene episulfide

is formed via \

‘»

S(3P) + CH, > CHS ' {7}

Ethyl mercaptan is formed via
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HS + CH > CH CH SH '
24 2 2 : {8}
CHZCHZSH + st > CHBCHZSH + HS {9}
and
H + c2H4 > CH3CH2 {10}
H + HS CH CH SH ’
CH3C 9 -+ 3C 9 {11}

That ethylene episulfide was found indicates that reaction {4}
is very rapid since it could compete with the HS scavenging reactions
{8} and {11}.

The Beer - Lambert law can be stated as46

0.0. = e(Ce)" | A

assuming symmetrical dependence of optical density on concentration
and on path length. The law is said to be obeyed if a plot of 0.D.
vs. path length yields a straight line. Figure 25 shows that the
3060 A, (1,0) band of HS does obey Beer's law. The 3236 A, (0,0)
band does not obey the Beer - Lambert law since straight lines were
not be obtained. The (0,0) band also shows pressure dependence as
shown in Figure 26. At 30 torr HZS’ the value of n in equation A

is 0.5 while at 490 torr total pressure the value is 0.89. This
effect may be due to pressure broadening. For this reason, the (1,0)
band must be used in all calculations.

In the absence of a reacting gas, the fate of HS is reaction
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via {4} and {6}. Figures 27 and 28 show that the decay of HS
follows second order, pressure dependent kinetics. From the slopes

the rate constants for HS decay can be calculated using the equation
k = slope xe€ x & ’ B

where k represents the sum of the rate constants k + kﬁﬂﬂ).

4
The extinction coefficient for the HS (1,0) band can be
determined in the following way. The amount of HS formed in the
reaction is equal to twice the hydrogen yield. The kinetics of
HS decay are described by the equation -
: 2
d(HS) = Af(t) - k(HS) c
dt
where A is the amount of HS produced per flash, f(t) is the relative

intensity of the photo - flash at time t, and k is the sum of the

rate constants for HS decay. Equation C upon integration becomes.
t t 2
(Hs)c = Afof(t)dt - kS (HS) dt D

or in terms of optical density

- t _ t 2
(0.D.) = Afof(t)dt ‘E_IO(O.D.) dt E
€L el .
When the decay of HS is complete,
A = k__S50.p.)%¢ F

(0?2 °
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Figure 27. Second order plots for the decay of HS at different

pressures of CO,. O o0 torr; [ 105 torr;

A 335 torr COZ'
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A 325 torr; Q 575 torr H,.



114

Combining equations B and F gives
4 . 9
A = slope fo(O.D.) dt G
el .

The value of the integral is obtained by gréphically evaluating the
area under the curve obtained from the plot of (O.D.)2 vs. time, the
slope is known from Figure 27, the ceil length is 2, and A is the
yleld of HS per flash. The corresponding values for 30 torr HyS are:
4,36 x 10-6sec-1, 1.03 # 0.42 x 105'sec, 50 cm., and 7.64 x 10-6
umole/flash respectively, Substituting these values into equation G
éives e =1.18 + 0.48 x 10° 1iter mole!™ cm.”!

With the value of e determined, the absolute rate constants
for HS decay can be calculated from equation B. These values are
listed in Table VII. Inspection of Table VII shows that there is
large uncertainty in the values of the rate constants. Some of the
more important causes of this are: .

a) the decay of HS is rapid and considerable decay will
take place during the finite length of the source flash. Since the
decay 1s more rapid at high concentrations, this error will affect
the measurements at high optical densities.

b) densitometry of the 3060 A line of the HS (1,0) band
will be greatly affected by the fog level of the spectroséopic
plate especially at low 0.D. values.A

c) a 957% confidence level was used in the least mean
square calculations of the extinction coefficient and of the slopes

of Figures 27 and 28. This may be described as unduve caution, but
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owing to large systematic errors, a smaller confidence level was
unjustified.

The rate constants in Table VII represent the sum of the
two rate constants k4 and k6(M). In principle, these two could be
determined from the information available but it was felt that the
large errors prevented any meaningful calculations. However, the
calculated rate constants do have qualitative significence in that
there is evidence for'the second and third order processes in the
pressure dependence observed. They are also in good agreement with
the values obtainéd for the decay;of OHl’z’.43 and HSe44, viz.,

10

1.55 x 109 and 3.9 x 107" for OH, and 3;0 x 10° M-1 sec-1 for HSe.

The fate of the S (3P) atoms is recombination via

2s (3p) + M o> 5, 4+ M {12}
3- 1 1+
where S2 is formed in all three possible states, Eg, Ag’ and Eg.

3 - :
The appearence of 32 ( Eg) is rapid indicating that hydrogen sulfide
is an efficient third body.

The transient H82 is most likely formed in the reaction
HS + S > HS {13}

The concentration of HS2 is low and the amount of HS or S (3P)

removed will not much affect the above calculations. Ancther pecssible

source of H32 is

{14}

H + 82 ( Zg) > H82
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The fate of 82 (lAg) is collisional relaxation
s. (o) o+ oMo+ s, D) o+ ok {15}
2 g 2 g

This view is supported by the observation that the 82 (32;) reaches
maximum concentration when the S2 (lAg) has decayed. In the presence
of hydrogen, the spectrum of 82 (lAg) is not observed due to the very
rapid relaxation to the ground state. This point will be discussed
in the following chapter.

Figures 29 and 30 show thé plot of O.D.-1 vs. time for
the decay of 52 (32;). The data pointg define straight lines and
the slopes increase with increasing pressure. Therefore, S2 (32;)

removal is accomplished via the process

2 S (32:') + M > S + Mk {16}
2" g 4

Using equation B and the slopes from Figures 28 and 29, the rate
constants for {16} can be calculated. Their values are shown in
Table VIII. The third order rate constants can be seen to decrease
as the pressure of hydrogen and carbon dioxide are increased. This
fact indicates that the assumption that hydrogen and carbon dioxide
have the same efficiency in reaction {16} is invalid. The relative
efficiencies can be calculated from the data and are séen to be:

3:2:1 for hydfogen sulfide, éarbon dioxide and hydrogen, respectively.
When the third order rate conétants are corrected for this fact,

they can be seen to be in good agreement.
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CHAPTER ' VII

THE REACTION OF S (1D)-ATOMS WITH HYDROGEN AND METHANE

RESULTS

A, Hydrogen

B, Methane

DISCUSSION
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RESULTS

Hydrogen.

In the flash photolysis of 17 torr COS in the presence
of 252 torr Hz,the transient spectra detected by kinetic_spectros-
copy were HS (zni), 82 (32;), and HSZ' The stable products of the
reaction were CO, H,S, HyS,, and sulfur. The series of absorption
spectra in Plate 6 show the formation and decay of the transients.
All transients were observed in their respective- ground vibrational
states. The HS spectrum was strongest 'at the shortest delay use&,
27 usec, and decayed within 200 psec. The So (32;) spectrum
reached maximum intensity in 100 psec and decayed within 400 usec.
The HS2 spectrum reached maximum intensity in about 100psec and
decayed within 240 psec.

fhe effect of increasing hydrogen pressure was examined
by carrying out the flash photolysis of 17 torr COS in the presence
of 0, 32.5, 124, 252, 412, and 595 torr Hy. The following effects
were observed:

a) In the absence of hydrogen, the spectrum of_S2 (lAg)
was observed. The addition of 32.5 torr H2 caused a severe
reduction in the intensity of the singlet spectrum and it was only
detected at the shortest delay. At hydrogen pressures greater than
32.5 torr, the spectrum could not be detected, Plate 7.

b) 1Increasing hydrogen pressure had a twofold effect on
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Sy (32;). First, the rate of formation and the rate of decay
increased. In the absence of hydrogen, the maximum of the Sjp

curve occurred at 250 usec. In the presence of 32.5, 124, 252,

412, and 595 torr Hz, the corresponding times were 150, 120,

100, 95, and 90 usec respectively. The rate of decay increased

as shown in Figure 32, the second order plots for 52 removal.
Secondly, the amount of 82 formed decreased as the hydrogen pressure
increased.

¢) The HS spectrum appeared at the shortest delay times
and at maximum intemsity at all pressures of hydrogen. The amount
of HS formed, as estimated from the 0.D. at the shortest delay,
was observed to increase at jncreasing hydrogen pressures, reaching
a maximum value at 400 torr Hy - Further increase of hydrogen
pressure caused a decrease in the HS yield as shown in Table IX
The rate of HS decay also increased with increas ing pressure

d) The HS2 spectrum appeared to increase with increasing
hydrogen pressure but even at its greatest intensity, 0.D. < 0.02,
no meaningful densitometry could be performed. -

e) The only stable product that could be isolated and
quantitatively determined was hydrogen sulfide. Table X shows
that the yield of hydrogen sulfide increases as the hydrogen pressure
is increased.

The flash photolysis of 20 torr COS + 300 torr D2 resulted

in the formation of the transients DS (zﬂi), DSZ’ 82 (32;), and



z
*'H 1103 gec [ ¢xx03 g9 Q far03 geg Y faxo3 yg1[J

8
$x103 ¢°z¢ O +soanssaad Nm JUSIAIITP 3' ( mv Nm 103 W3 °SA °Q°0 JO 304 *1€ =2an3yg

126

9 0T X 998 f‘ouyg
00¢ 002 00T
1 | 1

.(I.O



127

4 2103 Z1y [@ Pue fax03 gz Q fxx03 Hgi[] 1103 g€ O + S0D

3 .
1103 4T Jo sTsdpozoud yselF oyj ur Ledoep Alwmv Nm a0y sjoTd aspao puodasg *Z€ 2an8Tg

9 0T X 2998 ‘auyg
0S¢ 00¢€ 0s¢ 00¢
1 1 1 ]

T —

<l

ol

wl

(a0 )

'[-



TABLE IX

YIELD OF HS AS‘A FUNCTION OF H, PRESSURE
&

H2 pressure HS yield
torr 0.D.
32.5 0.08
124.0 0.09
252.0 0.14
412.0 0.16
595.0 0.12

128



TABLE X

YIELD OF H.S AS A FUNCTION OF H, PRESSURE
& &

HZ pressure
*

torr HZS / co,

88 0.27

180 0.35

370 0.45
550 0.64

2 x CO, is the yield of CO per flash in the absence of

1
hydrogen. COo corresponds to the yield of S ( D) atoms

per flash

129
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Sy (lAg). The formation and decay of 82 (32;) and DS are shown in
Figure 33. The spectrum of DS2 is too weak for densitometry but
can be seen to reach maximum intensity within 95 psec and decay
within 240 psec. The spectrum of S, (1Ag) is obscured by the COS
continuum but can be seen to reach maximum intensity within about
76 usec and decay within about 165 psec.

The flash photolysis of 17 torr COS in the presence of
124 torr H2 + 600 torr 002 was also investigated and the following
results were observed. The HS, spectrum was suppressed, the HS
spectrum intensity was decreased by a factor of three, the 82 (32;)
was unaffécted,and a weak.absorption due to 83 appeared. The
formation and decay of 82 (32;) is shown in Figure 34. The HS
spectrum is at maximum intensity at 35 psec and decays by about
100 psec. The corresponding times for 83 were 100 and 400 usec

respectively.

Methane.

The flash photolysis of 31 torr COS + 70 torr CH4

[

resulted in the formation of the transients: 52 (1Ag)’ S2 (32;),

2
HS ( Hi), HS_., and CS (12+). The stable products of the reaction

2

were: CO, HZS’ HZSZ’ CH3SCH3, CH3SZCH3, and sulfur. The series
of absorption spectra in Plate 8 show the formation and decay of
the transients. The HS spectrum was at maximum intensity at the

shortest delay and decayed within 100 psec. The 82 (32;) spectrum
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reached maximum intensity within 50 usec and decayed within 400

usec. The S2 (lAg) spectrum was obscured by the COS continpum but
could be seen to be at maximum intensity at the ghortest delay and
decay by 60 psec. The HS2 spectrum reached maximum intensity within
70 psec and decayed within 240 psec. The CS spectrum was at

maximum intensity at the shortest deiay and did not diminish in
intensity over the delay range used, The CS spéctrum deéayed

below the limit of detectibility within 2 minutes. The vibrationally
excited states CS v'= 1,2, were also detected at short delay times
but they decayed within 50 usec.

The effect of increasing methane pressure was examined
using 0, 30, 70, 155, 290, and 590 torr CH4 pressures. The
'foliowing results were observed:

a) The intensity of the CS spectrum decreased with
increasing methane pressure. The vibraéionally excited states of
CS were relaxed at higher rates. At 590 torr CH4, only the ground
vibrational state of CS could be observed.

b) The yield of S2 (32;)_decreased with increasing
methane pressure as shown in Figure .35. The rate of formation of
S2 (3£;) is greatly increasgd by the addition of the first 30
torr CH4 but further increaég of methane pressure had little effect.
The rate of decay of 82 is shown in Figure 36 and can be seen to
increase at increased methane pressure,

c) 82 (lAg) is decreased by methane pressure. Above
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300 torr CH4, the spectrum could not be observed.

d) The yield of HS decreased and its rate of decay
increased with increasing methane preésure. The HS (1,0) band
decreased in intensity by a factor of aboqt five as the pressure
of methane was increased from 30 torr to 290 torr.

e) The amount of H82 formed decreased with increasing
methane pressure but its rate of formation and decay were

independent of pressure.

f) The yield of hydrogen sufide decreased as shown in
Table XI. -

DISCUSSION

Bydrogen
The primary reaction between S (1D) atoms and hydrogen can

be best envisaged as an insertive attack in close analogy with

the insertion into paraffinic C - H bonds, namely

s(ln) + Hz +  HyS : {1}

where * represents vibrational excitation. The enthalpy change of
the insertion process is -97 Kcal/mole, while the D(HS-H) is
only 91 Kcal/moleé7. Consequently, the hot HZS molecule may undergo

thermal cracking. The presence of HS at short delays indicates that
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TABLE XI

YIELD OF H S AS A FUNCTION OF ADDED METHANE PRESSURE
‘ .

H ' - ms/co”
C 4 pressure 2 o
tory
18 0.44
68 0.26
118 0.26
258 : 0.25
500 ' 0.05

*
2 x CO° is the yield of CO per flash in the absence of
methane. COo corresponds to the yield of S (lD) atoms

produced in reaction 1
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the eracking proceeds via

H'ZS + H + HS {2}

In Table IX, the HS yield can.be séen to increase, reach a maximum,
and start to decrease as the pressure of hydrogen is increésed. This
behavior of the HS yield demonstrates two points. First, at low
pressures of hydrogen, not all the S (1D) atoms react with hydrogen.

Some react with carbonyl sulfide

S(lD) + CoS -+ CoO + 32 {3}

As the hydrogen pressure is increased, reaction {1} competes more
favorably with reaction {3} as indicated by the increasing HS yield.
Secondly, above 400 torr HZ’ the HS yield decrease indicates that

the hot HZS molecule is collisonally deactivated via

st* + M o+ HS + m* {4}

Therefore, the HS yield is detemined by a competition between

reactions {1} and {3} and between {2} and {4}. |
Hydrogen sulfide is formed in several.ways. At high

hydrogen pressures, it is formed mainly in reaction {4}. At low

pressures it is formed in the reactidns of HS, namely,

3
2 HS > st + S (P) {5}

2 HS + M -> stz + M* {6}

H282 + wall o HZS +  sulfur {7}
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Reaction {7} may occur in the reaction cell or during the analytical
process.
The fate of the H atoms produced in reaction {2} is most

probably
c0s + H -+ €O + HS (8}

however this could not be demonstrated since HS is produced by other
means also. Assuming that all the H atoms react via {8}, then the
yield of hydrogen sulfide is independent of the method of its formatiom.
Thus, the ratio of HZS / €O, indicates tpe extent of imsertion of
] (1D) into hydrogen. From Table X, at 550 torr HZ’ the value of
the ratio is 0.65 and only about 65% of the S (1D) atoms react with
hydrogen. This indicates that k8/k3 is about 5 x 10_2. This low
reactivity is difficult to justify since the reactivity of methane
is about the same as COSV (ﬁ_e_ infra).

The rapid rate of decomposition of HZS* seems reasonable
since the reaction is highly exothermic. The hot molecule has 6
Kcal/mole in excess of the energy needed to break the HS ~ H bond.

Also, H_S has only three vibrational modes into which the excess

2
energy can be partitioned. Unless the molecule will undergo a few

collisions within a short time after its formation, it will fragment.

The transient H52 is formed via the reaction

B + S (p) - HSé {9}
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The intensity of this absorber is very low, 0.D. < 0.02, and the
amount of HS removed from the reaction will not affect the HZS yield.

The fate of the HS2 radical is disproportionation and recombination.
2 B, =+ HyS, {10}

+ stz + 32 {11}

These reactions will be demonstrated in Chapter VIII.

Since considerable cracking of the hot HZS occurs even
at high hydrogen pressures, consideration must be given to the S ( P)
. atoms formed in reaction {5}.

Triplet sulfur atoms would not be expected to insert and

the abstraction reaction

S (3P) + H2. -+ HS + H

would be endothermic to the extent of 21 Keal/mole. Consequeﬁtly,
the abstraction is not important at low temperatures. This point was
demonstrated by the addition of carbon dioxide to the syétem. A
COZ/H2 ratio of about 5 was sufficient to cause a three fold decrease
in the HS yield. This decrease is attributed to the relaxation of

S (lD) to S (?P) by CO, and the fact that triplet sulfur does not
react with hydrogen. This decrease could also be consistent with

the relaxation of HZS*' However, the yield of 52 in the pfesence of
carbon dioxide is very negrly the same as in its absence, indicating

triplet sulfur atoms recombined rather than reacted with hydrogen.
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The fate of'the S (3P) atoms is recombination via

25(31>) + M =+ s2 + Mk ' {12}

where S2 represents the three possible statés of Sz.ﬁamely, 32-?
Ag, and 12;. In the recombination, carbonyl sulfide is the more
efficient third bo&y since it can act as a chaperon.

82 (lAg) was only detected at the lowest pressure of
hydrogen, 32.5 torr, and at the shortest time delay, 27 upsec. Yet,
considerable amounts of the singlet should have been formed in the
recombination of triplet sulfur atoms. This absence of the lAg
state can be attributed either to a rapid chemical reaction with
hydrogen or to an efficient relaxation of the singlet state by HZ;

In the presence of 300 torr dedterium, the lA spectrum
can be seen for about 165 psec, Plate 7 , while in the presence of
252 torr H2, the spectrum is absent even at tﬁe shoréest delay. It
is expected that if 82 (lAg) underwent reaction with hydrogen, it
would also react to the same extent with deuterium, since S (ID)'
showed the same reactivity to hydrogen as to deuterium. Therefore
it can be concluded that the chemical reaction is not the cause of
the rapid removal of 82 (lAg).

For collisional relaxation to be rapid, there must exist
a near resonanée condition between the donor and the acceptor.

48

Callear noted that in the relaxation of vibrationally excited NO

’

only states with closely matched vibrational levels would be
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involved in the relaxation process. Thus

NO

o + No + 2 NO

=n v" = n-2 v" = n-1

would proceed rapidly while the process

NO ., + No " + relaxation
vi=n v’ = n-3

did not occur at a significant rate; This was further substantiated
by thé observation that the v" = 1 étate of NO was long lived since
ground state NO was ineffectivé at relaxing this state.

A similar process is responsible for ﬁhe rapid relaxation
of s2 (lAg)_§Fate by hydrogen.’ The energy.donated by the excited 82
is most likely taken up by hydrogen as vibrational energy. v(l,0)
for hydrogen is 3927.15 cm-l, or 11.23 Kcal/molelf5 The TO,O for
the lAg + 32; transition is still uncertain but Barrow?’ has
reported three probable values, 5500, 5400, and > 3800 cm-l,
corresponding to 15.72, 15.44, and > 10.86 Kcal/mole respectively.
Since even at the shortest delay times, both the singlet and the
triplet 82 are in their respective gfbhnd vibrational states, the
value 3927 cm-1 may be assigned to the TO,O in ?lose agreement with
one of Barrow's values. Since deuterium, v(1,0) = 2993.4 cm-l,
does noﬁ meet this resonance con&ition, the relaxation process is
slow and the 1Ag state is long lived. This ié observed in the results

and supports the above argument.

Thus, S2 (32;) is formed directly in reaction {12} as well



144

as in the collisional rélaxation of the 1A state
g

1 3 - .
. + H S + *
52 ( Ag) ) e 2 ( zg) H2 {13}

In the absence of hydrogen, the triplet state forms’siowly, Figure

4, The addition of 30 torr HZ greatly increases the rate of formation
of the triplet, further supporting the relaxation process proposed
above. Further increase in added hydrogen pressure has little effe;t
on the rate of triplet appearence.

Inspection of Figure 31 indicates that the yield of 82
decreases with increasing hydrogen pressure. This result is
consistent with reaction {3} being important at low hydrogen pressures
while at high pressures, reaction {5} followed by {12} is the more
important 52 forming step.

2
dependent kinetics, and is best described by

S (32;) removal is found to obey second order, pressure

3 -
2 + M + M=%
82 ( Zg) > 84_

From the slopes of the curves in Figure 32, second and third order

’

rate constants for {14} are calculated and listed in Table XII.
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Methane
The primary reaction between S (lD)atoms and methane in

22
low intensity studies has been shown to be

1 ' _ 4 . )
5 (D) + o - C*.‘3SH* . {15}

The enthalpy change in reaction {15} is -83 Kcal/mole for thermal
sulfur atoms and secondary cracking could follow. From the observed
product distribution, the secondary decomposition of the hot

mercaptan has been shown to be

* .
cussH > cu3s + H . {16}

Since D (CH3S - H) is 89 Kcal/mole, reaction {16} is endothermic to
the éxtent of 6 Kcal/mole, but the S (ID) atoms have up to 12 Kecal/
mole translational energy when formed and if this energy can
survive the collisions before insertion, thep reaction {16} will
be possible at room temperature. An alternate energetically more

favorable decomposition

~CH3SH + cn3 + HS {17}

had been neglected since the products of the reactions of HS, namely
hydrogen sulfide and hydrogen disulfide, were not found. The .

mechanism proposed for the formation of the stable products was:

H + CH + H + CH, {18}
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2 cus > CH,SSCH, {19}
* CH)S +  CHSH ‘ '{29}

CH,S + CH, > CHySCH, {21}
>oos o+ cl ‘ {22}

2 CH + CH | o {23} .

3 , 26

This mechanism was'the‘only reasonable one that would explain the
experimental results, |

In this study, an important new stable product, hydrogen
sulfide, was observed at low methane pressures. Also, the rapid
appearence of the transient HS was observed at pressures as high
as 600 torr. These two facts which escaped earlier investigations
indicate that reaction {17} is important. However, the.relative
importance'of reactions {16} and {17} could not be established.
From purely energetic gréunds it would appear that reaction {17}
should be much more important than {16}.

The enthalpy change of reaction {17} is -7 Kcal/mole.
Since the HS yield decreases as the pressure of methane is increased,

the hot methyl mercaptan must undergo collisional relaxation via

cassn* + M > CHSH + M* {24}

The most likely source of CH3S is the reaction
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+ H S '
‘cnasH c3 > CH3 + cn4 {25}

cassn + HS -+ cuas + st. {26}

The stable products are explained in terms of reactions [19] to
{23} as mentioned before.
An important source of hydrogen sulfide is the sequence

of reactions

2 uS + HS + S (39) ' {5}
2H + M > st2 + M% {6}
H,S, +wall + HZS + sulfur {7}

Table XI shows that the. yield of hydrogen sulfide decreases
as the pressure of methane increasgs. This is consistent with the
fact that the fragmentafion of the hot mercaptan is prevented at
high pressures. At 18 torr CHA’ the st / CO, is 0.44 indicating
that about 447 of the S (1D) atoms end up as hydrogen sulfide. The

. mechanism of hydrogen sulfide formation indicates that the quantum
yield of.HZS assuming complete scavenging of the S'(lD) atoms is
0.5. Since in this mixture the H,8 / CO,, and hence the quantum

yleld of H, S, is 0.44, about 88% of the sulfur atoms must have

2
reacted with methane and only 12% with COS via reaction {3}. This
high reactivity seems unreasonable since hydrogen was shown to be

very unreactive and earlier low intensity studies have shown that

paraffins have about the same reactivity as carbonyl sulfide.
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It is proposed that there is an alternate cracking step,

namely,

* .
CH_SH + CH + HS 27
; \ : {27}

This step will explain the high quantum yiéld of hydrogen sulfide

at low pressures. The enthalpy change of this reaction is +2 Kcal/mole.
However, the S atoms may have some.translational energy when the
insertion takes place making reaction {27} energetiﬁally feasable at
foom temperature, The quantum yield of HZS is seen to decreaée
rapidly as the methane pressure is increased frdm 18 to 68 torr
probably because the translational eneréy is more efficiently
removed making reaction {27} less favorable. Reaction {17} is not

as easily quenched since the HS spectrum is observed at methane
pressures as high as 595 torr. This is due to the high exothermicity
of the reaction. Therefore at high pressures reaction {27} is
unimportant and secondary cracking occurs via {17}.

H82 is formed by the recombination of HS and S. CS may be
formed from one of the secondary products or from the secondary
photolysis of carbon disulfidg, a minor but strongly absorbing
product, whose mode of formation is not known.- The amounts of these
transients formed is very small and will not influence the reaction.

The probable fate of CH, formed in reaction {27} is

2

cn2 + cnl‘ - zcu3 . {28}
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The transient 82,(1Ag) is produced either in reaction
{3} or by the recombination of S (3P) atoms from the reaction {5}.
It suffers collisional relaxation to the ground 32; state.

52 (32;) decays by third body reFombin;tion. Second
and third order rate constants for the recombination are listed
in Table XIII. There is considerable scatter in the rate
constants due to experimental error. However, they are of the

same order of magnitude as other 32 recombination rates.
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RESULTS

Dark reacﬁion

Hydrogen disulfide was found to undergo dark decomposition
when the cell yag not preconditioned with HCl and when polymeric
sulfur was formed as an end product of the photoly31s The
'products of the dark reaction were hydrogen sulfide and polymeric
sulfur. No hydrogen or higher sulfanes could be found. The dark
reaction proceeded to completion within minutes after initiation

and could be detected by the sulfur polymer formed on the surfaces

of the reaction vessel.-

Hydrogen disulfide with added carbon dioxide.
The transients detected in the flash photolysis of 1.8 torr

H282 in the presence of 100 torr co, were: Sy (lA ) S ( E ),

(zni), and HS The stable products of the reaction were hydrogen
(0.05 ymole/flash), H,S, HZS3,'HZS4, and sulfur. The series of
absorption spéctra in Plate 9 show the formation and decay of the
- intermediates. Both HS and H82 are at‘their maximum concentrations
at the shortest delay time, 27 psec, and decay within 113 and 240
Hsec respectively. The 32 (IAg) spectrum reached maximum intensity
within 40 psec and décayed within 95 psec. The corresponding times

for 82 (32;) were 77 and 36C nsec respectively.
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The effect of increasing diluent gas pressure was examined

by carrying out the flash photolysis of 1.8 torr H in the presence

252

of 25, 50, 100, and 200 torr CO,. The following resulﬁs were

2
observed:

a) The rate of formation of HS was unaffected but its
raté of decay increased as shown ;n Figure 37.

| b) The rates of formation and decay of S2 (3§;),were

increased as shown .in Figure 38.. |

c) The spectra of S2 (IAS) could not be densitometered
with any meaningful accuracy due to background absorption by hydrogen
disulfide and.only qualitative observations could fe made. The
rate of formation was wnaffected but the rate of decay increased.
The times required to decay below the limit of detectibility at
25, 50, 100, and 200 torr CO, were: 113, 95, 77, and 56 usec
respectively.

d) The formation and the decay of HS, were found to be

independent of diluent gas pressure as shown in Figure 39.

Hydrogen disulfide with added ethylene and propylene.

The flash photolysis of 1.8 torr H in the presence of

252
ethylene gave two new products in addition to those found with carbon
dioxide, namely, ethyl mercaptan and'ethylene episulfide. No new

transients were observed. Figure 40 shows the formation and the

decay of the intermediates. Ethylene had several noticable effects
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Time, sec x 10~

Figure 37. Plots of 0.D. vs time for HS decay at different pressures '

of CJ,. Q 25 torr; [J 100 torr; A 200 torr.
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Figure 38. 'Plots of 0.D. vs time for the decay of 32 ( Zg) at
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Figure 39. Plots of 0.D. vs. time for the decay of HSZ'
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+ 0.2 vs. time; A 200 torr, 0.D. + 0.3 vs time.
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Figure 40. Plots of 0.D. vs time for- O s, O S, ( zg), and
A HS, . Solid figures represent 100 torr C,H,

clear figures, 50 torr added CZH4'
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on the transients. The rate of decay of HS was markedly increased.
Although the rates of formation of S2 CIAg) and 82 (32;) were not
affected, the amounts of S2 formed were considerably ieduced. The
rate of decay of both states of 82 weré increased. The yield of

H82 was decreased to one half without the formation of an -SSH
containing product.

The static photolysis of 1.8 torr H_S_ in the presence of

2.2
100 torr C2H4 gave ethyl mercaptan as one of the products but
ethylene episulfide coula not be found.

The static photolysis of 1.8 torr H282 was also carried
out in the presence of propylene.' Photolysis of a mixture of 1.8
torr H,S, + 100 torr CZH4 using a pyrex filter (transmitted A >
2900 A)‘resulted in the formation of n-propyl mercaptan. No
iso-propyl mercaptan could be found. When the photolysis of a
similar mixture was pérformed with a Cadmium resonance lamp using
both the 2288 A and the 2980 A resonance lines, both n-propyl and

iso~propyl mercaptans were formed. The ratio of the two mercaptans

was 10:1 for n:iso.

The reaction of CH3 with hydrogen disulfide.
The flash photolysis of 40 torr acetone in the presence
of 1.0 torr HZSZ in the pyrex region resulted in the formation of

carbon monoxide, ethane, methane, and methyl mercaptan. Other

minor products were hydrogen sulfide and sulfur. The transients
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detected'by.kinetic spectroscopy were HS, HSZ’ and 82 (32;);

82 (lAg) could not be detected even if formed since the acetone
continuum caused compiete absorption in that region of the spectrum.
The serles of absorption spectra in Plate 10 show the formation

and the decay of the intermediates. The HS spectrum was at maximum
intensity at the shortest delay, 27 ﬁégc, and decayed within 95
usec. The H82 spectrum was weak ;t short delays but increased at
longer delays, reaching maximum intensity at about 95 pusec. The

82 (32;) spectrum grew in intensity at the same rate as Hsz.

The photolysis of hydrogen disulfide admixed with 90 torr
argon was also carried out in the pyref region. No pérceptible
decomposition occurred as evidenced by the absence of all transient
specfra in Plate 10b.

The flash photolysis of acetone-é6 was also carried out

in the presence of 1.0 torr H282 under the above conditions. In-

addition to the products observed with light acetone, CD3H was

also found‘although in small amounts.

The effeét of wavelength.

The effect of wavelength on the photolysis of hydrogen
disulfide was examined by carrying but the flash photolysis of 1.8
torr H282 + 100 torr CO, with quartz and Vycor 7905 ttransmitted
A > 2300 A) filters placed between the lamp and the reaction cell.

The only effect observed was a decrease in the intensity of the
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transient spectra when the Vycor 7905 filter was used. The ratio
of HS : H32 with quartz and with Vycor 7905 filters were 0.9 and

1.1 respectively.

Hydrogen disulfide with added nitric oxide.

The effect of nitric oxide on the flash photolysis of
hydrogen disulfide was examined by flashing 1.8 torr H252 in the
presence of 10 torr NO + 88 torr He. The following effects were
observed. All tranéient spectra were reduced in intensity as shown
in Plate 11. The HS and the H82 spectr? were weak but they appeared -
at maximum intensity at the shortest delay used, 27 usec. The
spectrum of 82 (32;) on}y appearéd after a delay of about 100 usec
and its spectrum was very weak. The dark decomposition which
normally occurs immediately after the flash did not set in for

several minutes. Once initiated, the decomposition went to completion

within a few minutes.

Flash photolysis - kinetic mass spectrometry experiments.
The flash photolysis of hydrogen disulfide was also
examined by the technique of kinetic‘mass spectrometry. The products
and the trangients detected‘were SZ’ 83, 84, HZS, HZS3’ and HZSé'
The signal detected at m/e =t98, Figure 4la, represents the formation
and the decay of the ion H255+. A single rapid scan of S3 from the
flash photolysis of carbonyl sulfide is shown in Figure 41b. A
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similar rapid scan of the m/e = 98 region from the flash photolysis
of hydrogen disulfide is shown in Figure 4lc.

The signal at m/e = 130 region is shown in Figure 42a and
represents the formation and decay of the ion HZS4+

scans in the m/e = 130 region in the flash photolysis of carbonyl

Single rapid

sulfide and hydrogen disulfide are shown in Figures 42b and 42c¢

respectively.
DISCUSSION

Primary reactions.

The ultéa violet absorption spectrum of gaseous hydrogen
disulfide is shown in Figure 43. There are two distinct maxima, at
2000 A and at 2550 A, with possibly a third at 1900 A. The two
maxima in the quartz U, V, region indicate at least two electronic
transitions. Thompson et. 5;.50 have suggested that the maximum at
2500 A in dimethyl disulfide contains two transitions, one of which
is the promotion of a non bonding electron to a U*S-S orbital
resulting in S-S bond rupture. Similar observations were made by,
Rao et. EL.SI. Disulfides also exhibit a maximum at about 2000 A.
Ramarkrishnan et. 51352 attributed this absorption in tetra and
pentamethylene disulfides to a O*C-S + n transition and demonstrated

that C-S bond rupture occured.
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Figure 43. U.V. absorption spectrum of 1.8 torr HZSZ' (10 cm.

path length.)
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. Since hydrogen disulfide can be expected to show behavior
similar to these simple organic disulfides, two probable primary

processes that should be considered are:

S, + hv2000 I H + H82 {1}
H)S, + h‘fzssoA + 2 HS ' {2}

That HS and H82 may bé formed in the primary process is indicated

by the presence of their respective spectra at maximum intensity at

the delay time when the output of the flash is at maximum intensity.
The occurrence of reaction {2} was demonstrated in the

experiments with added propylene. The photolysis of hydrogen

disulfide in the presence of propylene in the pyrex ‘region gave only

n-propyl.mercaptan. No iso-propyi mercaptan could be found. Since

pyrex glass only transmits wavelengths greater than 2900 A only

the tail end of the 2550 A region was able to absorb. The formation -

of n-propyl mercaptan is attributed to the scheme
 CHyCH=CH, + HS >  CHyCHCH,SH {3}

CHscHCHZSH + st2 -+ CH3CH2CHZSH + Hs2 {4}

5S is formed in reaction {2}. If reaction {1} had occurred, then
iso-propyl mercaptan should also have becn formed.
When the photolysis of the same mixture was carried out

using both absorption regions, both n-propyl and iso-propyl mercaptans
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were formed. The formation of iso-propyl mercaptan is best attributed-

to

= -> ’
CH3CH cuz + H c;H3cuca3 {5}

+ > SH {6}
CH3CHCH 3 HS (cn3) zcu {6}

The H atoms are formed in reaction {1}. n-Propyl mercaptan is again
formed by reactions {2}, {3}, and {4}. These observations show
that reactions {1} and {2} are primary processes occuring at 2000 A
and at 2550 A respectively.

This point was further demonstrated by the observed
wavelength dependence of the photolysis of hydrogen disulfide.
Identical mixtures were flash photolyzed with either a quartz or a
Vycor 7905 filter. The quartz filter was used to correct for any
scattering by the Vycor filter plaéed between the lamp and the cell.
The ratio of HS / H32 was found to be 0.9 when quartz was used and
1.1 with Vycor 7905. This decrease in the relative yield of H82
is best attributed to the fact that Vycor 7905 effectively eliminates
all waveiengths below 2300 A and consequently decreasing the amount
of HS2 formed in reaction {1} while having no effect on the 2550 A

absorption region which produces HS.

Other primary processes that should be considered are

st2 + h > H, + 52 {7}

st2 + h o+ HS + 8 {8}
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Reaction {7} is not important for two reasons. First, the
low hydrogen yield, 6.05 ﬁmoles/flash compared to about 2 ymole/flash
total decomposition, shows that even if reaction {7} did occur, its
contribution is very small. Secondly, the formation of S, is slow

2

when compared to the formation of HS and HS,, indicating that S2 is

22
formed in a secondary process. '

That 82 is a product of the reactions of ﬁS and H82 was
shown in the experiments with added nitric oxide. In the presence

of NO, the intensity of the spectra of HS and HS, were reduced owing

2

to the reactions
BS + ©NO - HSNO {9}
HS, + NO <+ HSSNO {10}

Reaction {9} has been demonstrated in the flash photolysis - kinetic

mass spectrometry of HZS - NO mixturesal. The spectra of HS and

3—
HS2 were at maximum intensity at the shortest delay. S2 ( Eg) on

the other hand could not be observed until about 60 usec delay and

even then only very weakly. This clearly indicates that HS and H82
are primary producis but 82 is not. These results are shown in

Plate 11.
Reaction {8} cannot be a primary process for the following

reason. In the statlc photolysis of H - C2H4 mixtures, ethyl

232
mercaptan was isolated but ethylene episulfide was not found. The

direct formation of S atoms in the primaty process is precluded by
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the absence of the episulfide since sulfur atoms have been shown

to readily add to ethylene.

Secondary reactions.
‘Since hydrogen atoms are formed in reaction {1}, it was

assumed that they would react with hydrogen disulfide via

B + HsS, -+ H + B, {11}

However, the absence of all but trace quantities of hydrogen
precludes this abstraction reaction. A reasonable reaction that
will account for the reaction of H atoms with hydrogen disulfide

without the formation of hydrogen is

H. + st2 > st + HS {12}

i.e., abstraction of an HS group. Reaction {12} could be convincingly
demonstrated by observing the reaction between hydrogen disulfide

and H atoms generated by some means‘other than the photo-decomposition
of HZSZ' Several hydrogen atom sources‘were tried but they either
caused dark decomposition of hydrogen disulfide or absorﬁed in such

a region of the spectrum that HZS also underwent photolysis.

2

Greig and Thynne53 have observed that CD3 reacts in two

ways with methyl mercaptan, namely,

CD3 + CH3SH > CD3H + CH3S . {13}
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c1)3 + CH3SH > CD3SH + CH3 {14}

Reaction {14} occurs much slower than {13} and only about 5% of

the CD3 were found to react via {14}. It was felt that if it could
shown that methyl redicals do abstract an HS group from hydrogen
disulfide, then reaction {12} could also occur.

Acetone, a good source of methyl radicals, was flash
photolyzed in the pyrex region of the'spectruﬁ to prevent the
photo-decomposition of hydrogen disulfide.. It can be seen in Plate
10b. that flash photolysis of hydrogen disulfide in the pyrex region
causes very little decomposition since no transients could be
detected. When acetone is added, the spectra of HS, HSZ’ and
82 (32;) are detected. It can be seen in Plate 10a that the spectrum
observed at the shortest delay is that of HS. The spectra of H52
and S, only appear after a delay of about 75 ﬁsec. Since the HS
spectrum is not the result of direct photolysis, its formation is

best attributed to the reaction

{1
CH3 + stz > CI~I3SH + HS {15}

The formation of methyl mercaptan supports this view. The formation
of HS2 is most likely

HS + nzs2 > st + Hs2 {16}

since H82 is seen to reach maximum concentration only after the HS
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has decayed. Since CD_H was-also formed in the photolysis of €D 0 -

H282 mixtures, methyl radicals also undergo

cbh, + HS, -+ CH + BHS {17}

3 272 3 2

but to a lesser extent than reaction {15}.

The reactions of HS are

2 BS » HS + S Ap {18}

2 H + M =+ S, + Mk {19}

HS + HS, > HS + .ES, {16}
32

Reaction {16},discussed previously, was also proposed
to explain the formation of some disulfide products in the liquid
phase, thermalvdecomposition of hydrogen disulfide in the presence
of pentenes. Similar reaction between OH and hydrogen peroxide
was proposed by Greiners4 in the flash photolysis of H202.

Reaction {18}, proposed in previous chapters, was
demonstrated in this study by the detection of ethylene episulfide
in the flash photolysis of H282 - C2H4 mixtures. The occurrence of
reaction {19} is indicated by the pressure dependence of the decay

of HS as shown in Figure 37.

The flash photolysis of hydrogen disulfide in the presence
of an inert gas produced hydrogen sulfide and sulfur as well as one

or more products of low vapor pressure which underwent slow
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decomposition to hydrogen sulfide and sulfur before mass spectral or
infra red analysis could be performed. To determine the identity of
these products, the flash photolysis of hydrogen disulfide was
performed in conjuncgion with the technique of kinetic mass

spectrometry. In addition to signals corfeéponding to HZS’ S,, and

2’
S4, signals were also detected at m/e = 98 and 130 as shown in

Figures 4la and 42a respectively. These signals ﬁere attributed

to the ions HZSB'+ and H234+ respectively. However, these signals

could also be attributed to the isotopic combinations’sg2 S34 and

2
Sg 534. To determine the isotopic profile of S_ and S4 , carbonyl

3
sulfide was flash photolyzed and the signals in the respective

regions of S3 and S, were recorded in one rapid scan. These rapid

4
scans are shown in Figures 41lb and 42b. It can be seen that the above
834 isotopic species only amounts to about 5 to 10% of the total
53 and S4 : produced in égreement with the natural abundance of the
S34 isotope. When the same single rapid scans were carried out in
the flash photolysis of hydrogen disulfidé; quite different results
were obtgined. The signals at m/e = 98 and 130 are about the same
as the signals of 83 and S4. From this it can be concluded that
the signals at m/e = 98 and 130 are due to the species H233+ and
H S +.
274

H385+ may also have been a fragmentation product of the
ion HZS4+' However, comparison of Figures 4la and 42a shows that
the two species have markedly different decay rates and thus they

arise from two different molecular species, namely, HoS3 and HyS4.
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The most likely source of H283 and HZSA is

HS + HS, =+ H.S {20}
2 HS > Hy8, {21}

Reaction {21} is a pressure independent second order process as
indicated by Figure 44. The plot of O.D.“1 vs. time for HS2
decay does not yield a straight line until most of the HS has decayed.
This is consistent with the complicated kinetics as a result of
reactions {16} and {20}. Reaction {20} may or may not be pressure
dependent. The HS removal doés show pressure dependence but this
may be due entirely to reaction {19}.

The cross and self disproportionation reactions of HS

2
must also be considered.

L3~ 1 :
A
HS + H82 + H,S + Sz( zg and g) {22}

34~ 1 .
)
2 HS, + HySp + 8, ("I, and 4)) {23}

HS can not be the only source of S2 since in the flash photolysis
of hydrogen sulfide, the mount of HS formed was about the same as

in this study but the amount of S, produced was about one half. This

2
increase in the 82 yield in the presence of H32 is best explained
in terms of reactions {22} and {23}.

In the flash photolysis of HZSZ- CZH4 mixtures, the decay

of HS is very rapid owing to the scavenging reaction
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(0.D.)

100 200

L =6
Time, sec x 10

Figure 44. Plots of 0.D. vs time for the decay of HSz.

{
O 25 torr COé; J 100 torr C02; A 200 torr C02.
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S+ CH, > CHCHSH {24}

The formation of ethyl mercaptan can be explained in terms of reactions |

{24} and {25}.

H CH SH + S -+ CHCHSH + HS '
C 2cu2 H H2 ) 3CH2 H ) {25}

Hydfogen atoms formed in reaction'fl} probably add to ethylene to
form ethyl and the ethyl may abstract an H to form ethane. Ethyl
may also abstract an HS as was seen for methyl, but this would
result in ethyl mercaptan and since it 1s also formed by reactions
{24} and {25}, the two processes can not be distinguished.

The yield of H82 decreases by a factor of about two
sincelreaction'{lb} is eliminated. The 82 (32;) yield also shows
about a four fold decrease indicating that reactions {22} and {23}
are important 52 producing steps.

82 (lAg) is formed in reactions {22} and {23} as well as

3 ;
in the recombination of S ("P) atoms formed in {18}.
3 3.- 1 )
2 sS(p) + M =~ 82 ( zg and Ag) + M% {26}

52 (lAg) is relaxed to the ground 32; state by collisions with the

diluent gas

1 - 3- ' :
s, ( Ag) + M 52 ( zg) + Mx {27}

since its rate of removal increases with increasing pressure -of

diluent gas.
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3 - . . .
5, ( zg) is formed in reactions {22}, {23}, {26}, and

{27}. It decays by a pressure dependent, second order process,
2 8, (¢ + M o+ S, + {28}
2 g 4

since plots of 0.D. vs. time result_in straight lines as shown in
Figure 45. From the slopes, the absolute rate constants for S2
decay can be calculate§ and these values are listed in Table XIV,
There is good agreement in the third order rate constants indicating
that S, removal is well described by reaction {28}. It can be
seen that ethylene is about seven times as efficient in reaction
{28} as is carbon dioxide. This may be compared with ethylene
episulfide which is about ten times as efficient as COZ.

The results of this investigation have an important
bearing on the photochemistry of hydrogen peroxide. The only

primary process considered was

H,0, + hv - 2 OH {29}

The absence of hydrogen among the products was taken as evidence

that the process

H0, + hv > H + HO, {30}

did not occur. However, since it was shown that H atoms
abstract an HS group rather than an H atom from hydrogen disulfide,
such a process may also occur in the case of hydrogen peroxide with

the consequence that hydrogen is not formed.
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T T
100 200

time sec x 10-

-1 -
Figure 45. Plots of (0.D.) vs. time for the decay of S, (3Eg).
at various pressures of C02. O 25 torr; [ 100 torr;

O 200 torr.



180

7.0

08°6 5 01°22 01'6 7 01°2T S6°C 7 OT°LT 00T 1%
0S'8 F 09°61 0€°Z 7 ST°S 06°T % 9%°L 05 "1
¥E*T % 29°T €9°T ¥ 08°C 2€°T 7 L6°E 002 %)
€I°T 7 L§°T 19°0 7 8€°1 0S°0 ¥ 96°T 001 o0
62°1 ¥ 70'% SE°0 T 60°T 22°0 % ¥§'1 05 €00
09°T 7 96°C €2°0 ¥ O%°0 02'0 F 15°0 sz Zoo
Hlowm Nuz ﬁloom ulz ¢|oH X ax03 sed

o1 x 8%y o1 x 8%y -09s adotg poppPY

(4% - 01~

8% GV 00 40 SauNssadd INAWAZA1d LV NOILVNIGHODZY (®3) U5 Wod SINVASNOD FIvY ELNI0SEV

AIX 3T4VL



181

The process

H + H202 -+ H20 + OH {31}

is energetically favorable since the D(HO - OH) is only about 50

Kcal/mole while the D (HO - H) is 119 Kcal/mole.
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