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, ‘AesrnAcr |

e The technique of flash photolysis vacuum ultrav1olet
kinetic absorption spectrpsc0py has been used to determine the ,
‘ absolute rate constants for the reactions_gj,ﬁiz?) atoms with a-
variety of Substrates. In addition, the. temperature dependence ‘
of a number of these reactions 'was examined A

o .Ground state S( P) atoms were produced by flash photo-
| “lyzing cos in an excess of diluent generally CO2 It has been
shown that under the conditions employed S( P) atoms are’ gener-’
ated in a thermalized distribution and decay via first order
[kinetics. ,“7 o 'j
- : " The determination of the rate constant for the reaction
) with oxygen was nECessary ‘to resolve the discrepancy in the liter-,
ature. Our value is in agreement with one of the prev1ous deter-'
minations, suggesting that the other is low by three orders of
magnitude. _ ' ‘

| : ‘Since NO is.an-effectiue scayenger'in,many reaction

systems.‘a»knowledge ofhits rate of_reaction with S(3P) atoms~
would prove’advantageous;'gFrom the obserued pressure dependence
'E?A reaction order studies it is shown that nitric oxide under-
goes:réaction with S(;P).atoms via a termolecular energy transfer
méchanism “The extremely high efficiency of ‘the reaction is in

,"a
keeping Wlth the rates reported for other reactions of atomic and

e

_“radical speCies with NO

BETE



Rate constants~and Arrhenius parameters for the reactions .
of S(3P) atoms with a number of olefihs wer:‘determined Activation w
energies decrease with increasing substitution demonstrating the : }
electrophilic nature of sulfur atoms and E for the reaction with
: tetramethylethylene is -1.3 kcal mole 1._ , |
The rate. constant for. ebstraction from ethylene episulfide
‘was determined in order to assess its importance in the S + olefin.
system. From the results together with a computew simulation of
1the S+ olefin system it is concluded that under the conditifhl
employed in this study at least 95% of the observed decay is due
to reaction with olefin Rate constants were,also determined for‘~
| abstraction from»propylene and trang-2-bltene episulfide.
.,': Rate constants were determined for the reactions of
S(3P) atoms w1th a number of alkynes and Arrhenius parameters
measured for the reactions with acetylene and propyne. The
_ experimentally determined secondary H/D kinetic isotope effect
for CZH2 and C202 of PH/k = 1.0 could be reproduced by detailed
calculations if a biradical model for the activated complex is

assumed

e
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CHAPTER 1
INTRODUCTION

The structure and }eactivity of divalent atoms and
radicals have been the subject of numerous investigations over the
past two decades, the foremost examples being methy]ene]'4 and
ground state oxygen'atoms5 Although a 1arge quantity of mechan-
1st1c and kinetic data is currently available and several theor-
etical studies on the detalled reaction surfaces have been
published, certain controver51a} aspects concerning the chemistry

" these species remain.

Mechanistic studies of sulfur, the second row element
in the Group VI A series, were initiated in these 1aboratories6 in
1962. Duriﬁg subsequent years, the reactions of sulfur atoms with
a wide variety of substrates were explored in conventional photol-
ysis systems and a Targe number of relative rate data became

hte. It then became necessary to obtain absolute rate
¢ ts for these reactions in‘order that they may be properly
c.aluated. Tk technique of flash photolysis - kinetic‘absorption
spectroséopy was utilized in.the present»1nvestigation'f0r this
purpoéef

To place the present investigation in proper perspective,
a brief review will follow of the general chemistry and currently
‘ avai]ab]e soﬁrces of su]fﬁr atomS' the éhemistry ofbthe ofher
groups VI A elements, oxygen, se]en1um, and tel]ur1um, and the

techn1que of f]ash photo]ys1s




o

A. The Sulfur Atom

The sulfur atom has sixteen electrons. In the 52 p4

"~ ground electron configuration the outer four electrons are

distributed over three p-orbitals and givevfise to five spectro-

scopic states designated"asaP2 1.0° ]DZ and ]SO. The energy

separation of the states7 is tébu]ated in Table I-1, along with
those of the other group VI A atoms. The spin orbital components

3 3

p

of the 3P ground'state are P, and 3PO in increasing energy

2> 1
respectively. Radiative transitiohé from the ]DZ and ]So.states;
to the 3P groﬁnd states are forbidden by rigid spin selection
rules. Consequently, these excited atoms‘have long lifetimes and
can undergo chemical reactions in addition to deactivation to the

éround state. The wavelengths for various optical transitions in

sulfur are depicted in Figure I-1.

‘B. Sulfur Atom Sources

A yuod source compound for the production of su]fﬁr
atoms must abgorb in a convenient region of the spectrum, be
readily évai]ab]e, and produce sulfur atoms in c]ear]y,de%ined
spectroscopic states. The remaining photofragments should be
either neutral molecules or stable radicals which disappear
solely by recombination or diffusion. The ultraviolet photolysis

of SPF

)

3’

93 CZH;S and COS have been examined in this context.

o



TABLE 1-1

Energy Levels of the Atoms of the

‘Group VI A Elements 2

Term. Energy, kcal/mole
0o s Se Te
3 0 0 0 0
3 0.45  1.14 5.69 13.5
0.65 1.64 7.25 13.6
‘ 45.4 - 26.4  27.4 30.2
1 9.6 . 63.4 64.2 66.3

a.

from reference 7
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1) The presence of sulfur atoms in the photo]ys1s

of SPF3 was proposed8 on the basis of the observed spectrum of

S (5 A ), via the reactions,

1
SPE, + hv — 5 D,) + PF 5

1, e sl
S( Dz) +.SPF3 —_— Sz(a Ag) + PF3

2) It has been demonstratedg that photo1y515 of C52

in the 210 190 nm™region produces ground state sulfur atoms,
CS, + o —> (S + S(3P‘)

and CSé was later used]0 in quantitative rate determinations. In
static photo]ysislj, however, the low yield of sulfur atoms and
extensive copolymerization of CS radicals make C52 an unattractive

choice.

. 3) The appearancehqf the 52(329') spectrum in the
flash photolysis of ethylene episu]fide]2 Was interpreted in

terms of the following reactions:

HS(E) + v —s TE*
.]E* — -3E*
3 *

E —> Cz st S( P)

3.*
E +FE — 2 C2H4 +S ( Z )
‘ N

—> 2F '

3 3 , ,
E+ S(°P C,H, +§ . -

@ L

M st A A i 847 3,



where the superscript on E denotes the muTtiplicity of the
electronically excfﬁed states. However, recent wo‘r‘k]3 has shown
that decdmpositionvto CZHé + S(3P) is comp]éte]y quenched above
about 75 torr fota] pressure. Thfs, as well as‘ofher'bbSErvations,

militate against .its use as a source in conventional photolysis.

4) The photolysis of COS has been extensivef& emp]oyed]4
as a sulfur atoﬁ source under a great variety of conditions. The
first u.v. absorption bénd15 extends from 260.0 nm to the vacuum
region (Figure 1-2). The mean radiative lifetime of the excited
state is ~ 3 xi]O‘7 sec. Although sevefa] transitions are buried
in this broad absorption baﬁd; the long wavelength portioh prob-
ably arises from a I - I* excitationls’ls; The pfimary photolytic
dissociation Ento €O and S(]Dz) atoms which is both spin and ‘
‘symmetry allowed, becomes energetically feasible at ) < 289.5 nm

(98.8 kcal/mole)

cos (') + v — co(’sh) + s’ [1a]
A]though dissociation into ground gtate.atoms is formally spin
_ forbidden,
Coos (1) m —s colls) s(%) [1b]

there is indirect évidence_]4 that as much as 30% of the primary
~ process proceeds via [1b].

The qqantum yield of €O formation in the gas phasé-is

e AR R e Bl

a wrs,
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4.
PR

for the ratio of S( P) addition to ethylene re1at1ve to. step [4].

52 species

1.8 at X = 249.0 and 228.8 nm'®, indicating that step [1] is |

followed by
S(’D ) +€0S — €O +‘$2‘ | [2]

Since step [2] shou]d proceed with unit efficiency it is not

known why ¢(C0) is less than the expected value of 2.0. It may

be related to an 1nherent.inefficiency in the primary dissociation
.

or the measurements themselves may be in error.

The S (élAg) state has been detected by f]ash spectros—
18, ]7 :

copy - Additional steps tc be cons1dered are
5('n,) +cos — s(3p) + cosr | [3]
s(P) 405 — o0+ s, Ta]
2s%) + N —s S, + M . [5]
M .

The possibility of c0111s1ona1 deact1vat1on step [3], has made
it d1ff1cu1t to evaluate the extent of pr1mary format1on of
S( P2 ] O) atoms via step [1b]. However, it would -now appear that

as much as thlrty percent of the sulfur atoms are formed in the

3p

s(°p 2,1, 0) state. At the outset of th1s 1nvest1gat1on only rela-

{ 14

tive rates were available for k4 Gunnlng and Strausz obta1ned

a value of 25 whlle Jakubowsk1, et allg reported a value of 83

Step [5] was postulated from observatlon of the- formatlon of the ~__

12, 20. The 52 spec1esrdecays fair]y rapid]y via [6] to



'higher polymeric forms of sulfur. The rate of'r‘ecombination]2 is
pressure dependent, with values rangingvfrom 0.41 x 109 at 17 torr
COS pressure to 4.3 x 10° 1 mole™! sec']¥Et 410 torr.

Carbon-dioxide, xenon, and argoh have been denonstrated

to be efficient quenchers of S(]DZ) atoms]4’21,
5(102) + M —s S(3P) + M [7]

The values of k, are >1 x ]0]0, 4 x 10° and 1.1 x 108 1 mole™!

ec”! for C0,, Xe, and Ar respective]yZ]'ZB. Since the rate of
quenching by C02 is comparable to the rate of reaction of S( D )
atoms with hydrocarbons, the introduction of a ]arge excess of
€O, will resu]t in virtually comp]ete deactivation of S( D, )
atoms to the ground state and thus the CO2 + COS system is a
"clean" source of S( P) atoms.

Photolysis of COS in the vacuum ultraviolet produces a

]SO sulfur atom and a vibrationally excited CO mo]ecu1e24:

C0s + v ———— cof (v' = 2,1) + 5(s)

<180.0 nm
£

The COS spectrum in this region consists of two intense diffuse
bands éentered at 166.7 nm and 152.7 nmzs. Due to restrictions
imposed by 'symmetry, the transitions from S( So ) to S( D ) and

24 -1 -1

S( P2 1, 0) have a comb1ned rate“’ of 6 x ]09 1 mole” ' sec

Therefore, it has been possible to obtain rate data for reactions
involving this spec1e523 24 26

Sulfur 3P atoms can also be produced by the triplet

/



o~

mercury photosensitization of COS]6:

COS + Hg(63P]) — (0 +v5(3P) + H9(6]SO)

As in the case of direct u.v, photolysis, the primary quantum yield

is 0.9.

23

In addition, COS has proven to be a good source of
sulfur atoms in the liquid phase27 due to its high solubility in

organic solvent. The primary quantum yield is the same as in the

gas phase, 0.9, but the relative yields of singlet to-triplet atom

formation are solvent-dependent and in general lower than in the

gas phase. In inert solvents, essentially complete deactivation

‘of the S(]Dz) atoms to the ground state occurs.

From the preceeding discussion, it is obvious that COS
fulfills all the prerequisites of a desirable photochemical source
of sulfur atoms, In addition, the CO produced in the reaction can
serve as a useful internal actinometer for the amounts of sulfur

atoms producéd and scavenged when other substrates are present.

. Table I-2 summarizes all the sulfur atom sources investigated to

date.

C. The Reaét?vity of Sulfur Atoms
. /

It has been demonstr‘ated14 that both the nature and

'tﬁe.rates of the chemical reactions of sulfur atoms are dependent
‘on the spectroscopic state of the sulfur atom. The ground (3P) and

‘metastable (]Dz) states have been extensively studied and some data

10
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are available for the reactivity of the (]SO) state.
1. s, . ) Atoms
2,1,0

Detailed studies have §Fown that S(3P) atoms react
readily with o1efins~and écetylenes. The reaction with simple
olefins is uncomplicated in that it yields only the cyc]ic.
adduct, episulfide, in near]y‘quantitative yields. Tab]e‘I-é

lists relative Iate data fpr a variety of olefins. The increase
lin the rate of addition with increasing a]ky1.substitutipn on
the double bond clearly manifests the electrophilic nature of
ground state sulfur atoms. The reagtion with cis-2-butene or
cis-T,Z-dff]uoroethy]ene fs of partiéu]ar interest because it is

highly stereose1ect1ve, in contrast with the comparable reactions
of. O( P) atoms”.

To gain iﬁformation about the nature and strueture'gf
the transition staté,invo]ved ih tne addition of S(3P) atoms to
ethylene, the secondary kinetic isotope effects were measured for )
add1t1on to. ethy]ene 1 ]—dz, cis-ethylehe- d2’ trans-ethylene- d2
~and ethylene- d428. A comp]ete ftudy of the effect of iso-
topic substitutipn in this react1on has recently been pub]ishedzg.
Extensive‘theoretfca1 ca]cu]at1’ons30°35 are ﬁow avai]ab]e’on the‘
sulfur plus ethy]ene react1on path and the ground and efc1ted
states of ethy]ene episulfide. The calculations pred1ct that 1n‘
the reaction with sulfur 3P atoms, the product episulfide is formed

in a distorted trip]et‘state with the sulfur closer to one methylene

12
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TABLE I-3

Relative Rates and Arrhenius Parameters

For S(3P) Additions ©

B "

Vd a B '
k/Keyp k/kEth Epen-E AMAeyn
CH,=CH, 1.0 1.0 0.0 1.0
CHy~CH=CH, 6.8 6.7 1.14 1.0
eis CHy-CH=CH-CHy 18 17 o 2.09 0.53
trans CHy-CH=CH-CH, 23 18 ° 2.0 0.65
CHy-CHy=CH=CH, N - .- -
(CHy) ,C=CH, 54 50 ﬂ ‘2.36 0.97
(CH3),C=CH(CHy) . 88 . 77 3.0 0.57
(CHy) ,C=C(CHy), 131 135 3,36 0.50
CHy=CH-CH=CH, 77 .72 2.04 2.4
CH3CH,C(CH, )=CH, 63 8 2.3 0.78
@ CH3CH2CH2=CH2‘ i]l 13 1.72 0.75
C-Cehg : 21 24 2.15 0.67
CH,=CHF - L 0.82  -0.73 1.40
eis CHF=CHF . 0.018 . -2.7] 1.66
trans CHF=CHF - 0.043 ~2.62 3.36
CFpsCHy - 0.10  -1.7 1.9
CF ,=CFH - 10.07 -2.0 2.1
CF 5=CF,, . - | 0.14 -1.38 1.35
CH3CF=CH2 ’ 2. 6 - ) haed -

13
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TABLE I-3 [continued)

14

Kkpg  klkggy” eth™E AMAggy

CF ,CH=CH, - 0.104 1.6 1.18
CF 5 (CH3)C=CH, 1.2 - - -

CF 4CF ,-CH=CH, 0.094 2 . .

SiF y-CH=CH, 0.4 - - -
CH,=CHC 1.4 1.4 -0.52 3.4
trans CHC1=CHCI >4.6 - - -

cis CDH=CDH - 1.08 - -
trans CDH=CDH - 1.12 - -

. €D,=CH, - 1.07 . ) ’
€D,=CD, - 1.144 i -
CH=CH 0.35 - 2.03 6.2
CD4-C=CH 2.3 - -9.89 6.2
CHy-C=C-CH, 29 2 .32 2.7
a. Measured at 27°C
'b. Calculated from Arrhenius parameters
c. AReference 28 ‘

‘ —~

Sowridghes. L. .‘._,;
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group than the other. The barrier to rotation of the distant \
methylene group is some 3 kcal higher than the total enerqy
content of the molecule. |
A The primary adduct of the reaction of S(3P) atoms with
acetylenes could be “hiirene, [:S, or an unsaturated biradical
42:3- . It has been shown'' that the addition of a Timited
quantity of CO2 to a reaction system containing S(]DZ) atoms
causes a reduction iR thiophehé yield.r Thus,.it can be concluded
that the triplet adduct undergoes more extensive polymerization
relative to the product of S(]DZ) plus acetylene reaction.
Unlike O(3P) atomss, S(3P) atoms do not ébst act hydro-
gen from paraffinic C-H bonds. This can be attributed to the |

(3P) and Te(3P),

(3

lower  bond strength of the S-H bond. Both Se
Tike S(3P), are unreactive towards paraffins. O(°P) is unique

among the group VI A atoms in this respect.
1 .
2. S{( DZ) Atoms

Since S(]DZ):éioms are metastable, their chemical react-
ivity canube deduced from_product and kinetic ana]ysis34. S(TDZ)
atoms react withﬂplefins to yie]dvepisulfides, vinylic and alkeny]
mefcaptans. The mercaptan product.yie1ds are neaf]y statistical.
Peruct distributions obtainéd.for various olefins in the gas,
1iquiq; and solid phases ére g%ven in Table I-4. At present it

is not known how much of the episulfide is produced via a state

and symmetry allowed addition of S(]DZ) atoms to the double bond,



TABLE :

Product Distribution from the Reaction of S(]DZ) Atom

with Olefins Relative to Episulfide. >°
Vinylic Alkenyl

Gas Phase Mercaptan

C2H4 | - 1.0 ‘f -
C3H6 . : 0.31 0.31
' i—C4H8 . - 0.21. 0.57
2—C4H8‘ S : nil 0.47
 1-c4Hé' S 0.20 0.51

(CH3)2CCH§H3 _ K nil » 0.72
Liquid Phase

_C2H4 | ' , 0.44 -
C3H6 | o 0.15 0.18
Solid at -196° -
.7C2H4 ‘ ' 0.2 o -

C3H6 | : : 0.1 - 0.03



S —

s('n,)  + olefin —s ground state episulfide

and what fraction arises from addition of S(3P) atoms via,

v

(3 + olefin

,5(102) "+ olefin —> S Pz’],b)

s(3

-Pz 1‘0) + olefin—> excited episulfide
. . ) M . .
excited episulfide —— ground state episulfide

Relative rate data35 derived from the S(]DZ) + olefin system
yielded episulfide ratios quite different from the S(3P) plus
olefin systems, and the sensitivitie§ of these ratios to the
relative concentrations of the two olefins demonstrated the
occurrence of the deactivation reaction.

The primary addition products for the reaction of
S(]Dz) atoms with acetylenes ére unstable entities. 1In the
reaction with acety]eng, the retrievable products are CSZ’
benzene and thiophene in Tow, pressure dependent yields. Flash
photolysis-mass spectrometric studies have shown the.presence of
one or more species With a mass corresponding to an acefy]ene—

36 The lifetime of these species varied with the

sulfur adduct
alkyne used, but was of the order of ~ 1 sec (see Table'I- 5)
A reasonable structure would be either thiirene or
thioketene, since the Tong lifetimes are not consistent with
excited or free radical intermediates as carriers. |

The intermediacy of thiirene in this system is sub-

stantiated by the photolysis of 1,2,3-thiadiazole and its 4- -

17



TABLE 1-5

~

Half Lives‘of the Transients Formed in

the Reactions of S(]Dz) with Acety]enes36

Alkyne Decay Half Life (sec)
Acetylene | 2
Propyne S 5

J
Butyne-2 /‘/ 7
Hexaf]uotpbutyﬁe—Z 0.1

l N -

\

T
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methyl and 5-mc chyl derivatives37 in the pfesence of hexafluoro-

butyne-2:
HC — N He
H] W+ hy —> I + N2
HC N ﬂ HC_
\S/ S
_ | S
HC / \
I ~—— HC = CH
HC_
S
HC = CH " HC— ¢ —cF, ‘
\ +OCFCE CCF, —> |
s/ 3 3 HC C—cF, 3
\/

If thiiren® is the intermediaté; then the two hydrogen pésitions
shouTd be equivé1ent. Substitution of & methyl group in either
the 5- or 4inos1t1ons of the thiadiazole leads to the same com-
pound 2 3 bis, (trlf]uoromethy1) -5- methylthiophene as the sole .
th1ophene product. ﬁThis'wou]d be inconsistent with a thioketene
intermediate. | |

Reactions with paraffins yield mercaptans which are
probably formed by an insertive’attack on the C-H bond. 1In the
gas phase, the insertion is 1nd1scr1m1nate but some se]ect1v1ty
has been observed in the 11qu1d phase The rate of insertion 1n-
Ccreases with 1ncreas1ng k1net1c energy of the sulfur atom, e.g.
by photolyz1ng COS at shorter wave]engths, and therefore the

process appears to require an activation energy. Parallel +to

oA
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insertion, the S(]Dz) atoms can be deactivated to the ground state.
st'n,) + RH — RsH
s('o,) + RH —> (3. . )+ Ra
2 2,1,0

Absolute rate determinations for reactions involving
S( D ) have been comp11cated by the inability to directly monitor

this species. However, a lower limit of 4 x 1010 1 mole”! sec”!

21

has been determined for the rate of abstraction from COS

1 . 1
s('D,) + Cos ; = C0+5s, (a Ag)

by monitoring the,Sz(glAu <f——'a]Ag) absorption spectrum. This
‘corresponds to a collision efficiency of one in four. From this,
lower 1imits can be set for a number of other reactions and these

are listed in Table I-6. The ‘extreme efficiency of these reactions

is evident,
\ .
1
3. S( SO) Atoms

The on]y 1nformat1on on the react1v1ty of this species
are the’ recent stud1es23 24,26 on the absolute rates of quenching
and/{or reaction with varibus-subitrates. Product analysis has
not been attempted. It Qés found:that.the S(]SO) state 1is rel-
ative]y 1ong-]ived (it decays over - 100 usec) due terthe for-
bidden nature of the transition to the ground state. The species

" was monitored either by‘its absorption at 178.2 nm'(]P] 6—-—150)

20
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TABLE 1-6

_Re]ativehRate Déta for S(]DZ) Atoms 2

Reactant

kn/ke H

. mo ol
CoHe 1.7 x 107!
CoHy 1.0
CH, 7.6 x 1072

- o, 2.4 x 107!
N 6.8 x 107!
co 1.9 x 107
N - 6.2x1072
H, 2.2 x IOT]'
Ar 9.7 x 1073
Ke 2.8 x 1072
Xe 1.6 x 107

Gy P 6.0 x 107

a. reference 38

b. feference 39

: -‘:”‘a’.ﬁ;'-iflﬁ-f:ssé"v(".- aebee
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or by emission at 772.5 ('Sy — 'D,) and at 458.9 m ('s, —
3P]). A summary of the absolute rate data derived from these |
experiments is given in Table 1-7. Considerably more work with

this species is warranted.

D. Reactivity of Other Ground Staté, Group VI A Atoms

1. .0(3P) Atoms

- 0f all the Group VI A atoms, oxygen has the longest
history of ihvestigation. The reactions it undergoes are thorough-
ly documented5 and the products well established. However, even

40-59 are of

for this species, measurements of .absolute rate data

more recent origin. : *
The products of the 0(3P) plus olefin reaction are

epoxidesi)a]dehydéé and ketones in varying‘proportions dependinég‘

‘on the nature of the olefin. The original mechanism proposed

by Cvetanovic5 featured a trip}et biradical intérmediate which

cqu]d eithef cyc]ize.to epoxide dr undergo*an intramolecular |

H-atom or CH3 radical shift to a éarbony] compound.

.. , .0
3 ) : i
o(°P) + CH,CH = CH, —> CH3CH - CH,
.0 '
8 - CH. ——> CH. CH—TCH
CHytH - CH, CHy CH—CH,
"
. —> CHyleH,
0

' ' i
— CH3CH2CH
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- TABLE I-7

Absolyte Rate Data for S(]SO) Atoms

Malecule k
: 5 (1 mo]e'] sec—])
v —
Ar <2ax0t 7
| <3.0x 108 €
H, 4.6 x 10°
2.4 x 108
8 a
) 3.7 x 10
co < 2.1x10° @
NO 1.9 x 10! 2
o, 3.7 x 10'1 @
N0 < 1.8 x 105 2
o, < 3.6.x 108 @
Cos 2.4 x 108 @
6.0 x 100 P
Cs, f.9 x 1011 @
) /
S0, 6.0 x 1010 @
H,S- 3.0 x 10' @
CH, 9.0 x 10° 2
7 a
CHe 2.6 x 10
: , 7 a
CH, 7.8x 10

/continued...
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.TABLE I-7 {continued)

Molecule k
-1
(1 mole sec_])
7 a
C2H2 9.6 x 10
Xe <3.0x10% ¢
He <7.8x10° €

a. from reference 26

b. from reference 24

c. from reference 23

24
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‘The driving force behind carbonyl formation is presumably the
high strength of the C = 0 bond. Relative rate data5’60’6],
Table I-8, obtaingd from conventional studies are remarkably
similar to those obtained for S(3P) atom reactions except that the
latter appear to bé somewhat more sensitive to molecular structure.
The room temperature reaction with cis-2-butene affords
cig- and trans- epoxides in nearly equivalent yields.
However, it has been demonstrated that the relative

62-65 and a hydrogen

isomer yields are temperature dependent
bridged intermediate was proposed in which hydrogen bonding

restricts rotation about the C-C bond. For example,

He-- 207 =--H H---70_ R

NN and \ ,/ N
c = c\/ c_.‘”-c/
R” R R” \H

Neither of these two alternatives is entirely satis-

66 3

-factory and in fact recent ab initio calculations on the 0("P)

P C2H4 reaction path and the ground and excited states of
ethylene epoxide indicate that in the first excited triplet state
of the epoxide the rotational barrier is prohibitively high and
rap*1 intersystem crossing to a ground state surface takes place
from «nere the isomerization occurs. The nature of the ground
state surface is not known but is probably ionic in character.
The addition of 0(3P),atoms to acetylenes is character-

ized by extensive cracking of the primary adduct. The non-inter-

vention of oxirene has been shown in recent comparative studies of

[<] P
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TABLE I-8
Relative Rate Data for the Reactions
of 0(3P) Atoms(with Olefins @
Olefin k/keth Ea(eth)-Ea , A/Aeth
(kcal, mole™ ')
Ethylene | 1.0 0 . 1.0
Propylene 5.8 .- -
1-Butene - 5.8 1.2 0.73
trans~2-butene 28 - -
ets-2-butene 24 - -
Isobutene 25 2.13 - 0.66
Cyclopentene 30 2.0 1.0
Trimethylethylene 79 2.5 1.1
Tetramethy]ethy]éne 109 ' 2.6 1.2
1-3 Butadiene 24 1.8 1.1

a. Reference 5
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O N a

the 0 p[us dimethy] aéetyléne system67. The principal products
of the reaction are CO and C3H6 in nearly equal yields along with
methyl vinyl ketone. CO production is suppres§ed and methyl
vinyl kétone production enhanced by pressure, but the sum is»

ﬁressure independent. Therefore, the reaction sequence would

appear to be:

+ 0(3p) —> cH.CO - Cen, 3

CH3C = CCH, ; 5
CH,CO0 -.EéH3(3?* ——> (CHy),C = € = 0 » €O+ Cyh
| s cugco - éon,®)
CHyCO - ECH3(3) ——>  CHCOCH = CH,

Thus, at very high pressures, the only major product should be
- methyl vinyl ketone. Methyl acetylene follows a similar reaction
path67, giving as principal oroducts CO de ethylene from the
decomposition of the methy] :ene'intermediate, acrolein, and
several hydrocarbons derivable from free radical precursors. The

reaction of 0(3P) atoms with aLcetyleneGB'70 yields CO, C3Hys Hy
and solid polymer as final products with ketene as a definite

intermediate in a complex overall reaetion scheme.

2. Se(3P) Atoms

Although more limited in scope, the data available’)~’%

on the reactions of Se(3P) atoms with olefins are useful in that

they complement the trends already established for oxygen and



sulfur. Absolute rates and Arrhenius parameters with a number

n,7e via the technique of flash

of olefins have been determined
photo]ysif and employing the photolysis of C582 as a source of
Se(3P) atoms. Identification of the primary adduct was established
by spectroscopic abservation of the episelenide, Episelenides are
very unstable and decompose readily to Se2 plus two olefins, and
therefqre_the system is not very"suitable for conventional photo-
lysis expériments. Table I-9 summarizes the kinetic data present-
ly available., The selectivity parallels éuite closely that ob-

tained for S(3P) atoms and the trends in E, are directly compara-

ble to those observed in S(3P) and 0(3P) systems.
3. Te(3P) Atoms

The reactions of Te(3P) atoms have been investigated by

75,76 Te(3P) atoms were pro-

the'technique‘of‘f]ash photo]ySis
“duced by flashing'dimethyIté]1uride,and the unstable epitelluride
adduct which formed in the presence of olefins was detected by

kinetic absorptfon spectroscopy and kinetic mass spectrometry.
CH,TeCH, + hy —> 2CH, + Te(%p)
3773 S 3
e CH3 + CH3Te — 2CH3 + Te

~ The rate constants and ArrheMius parameters available are sum-
marized inp Table 1-10. The selectivity of.fe(3P) atoms is some-
what enhanced relative td the other Group IV A atoms. However,

the relative trend in'Ea established for 00%), s(3) and Se (°P)



Rate Parameters for the Addition

of Se(3P) Atoms to Olefins @

TABLE 1-9

Olefin /K B A x_}O_]O_]
(kcal mole ') (1 mole " sec ')

ethylene 1” 2.8 1.1
propylene 3.5 2.4 1.3
1-butene 7.1 2.3 3.1
cis-2-butene 24 1.2‘ 2.0
trans-2-butene 56 0.6 1.7
isobutene 45 1.0 2.4
1,3~butadiene 98 '0.9 5.3

a. references 71 and 72
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TABLE I-10

Rdte Parameters for Addition of Te(3P2)

Atoms td Olefins @

Olefin . k/keth EA , 1?? A ,
(kcal mole™ ') (1 mole™ ' sec™')

ethylene 1 2.5 8.9
propylene . 9.4 0.6 ' 8.5
1-butene 12 - a -
cig-2-butene 50 : - : -
tetramethya— ‘

ethylene 308 -1.6 8.4

a. reference 76

LY

b. T = 25°C
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(3P). The slow decrease in the A-factor may

4

be attributed to the greater importance of steric considerations

is maintained for Te

in the case of tellurium relative to the other Group VI A atoms.
E. Flash Photolysis
1. Development

The technique of flash photolysis was deve]oped by
Norrish and Porter77 in 1949. The equipment was further described
by Porter in a 1950 pub]ication78. Components of such a system
‘had previously been described, for examp]e, White's spectroscop1c
“flash lamp (1 uF at ]5 kV) in ]940 However, the apparatus used
by Norrish and Porter was the first complete assembly to fit the
required specifications. The flash lamp was filled with 50 torr
Krypton and was fired at 500 uf and 4 kV (4000 joules), and had a
lTifetime of 1.5 milliseconds. The spectroscopic Tamp was filled
with 100 torr Krypton and was fired at 70 uF and 4.5 kV. ft had
a lifetime of 50 pseconds and was thus capable of monitoring
transients having lifetimes in the millisecond region. The basic
design was adopted in 1950 by Herzberg and Ramsay8O who’deve]oped
equipment with extremely long path ]éngths, a]]owfhg the detection
of very small concentrations of absorbents: A photomultiplier was
used in 1951 for direct kinetic measurements of the rate of re-
combination of I atoms8]. | |

The originators of this equipment followed two diverging

paths of research. Porter applied the technique largely to the



: -
1w

study of‘]iquid phase systems and Norrish, largely to the
study of gas phase systems. The method has sinte been

applied to studies at low temperature582 and to temperatures as

high as 1273°K83. It has also been expanded to inc]ude the

generation and monitoring of transienc, in the vacuum ultra-

84,85

violet At present laser technology is providing continuing

improvements in the apparatus, allowing studies to be carried out

at shorter time scales (nanoseconds and picoseconds)86. It is

* interesting that even now, commercial apparatus is not readily

available and -this may have accelerated the development of modi-
fications in the basic design first described by Norrish and

77

Per rmw

2. Types of Flash Photolysis Apparatus

Flash apparatus can be’separated into two classes,
depending on the method of detection: thosé‘emp1oxing flash

spectroscopy and those'employing kinetic spectrophotometry. .In

“the. first technique, the spectrum is recorded photographically at

‘@ given delay; by repeating this procedure at various delays

time profile méy be obtained for the transients observable in :ha*
spectral region. Where kinetic spectrophotometry is used, the

spectrograph and photographic p]ate‘are replaced by a mono-

' chromator (or a filter system) and a photoelectric detection

system. This then allows the continuous monitoring of a given

wavelength as a function of time.

32



Theltwo techniques are complementary.. For the initial
study of a System, flash spectroséopy is preferred since it allows
identification of spectra and c]arificat{on of the various pro-
cesses in the system; in other words, it provides‘a more compre-
hensive look at the system. However, once the overall features of
a system have been established, it then may be desirable to monitor
preselected wavelengths in order to follow the kinetics of the
system. This has the advantage of greater time economy since a
‘ tgtal decay curve.is obtained at each flash. Kinetic spectro-
bhotometry should therefore not be ufi]ized to study a system
which has not.been previously examined in a more detailed manner
by f]ash spectroscopy, since the fate of the decaying species
- would be uncertain. ‘

3. Light Sources
-y

_An area critical to the success of a flash photolysis
apparatus is the type of lamp used. The flash lamp is required
to produce a sufficient*concehtration.of intermediate; in order
to allow monitoring by a given detection technique, but the
efficiency required of the ]aﬁp must be compatible with the life-
time of the observed transient. This is an important consider-
ation in the-investigdtioﬁ of vany short 1ivéd species,vsipce the
greater the energy outlay, the longer the time profile of the .

Tight output. The design of anyvgiyen apparatus must therefore

be a compromise between energy output and time profile for decay.

)
2
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The extension of investigations to increasingly shorter decay
time586 has required the development of.consistéht]y bétter
detection systems. Figure I-3 illustrates a rough’ correlation
between energy output and f]ash durat1on (width at half peak
he1ght) . Some 1mprovement‘1n the total energy output can be
obtained to a limited degree without sacrificing delay time§ by
decreasing capacitance and increasing voltage. An alternative -
method is to arrange a number of’ lamps with 1nd1v1dua1 capacitors
around the cell, and f1r1ng these lamps from a common trigger.
A*typ1ca] flash lamp is filled with krypton and provides
a continuum extending into thelvacuum ultraviolet. For a given
flash 1aﬁp, it has Seen demonstrated that ~15% of the available
energy is dissipated within the reaﬁfion cell in the 200-400 nm
region88. To haximize.this jncﬁdent radiation reflectors con-
sisting of surfaces coated with magnesium oxide are fréquent]y
‘placed around the lamp-cell assembly. |
-The characteristics of the lamp undergo 11tt1e change
with temperature88. A common ‘design for temperature-controlled
systems encloses the.entire cellf]amp aSSEmbﬁy inside a thermo-
stated oven. Another design is a jacketed cell in which a femp—_
erature-controlled liquid with the required trénsparency'is
circulated. Two examples of this Tiquid are silicon bi], which
transmits above 350 nm and can be heated to 250°C, and ethylene
glycol, which can be used below 240 nm but can only be heatéd to

88

140°C An additional advantage of this technique is the '

34
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ability to dissolve fi]tering dyes‘into the heating solvent.

To ensure that reproducible flash profiles can be ob-
tained, an essential requirement of an apparatus used for kinetic
measureménts is that A_mercury—frée system be uged to fill the

]amp86.

4. Electronics

i, Triggering

In the first stages of devéprment a spark gap was usedv
to trigger the spectroscopic lamp. A trigber circuit initiated =
By the delay apparatus discharges a high voltage from a side elec-
trode across the gap. This causes electrical breakdown between
the two brjmary electrodes and the cépacitor d%scharges across
- the Spectroscopic lamp. Thyretrons and ignitrdns have since fg—
placed this device. Advéntages of the ignitron are economy and |

_»simplicity coupled with low-radiation Characteristicsgg.

ii. Delays

Pre-set delays can be achieved by mechanical devices
for deiay times 1h the millisecond range. For microsecond delays,
‘e1eétronic circuftry‘must'be used. A novel delay téchnique has
been described by ﬁorfergo‘for é'nanosecond laser-photolysis
apparatus. Variations in the path length travelled by a u.v.
pulse used to trigder a spark gap were utilized as a means of

éontrolifng delay times. Since light travels 30 cm per nano-
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second, the delays could be easily and accurately determihed by

the use of an optical system of mirrors.
iii. Detection

A]though photographic recording has manf inherent ad-
vantages, the necessit}lof detecting éhort, low-energy pd]ses has
accelerated thg,deve]opment of extrehe]y sensitive photoelectric
‘detebtion'devices. Coupling these devices Qith repetitive tech-
niques, extremely small signals may be successfully monitored.

«

As a result, optical states having rates of decay as short as

1012 sec”! have been successfully detected”! .

LN

5. Measurement of Absorption Densities

Spectroscopjic investigations of transient substances are_

d because neither the concentration nor the
absolute extinctilgn coefficients are knoawn. Relative magnitudes

]
try allow the determination of first

.obtained)from platé photo
ordeg rates of the transijent. General behaviour can also be
studied from this data. If‘the réaction in the transient is
higher than first order, téen the concentration under a given set

of conditions must be determined. Comparison with all other data

can then be made using one of two‘techniques. .

The density of the photographic image is dependent on

the intensityland'duration of the incident 1ight and on the y value
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of the plate. Y is designated as the slope of the straight-line
portfon of the film response curve (plot of density versus
exposure) and is debendent on emulsion characteristics and the
degree of development. If, for any g%ven emu]sion; the plates
are processed under controlled conditions, Y 1S constant and ‘
the plates can be interpreted by direct compari;on. A]ternétively,
each individual plate can be calibrated with the use of a set of
standard density wedges. This method is more reliable since one
has a ‘constant check of the value of v, but it is not,necessari1y
more accurate than the first method performed with due care since
in this case Y must be invariant. -Also, the calibration of each

separate plate is time consuming, and therefore this method is

generally used as a check on the other.
6. Determination of Absolute Concentration

) The absolute concentration of a'shortijived species may
be obtained by one of two methods, both of which require that the
kinetics of the system be known. If this is}so, then it may be
possible to determine the rate of dep]etion‘of the starting mat-
.griai or-the rate of formatiqn of the final product by convention-
al analytical techniques. The concentration of the intermediate
can then be calculated. Alternatively the per cent depletion of
the starting material can be measured b& spectroscopic means.

The conversion of these types of measurements to absolute concen-

tration data is not necessarily a simple task since they may be
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associated with relatively large errors arising from the small
quantities and low conversions often employed in flash photolytic

studies.

7. Complications of Detection in the Vacuum Ultraviolet

Additional problems il hgperation in the vacuum
:ff;;fhe_opti@al path is
o’ N

.~7i§'strong1y below 190 nm.
P: -

ultraviolet. The exclusion-gf §

the primary concern,_since

,'(" < » s
givolved in the acquisition

Furthermore, considerable expense is
of a grating 1nstrﬁment with an efficient pumping éystem. Special
window and lens matéria]s must be used since qﬁartz 0 transmits
above ~185;0 nm. Materials commonly used are suprasil, sapphire

and ]ithiuﬁ fluoride (see Tabile II-2 for the transmission character-
istics of window méteria]s). Normal film is unsuitable due to the
absorptiqn in this region by ihe binding medium. To overcome this
problem, the light-sensitive grains actually protrude from the
»surface of the film; hence it is extremely prone to abrasion

e

damage.
F. Aim of the Present Investigation

At the time this project was initiated, a .. eat deal of
jnformation was available on the chemistry of sulfur atoms. The
gross features of the‘reactions of (]DZ) and‘(3P) states with COS,
paraffins, olefins and acetylenes had been delineated and a sub-

stantial amount of ré]ative rate data had been reported.
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At that point it was obvious that absolute rate con-
stants, activation energies and Arrhenius parameters for these
reactions would have to be éetermined in order to correctly
evaluate fhe reactivity of sQ]fur atoms. The main purpose of
this investigation was therefore to measure the absolute rate
parameters for tge reactions of'(3P) sulfur atoms with a variety
of olefins and alkynes. The absolute rate studies with

alkynes were of particular importance since the relative rate ~

\

data could not be obfained from direct product yields,in competi-
tive experiments but had to be evaluated on the basis of the rate
of disappearance of an episulfide using an olefin as the competi—‘
tive reagent. .The errors in these determinations were therefore
quifé large. .fhe secondary kinetic isotope effects in the

S + CZH4 reaction had_been established in relative rate studies
and it was therefore decided that a similar study on the S + CZHZ

reaction would provide some information regarding the structure of

the primary adduct.

In addition to proJiding kinetic data, it was hoped
that these studieé might provide addéd insight into the reaction
surfaces fo]]owed gy tHese‘systems. Cvetanovic[suggested that the
rate of éddition of 0(3P) atoms to tetramethyl ethylene, which was
the most rapid reaction investigated, was near the collision fre-

quency and that the activation energy was close to or equal to zero.

If so, then Ea for the O(3P) + ethylene reaction, would be 2.6
\1 3

kcal’-nle. Inspektion of the rate data for § P,), Table I-3
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shows that if this is the case for sulfur as well, then E; for the
S(3P) + ethyfene reaction would be 3.36 kca]/mﬁ]e. This value
appears to be too high and the only reasonable alternative which
would agree with the obgzrved trends is if the reaction with
tetramethyl ethylene featured a negative activation energy. The
necessity of determining absolute rate parameters for this par-
ticular reaction is therefore obvious.

The photochemical decomposition of COS in the presence

of CO2 had been shown to be an excellent source of ground state

. triplet atoms in conventional photolysis and this system was

chosen for the present stqdy. Rate constants would be determined

by monito: ing the (3P2) — (351) absorption intensity at 180.7 nm.

For the decay of S(3P}) atoms to be representative of the total
decay of the three metastable states, they must be in thermal
equilibrium. Therefore auxiliary experiments were undertaken in
3 3 3

o P] and PO

states. The absolUte rate of decay of ground state sulfur atoms

f,

/
in COS - €O, had never been measured. In order to apply corrections
r

order to measure the population ratios of the “P

to the rates of decay observed in the presence of substrate, this
aspect of the overall study had to be investigated.

In the S(3P) + olefin system rate determinations, it
would be necessary to evaluate the extent of the secondary
reactions, the most important of which would be abstraction frdm
the produc£=episu1fide, for examg%e, S(3P) + C2H4S ———9'52(32) +

C2H4. Although there was some evidence from relative rate studies

‘.
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that this reaction was extremely fast, the rate paraMoLers had to
bé determined on an absolute basis.

The reaction oﬁ‘su1fur atoms with oxygen was investigated
beCause of ity 1mportance'in the oxidation of sulfur compounds at
highen temperatures. Another purpose of this investigation was to
evalugge the importance of oxygen contaminants in other reaction
systems studied. At the outset of this invéstigation, two conflict-
ing ratesgz‘93 for this reaction existed in the 11terature and an
additigpa) investigation was therefore essential.

| Since nitric oxide is used as a radical scavenger, a
Study of the kinetics of the reaction of sulfur atoms with nitric
oxTde would be of great interest. The extreme efficiency of the
reaCtion of nitric oxide with various other atomic species had
alr€ady peen established, and the extension of these studi=s to

sulfur atoms was'considered to be a worthwhile endeavour.



CHAPTER 11
EXPERIMENTAL

1. Vacuum Systems

A conventional h1gh -vacuum system, constructed of
Pyrex and evacuated to 10 -6 torr by a two-stage mercury diffusion
pump backed by a Welch duoseal model 1402 mechanical pump was used
for the preparation .and handling of gas mixtures. Parts of the
system weré connected by glass high-vacu..n stopcocks, and Hoke
he]ﬁum—tesfed, teflon seated valves were gonnecteA to nixture
chamber: where Tong duration exposure to ghe mixtt e <1 5 and
.greater centrol of gas passage is requirgé. This sob’ was
tinked to the reaction cell via a.helium leak-tested .wupro
valve, fac .. ng removal of the cell. Pressures 1n'the system
were monitoe:r . with a Pirani vacuum gauge, type G.P. 140, and a
MclLeod gauge. Absolute meésuremezts were pefformed with mercury
- manometer, a type 77, M.K.S. Baratron pressure meter’and a gas
burette, which also served to check the reliability of the
Baratron. |

For the evacuat1on and fll]lng of the Tamp system, a
iﬁercury free\11ne was emp1oyed, con51st1ng of a three-stage 011,
lédiffus1on pump backed by a Welch duosea], model 1402, mechanwca]
pump and operat1ng at less than 10~ -6 torr. Gas pressurgs were

mon1tored with a Pirani vacuum gauge. Pressures within the Tamps

.were measured by a Wallace and Tiernan absolut- essure gauge.
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2. Materials

The materials used, their sources and modes of purifi-

cation are listed in Table II-1. The Phillips reagents are

supplied at purities exceeding 99.9% (research grade). All

,cgpdéhsab1e gases were subjected to repeated freeze-pump-thaw

cycles at liquid nitrogen temperatures. The purity of: the

deuterated acetylene wagmchecked by mass spectral analysis.

,95,96

Trans-2¥butene,episu]fide was prepayed94 by

heating the carbonate ester with an equimolar amount of potassium
. N

thiocyanate and recovered by distillation. The trans and cis
isomers were separated by g.c. on a ten foot tricresyl phosphate

column.

3. .Flash Photolysis Apparatus

The apparatus (Figur " 1) consisted of a quarti
reaction cell,, 17.6 cm long and |.9 cm in diameter, positionéd
parallel to the limbs of a U-shaped flash lamp gnside a thermo-
stated, aTuminum lined, oven housing. An aperiure ét each end
of the housing allowed passage of light from the flash spectiu-
scopic lamp (spec lamp) at one end to the vacuum ultra-violet
spect;ograph-at the other, via the necessary opfica] components.
The apparatus was connected tbﬁg charging and firing circuitm a

delay system, and a monitoring system.
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a) Optical System

Since the experiments require .monitoring of‘the Spectrum
" in the vacuum h]travio]et, the complete optical path from fhe |
spec 1amb to the spectrograph had to be sealed and evacuated. The
connection from the spec Tamp to the cell was machined from rulon
(maximum operating temperéture ~ 250°C), fitted with viton-A 0-rings
(maximum temperature - 370°C), to prevent electrical discharge of
the speé ]amp through the cell assembly. The connection from the
© cell to th§ spectrograph was of brass with viton- A 0 rings (Figure
11-2). The end windows of the cell were f]tted inside these com-
ponents; permitting complete removal of the windows for c]eaning
pdrposes. LiF and suprasil weré employed és window materials. ¢
Suprasil is far less prone to stress damage, howevegélt can only be V
employed down to ~ 160 nm, whereas the transm1ttancedof LiF extends
far into the vacuum ultraviolet (Table II-2).
The optics were of a single lens design with the Tens
(LiF) located between the cell and the spectrograph.
Two types of spec iamps were employed, a conventional

'capillary discharge lamp br alternately a Garton type lamp. Bofh
lamps gave sufficient intensity, under proper conditions; to per-
mit a spectrum to be obtained from a single flash. ' .

| The flash photolysis lamp (photo lamp) used was of a novel
U-shaped design, as shown ih Figufe I1-3, and was operated under two
sets of conditions, Photo 1 and Photo #; the resultant profiles of which

are shown in Figure I1I-4. The shortest delay times used were 40 psec
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TABLE T1-2
v Window Materials®
teriayThjgkgess avetengt ()
1
LiF I 105
CaF, (synthetic) - 3 122
Sapphire (synthetic) 0.5 142
Suprasil 1 155
Quartz, clear fused 10 172
Quartz, crystal | 10 186
Vycor 791 1 212
‘"Vycor 790 ' 2 254
Corex D | 1 250
Pyrex (Corning 774) o 280
Window Glass (standard) 7 307

a J..G. Calvert and J.N. Pitts, Jr., Photochemistry, John Wiley

and Sons, Inc., New York, 1966, p. 748.



FIGURE 1I-3: Lamp-cell symmetry
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for Photo 1 and 25 psec for Photo 2. The data pertain-
ing to the various lamps are tabulated in Table 11-3.

Spectra were recorded over a 40 nm range from 160.0 -
200.0 nm, using a 1M, McPherson 225, normal incidence, vacuum
instrument fitted with a 30,000 grooves/inch grating, pro-
viding a dispersion of 0.83 nm/mm. Spectra were recrdod oy
Kot 'k S.W.R. film or Kodak special type 101-01 fiim, wiich was
developed for four minutes in Kodak D-19 developer at half
strength. Subsequently, graphs were produced by a Joyce-
Loebl double beam recording microdensitometer.

The Tight from the spec Tamp was focussed ¢
entrance slit of the spetrograph by a LiF lens. The focal '
Tength of the lens was experimentally determjned. The position
of the image of a pin used as object was located, varying the

Tens to object distance. Using the formula

—h}—

v

<lf—

-

where U is the distance of the object from the lens, V is the
distance of the image from the lens, and f is the focal Tength of
the lens, one can easily find the foca) length from the plot of
%-versus %—(Figure II-5) since the intercepts correspond to U = f
= V. The average f value found from the intercepts was- 9.5 .
However, this is the focal length 6f the Tens as determined in
the visible region. Since p (LiF) -~ 1.45 at 200 nm and only

7
~ 1.40 at 600 nm9 and
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FIGURE 11-5

4 8
1007y (em™)

: Reciprocal of Object Distance Versus

Reciprocai of Image Distance from tne

Lens.
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f uo~
then ‘
f 1 -1
?_2.0_0 = _1_6(&7— = g—}g and fZOO = 8.5 ¢m
600  M200 :

N

\Since the distance from the lens to the entrance slit

was 10,4 cm, the spec lamp was placed 47.3 cm from the lens.
b) Housing

~The insulating housing was constructed of transite,
Tined on the inside with a layer of aluminum to ensure uniform

heat ¢ stribution. The heating.elements ran the length of the

Q

housing, Eo-axia] with and surrounding tte cell-lamp assembly and
were connected to either an Ohmite variable transformer (Figure
I1-6) or an A.P.1. model 226, 2-mode solid state temperature
controller, The»temperatures were monitored via iron-consta, . .n
thermocouples connetted to a Leeds and Northrop'potentioweter.
After each photo flash, temperature restabilization was-a]]owed
to occur and was checked, before proceeding with the following

photo flash.

c) Electrical

A typical flash photolysis circuit was employed. The

capacitors were charged to selected voltages. The
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~closing of a microswitch fired an ignitron, whose bredwdow,
gauses the capacitor to d1scharge through the photolysis lamp.
o
A eo1] in this circuit caus®d the ‘iring pu]se to activate
: ® -

the delay generater whiAhhﬂfged the ignitron of the spectroscopic
lamp civigit after o preset delay. The firing of the first

lamp also triggered the oscilloscope, initiating a horizontal

sweep which recohdédiﬁboto and spec lamp discharges as sensed by
x

a photocell to check the set delavs. A simple scnemat]c repre-

sentation of this system is shown in Figure II- 7 b
. T
4. Operating Procedure o 5
“\ ,‘ .
The mixtures were prepared in a three ]1tre vessel =~ «

usirm%“ mercury manometer for the measurement of ‘large pressures,

> 10 tc . (diluent gas) and a Baratron gaugei(or&altehnately, a
gas burgtte) fdr‘small pressures. -The m1xture was tﬁen ;]1owed to
stand overn1ght to- ensure homogene1ty A]1quots were then taken
~directly 1nto the react1on ce]], us1ng‘a mercury marometer to

check the f%%a] pressure. In a typical run, the 3 litre bulb
contained 600 torr of gas and the reactor cell contained 200 torr.

| After each photslysis flash, the cell was 1mmed1ate1y evacuated

and a fresh mixture was 1ntroduced for a subseQUent flash Employ-
ing this technique extended the Tife of the ce]] between cleanings

and kept the change in optical transmission of the ce]] during a

run to a neg]7g1b]e,1eve1.
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CHAPTER 111

- \"‘v
* FLASH PHOTOLYSIS OF f\

cpRBONYL SULFIDE

A. Rersults
.
(3

To study the redCtjons of S ) atoms, a suitable

P2.1,0
“source of atomic sulfur mUSt first be developed. It has been shownM
that photolysis of carbony! sulfide within 4ts first long-wave
absSorption region produce? Co, S(1D) and possibly S(3P)_atoms“in
th& primary dissocjative step.  Since S(1D) atoms Canfﬁb‘readi]y
dgactivated to the ground S(3P2’],0) state in the presence of
é;gégb gases, it appeared that Cos would be an excellent source
éompound for the investigﬁtﬁon of the reactivity of sulfur atoms
and . study was therefore Undertaken to establish whetﬂer it fu]—
fills the various zequ1rements of the techn1que present]y emp]oyed
‘Avpas examined were the re]atkgnsh1ps between experimental observ-
ables and "~ e sulfur atom COncentration, the distribution of the
concentrat10n over the S(q 2\] 03 levels, and the mode and kinetfics
of tne d1sappsgrance q!ytne atoms in a system free of reactants

Other than those requireq *Or ifitial S( Py 1, O) pro&hct1on
1. Experimenta] Beer-Lambert Coefficient

If one is .o mopitor S(3P2 1.0) atom concentrations, the
. ’ ’ .
correlation between conceptration and microdensitometered peak B

-

60
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heights must first be established. Therefore, the experimehta]
Beer-Lambert Coefficient was determined for this system. This

variable is part of the empirical re]ationéhip between optical

density, 0.D., measur 1 a photographic film, and the expérimenta]

parameters which are the concentration of the absorber, c, and the
71 !

path length, 1, giving the equation ,
¥
0.D. = k(c1)Y

where vy is the Beer-Lambert Coefficient, and k is an empirica1 constant

which includes e and plate contrast. For broad molecular absorpt1on
e

‘/
bands ?n so:uf1on the Deer-Lambert Coeff1c1ent is unity, and the
o~ ‘ '1, |
equat1on cah be s1mp]1f1ed to Y ‘.'ﬁag -
f -“' ¥
0.D = kel

However, for atomic lines and sharp molecular bands in

’thé gés phage, the value of y is often less than unity, and for

an atom1c ]1ne, one would expect a- va]ue of .0.5, due .to the in-

ab1]1ty of the specxrograph to resolve a sharp atomic spectra]
T

11ne If fully resolved, vy for a spectrum is unity; if fU]]y

unresolved, y equals 0. 57] , | ;
The Beer- Lambert Coeff1c1gnt for‘g/égi;%cu]ar absorb1ng -

system can be determ1ned by severa] 1ndependent mvthods two of

Wy

which will now be descr1bed

+



N

- respectively. Thus,

a) Cell Length Variation

In this method, a mixture is flashed in a fully exposed

v
~

cell and then in a ce]i which is partly covered to produce a lower -

absorbing path length. In replicate experiments, the covered
portion should be varied over the Tength of the cell to eliminate )
possible systematic errors. For fully exposed and half cdvered

cells, the expressions for absorbance are

0.0.° = k(cF)Y
k (C.»lﬁ] )Y

1]

0.D.

Ld
s

for a particu]ér"concentration, c. If these measurements are per-
formed at different concentrations, then the slope of a plot of
O.D.;o vs 0.D., will be 2Y, Typical results are shown 1in Figures
[11-1,2, from which v = 0.5 * 0.1 for both the %, and %,
absorptions. The concentration of sulfur.atoms was varied by
changing the dejay fimes at whith the sulfur atom was monitored.

A typical mixture of 0.1 torr COS in 200 torr of CO2 was used;

; Flash Energy Variation i
T - \"“‘?{-‘3 -

.'x
2

The value of y can also be determ1ned Q{ the correlation

- of peak he1ght P. H,,_w1thff1ash enerqy It is as§jumed that the sulfur

R e -5 WO Lt ooy, i, PUIS TR e
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v

—

Q
D. (Grbifrqry units)

Q.

-
8.D. (arbitrary units).

FIGURE TII-2: Optical Density from a fully exposed cell,

o | _
0.D. , versus Optical Density from a half

covered ce11,0.0., for () [182.0].

64
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atom concentration changes linearly with flash encrgy which is
varied by changing the charging voltage of the capacitor. The

sulfur atom concentration should therefore vary as the square

of the voltage, since L
12
E = 5 cV

where E is the dissipated energy, c is the capacitance of the

capacitor, and V is the charging voltage used. Thus

2

PH.Y « [5(3P2)] « ooV

‘or 1 :
2

‘ Yoo .
(P.H]> i} (Yl)
_ P.H2 V2

where P.H, is the experimentally determined peak height.

¥
%A

As shown in Tab™  III-1, this method gives a value for

y which is in agreement with the previous technique.

o 3
2. Population of the P2 1.0 States
The monitored absorptions @gcur at 180.7(3P, - 351),

2
3PO > 351) nm. The ratios of the

482.0(3p

35.), and 182.6(

170
absorption intensities for the three states were determined by

measuring t“;_pcak ight ratios at various delay times and flash
eBergies. ‘he rec t: are tabulated %n Tables I11-2, III-3 and : <
- II1-4, from v b *"o fo]iowing absorption intensity ratios were

determined: N
|
|

Q’,

’ Jl‘?;hr&:}u
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A .
A i .

TABLE II1-1

J

Determination of the Beer-Lambert Coefficient

by Variation of the Flash Energy

;l» ;l- Substrate O.D.(? PZ) Y
2 2 Ratio

1.38  1.92 Ethylene 1,56 0.68
1.38%  1.92 1-Butene-1 '3 &
1.50 2.25 - Trans-2-Butene iﬁggvp 0.4y
1.36  1.86 Isobutene T 0.44

ave. 0.

10.12

66
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TABLE 111-2
| L : 3 3
Determination of the S( PZ) to S P])
Peak Height Ratios at 5.5 kv °
W30y, cm W3\, em he 30 +/he 3
5(p.)° s(%p, ) s(r,)"s(%p)
9.75 2.55 362
B S
5.55 1.60 3,47
5.70 130 e 4.8 h
4.95 1.30 3.A Yy
o 4.65 0.95 4.90
3.80 ) 1.15 3.3
' ' i
3.05 0.65 | 469 e
3.15 - 0.65 ‘ 4,95
3.55 0.65 5.47
.o i N
4.55 1.00 . ‘;:ifi
’ ; ave. 4.33 + 0.70

3 P(COS) = 0.11 torr; P(co,

“Photoflash voltage = 5.5 kV

) =.200 torr;
led

by height of microdensitometer trace
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TABLE II1-3

Determination of the S(3P2? to 8(3

Peak Height Ratios at 9 ky

Delzzegime, hbS(3P2)’ cm hbS(BP]), cm hS(3P2)/hS(3P])
47 10.35 2.50 4.14
71 9.55 . 2.00 4.%5
88 9.30 1.60 5.8
110 . 7.45 1.95 | 3.82 X,
132 6.65 " 1.50 . 4.43 YN
153 4.75 1.10 a3 A
172 | 460 100 4.60
197 | 4.45 1.20 3.71
214 . 3.70 0.85 4.35

a P(COS)

< g

0.1 torr; P(C2H4) = 0.254 torr;
)

P(C0,) = 57 torr; P(Ar = 143 torr;

5)
Photoflash voltage = 9 ky

b h = height of microdensitometer trace

W
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TABLE 171-4

Determination of the S(3P]) to S(3PO)

Peak Height Ratios °
e 3.\, coe o he 3, \/he,3
s("py)’ <™ & (P Y s (k)

1.05 3.05
1.00 3.10
0.75% % | 3.66
1.00 2.80 *
0.90 3.22
0.95 3.26
0.80. 3.65
1.05 . 2.67

, 0.90 A 3.33
0.0 * 3.05
0.60 4.50
0.90 2.95
0.60 ' 3.92
0.8~ 2.65
0:70 3.00
0.80 3.00
0.70 3.28
0.95 2.74

ave 3.21 * 0.47

- d P(COS) = 0.1 torr; P(COZ) = 200 torr; -
Phatoflash voltage = 9 kv

 b h = height of microdensitometer trace | ‘
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Q;der the experimental conditions employed. Since the S(jPZ)
absorption is dominant, as shown in the microdensitometer trace
of the three absorptions, Figure II1I1-3, most of the quantitative
data were obtained by monitoring the 180.7 nm line. However,
some quantitative data were also obta1ned from the S( P])
absorpt1on line and werelfqyﬁﬁﬁto be in good agreement with the”
~data derived from the 5(3629 absorption measurements.

.3

3. cstimation of Absolute S(*P, . ) *Concentrations

Two techniqges were used to obtain an estimate of the

~absolute sulfur atom concentrations {Hit1a1]y formed by photolysis:

a) Variatiop of the Extent of Decomposition of COS
: | . | |
The intensity of the COS absorption spectrum was

25

monitored in the wavelength region 173.0-178.5 T in COS + Ar

" mixtures after subjecting the mixtures to a number of photo1y§fs
flashes ranging from 0 to 10. ThefBeer~Ldmbert Coefficient for a11
the wavelength regions analyzed was assumed to be uﬁify‘ ‘Thﬁé

approximation is probably valid since the absorption is almost

continuous. The resd]ts“aré given in Table I11-5 and Figure 111-4 .

and yield an efficiency of dgcohposition of ~3% per flash.

0.1 torr'of C0S, the initial S atom concentration-was therefore

~ 3.0 x 10"3 torr. ~ //,_

’

/
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b) Measurement_of co. :f"‘ —
o Alternative1y. the CO produced after flashing 0 1 torr

- Cos 1n 200~torr 002 was measured quantitative]y A]l condensib]es

from a mixture flashed 6 times. were removed by a so]id n1trogen

trap and the remaining gas was measured 1n X gas burette For an

Y
average experiment the pressure of CO 1n the cell was found to

be 2 5 x 1072 torr or 4.1 x 1073 torr per flash. !
Since the results of the two different methods are’ ‘
. compatib]e. 4t can be conc]uded that the concentration of su]fur
atoms 1n1t1a11y produced in the flash photo]ysis of Q. 1 torr COS-

s~ 2x 10° -7 mo]e/litre.

. . S
4. Decay of S(°p)
In order to \dse COS a$ a sulfur atom source for rate
) determinations with other substrates. a know]edge of the rate
,of decay of S( P) atoms in. COS alone was necessary It was

~~ found. that in either Cos + C02 or COS + Ar systems, the sulfur

" atoms disappeared over a millisecond time scale. Plots of

[s(® P5)] versus time were Iinear@ as 111ustrated in Figure 1I11-5,
‘.”1nd1cattng 2. first order mode of decay First order decay rate
N constants of 1 1 x 103 and 0.7 % 10 sec -1 were obtained in the
fpresence of CO2 and Ar respectively To min1m1ze the relat1ve
;”1mport§nce of this decay in rate determinations with other sub-
;3strates the total first order decays were thereafter usual]y -

’ o
< .
1

adjusted to a rate of 1 to 2 X 10 sec ‘. relegat1ng this portion g//
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T of the decay to ~5 10% of the totql Aﬁb*opriate correctioﬁg were

'then applied to the observed rates of decay 1n the presence of _

e

eother substrates.



- DISCUSSION

In order to evaluate the results. it wou]d be useful
at this point to recall the known sequence of elementury steps

occurring i the photo]ysis of CoS:

cos + . L2200mm), o 4 5(Tp ) 1

s('0,) + cos —> Co + s, [2]
. 5(102)_+ 05— 5(392’}.0) +COS*  [3]
s(0,) + 0, - s(3p2’]’0) +C0*  {4]
5(3, o) + C0S —> c0 + sé - [5]
25(%, | o) + M —s S, 4 Me [6]
s 00 1 difusion 7]

The photolysis of C0S produces predominantly S(]Dz)
species. In the eusence of an effictent°quencher, S(]Dz) reacts
rapid]y withACOS‘tddform S, with a rate k, > 4 x 1010 /mole sec?!.
‘However. it has been demonstrated that CO2 is an extremely
efficient quencher of SL D. ) and that S 02) atoms wou]d have a
" half- life of approximately 0.01 usec in 60 torr of COZ’ since

xNeibe et a198 have shown that k4 3 kz The ha]f 1ife of S( 02)

in the presence of 200 torr of argon wou]d be ~0.1 usec23 Hence,

at the pnessures used 1n this work, the S( Dz) atoms are almost

ent1re1y quenched to the ground state, at a rate considerably

lfaster than would be experimenta]ly observab]e -Another reactant.-'

o 7



present in concentrations much- smalier than that of: C02, would
remove on]y negiigibie quantities of S( D ) atoms, even if'the
“reaction proceeded with unit co]iision frequency Thus the
_photo]ysis of COS in a 103-foid excess of CO (or Ar) provided

clean" source of S(3 2 ] O) atoms on the timeasca]e used in
this study. N

o In view of the fact that the total rate of decay of
S( P2 1, 0) atoms was assumed to be equai to that of either the
S( P2) -or the S( Py ) atoms, it is important that the three §( P)
gstates be in- thermal equilibrium during the course of the measure-
ment. Donovan and co—workers23 have noted that this is not the
case during the formation stage. However, under our conditions
the S(3P ): S( P ): S( P ) peak heights ratios were found to be
14,1 3.2:1, independent of reaction time. The following equation

(see appendix 1 for derivation) o - -
-E /KT /. i )
e " fras\T . \
-E /KT sn smj) - '
e AA. P.H.

where E is the energy of the state n above the ground state m, A is
the transitien probability for emission, P.H. is the micro-
densitometered peak height and vy is the experimental Beer-Lambert

- coefficient, gives the reiationship between the thermalized pop3.

ulation distribution and the. experimental observabies The energy
3

" levels for the 3P2 P] and 3P0 states of sulfur are 0. 1. 14 and

'1.64 keal moie respectiveiy Furthermore, the emission tranSition

~
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probabﬂities99 101 for these three absorptions are 4.0 x 108

(3P—>s).23x108(p—>s])and72x1o7(3po—+s)sec‘-’.'

_ Solving the ab%ve equation for 3 v P and’ PO/ P2. the vadue of
y is calculated to be 0.6 for both cases. S1nce this is in
. agreement w1th the expérfm:ntal value of 0.5 & 0. 1, 1t is con-
~ cluded that the sulfur atoms. exist in a thermalized distribution
which is not disturbed duripg the progress of the reaction. The
designation S(3P) will henceforth refer to thermally equilibrated
- metastable states.

The re]atfve_efficiencies of reactions [5] and [6] will
depend on the conditions uSedt«namely the relative concentrations

12,20 at high flash intens1t1es

of S(3P) and C0S. Previous studies
and high C0S pressures have 1nd1cated that the S( P) atoms gener-
ated in these systems probab]y decayed by a recombinat1on process
i rather than by the abstraction reaction [5]. However.runder : “
"conditions of Tow light 1nten51ty98 in conventional photolysis, it
has ‘been shown that the dominant mode of decay of S(SP) atoms was
via the abstraction,reaction [5]. ’Untortunately, absolute sulfur
atom concentrat1ons were not monitored and therefore the order of
the suT?ur atom decay reaction could not be determined.

" In the present system, the decay of S(3P) atoms followed

first,ordervkinetics and reproducible'rate constants were obtained.

: At a sulfur atom ‘concentration: of 10 -7 -moles litre ], an improbably

'high rate for reaction [6} of ~2 X 10]] 12 mole- -2 ec;] would be hv'-

necessary in order for the recombinatwon step [6] to contr1bute _'
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- kaifr

- expressed

_s19n1f1cant1y to the observed decay rate and therefore the 1mpor-«“

tance of this. step can be d1scounted on kinetic grounds aspwell

‘Step [5], abstraction from C0S, is 3 pseudo*fff,_f
reaction provided the. concentration of S %%Jms 1s¢§haf$ re}a

to that of C0S. If this reaction constitdtgs the najdy\mode of
. . . \%

sulfur atom decay then the experimenta\ly méasured decay rate L

k = 1. 1 X 10 sec -1 s Is related to k5 by
L2
K = kglc0s]
At 100 torr COS, kg = 1 x 1081 mole™ sec™'. However, the

VoL 102
experimentally measured value of k5 is 2.1 x 106 1 mole'".l sec']
in the presence og argon and this is two orders of magnitude

smaller than the value derived above. It must be cohc]uded then

- that abstraction from COS 15 not 1mportant in the present system.

Reaction [7], diffusion from the reaction zone, would
be difficu1t to evaluate directly un]ess a comp]ete investigation
were undertaken of the tota1 reaction mechanism . However, an

approximate formu]a has been developed for mo]ecu1ar diffus1on in

a cylindrical:reaction vesse11°3. \'

a2,
kaier T

.'where‘DA,is the diffusion coefficient, d is the reactor diameter and

is the djffusionfrate,' The diffusion coefficient, DA’ can.be
104 as

.80



l D .Ac‘. . - K - . .

where C ‘the velocity of the particie. is gjven,by
\‘

‘and '\, the mean free path, can}be‘cSICuiated froin

A= —-——E-'.
2

.

In this expression,’ § is the collision diameter, ir is the concea-

tration. in mo]ecu1es cc'] and M 1s the molecular weight. Using
the values & = - 3. 75 R, r=6.4x108 molecules cc™!,'M = 32,056
| ;g/atom'and_T = 298°K,- f ' ) : " . S 3 |

e e

Although the expression for kdiff is based on severa] approxi-
mations -and assumptions. it is probab]y correct within an order
of magnitude and it seems likely therefore that df?fusion does
not play an important role. 1n the overall decay process In any
i case, diffusion-always fol]ows first order kinetics and“it would

‘ - : :
be an additive component of the overa]l decay. Under conditions

102

- of much lower lamp intensities , kdiff was obtained by extra-

polation of a decay rate versus COS concentration plot and the

value obtained! ~25 sec ],at~298°K,,js 1n satisfactory agreement

with the above estimate.

D
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| Two other possibilities for sulfur atom decay exist
_which would formally follow first order kinetics:

,1. Catalyzed recombination of sulfur atoms. :

’

s + co2 4—->~(s-c0-)‘f a.‘f |
s+ (s coz)-—-> €, + 5, b

where k >> ﬁb' However. the overall decay rate should be *

102

pnassure dependent and there are indications that this is

not s0. T
A A / . s

2. Regation with'S, intermediates

. *’ ) , a} ~

S+52—>S3.S"’S4—'>Ss.etc. .‘v

Although S’ - 7 intermediates are present in photolyzed COS

it is impossible to assess their concentrations or reactivities.

T Hhat is known with certainty is that they are totally unre-:
active towards ground state molecules and decay solely by
, chross-combination and/or reactions with radicals. Provided
the rates of addition of S atoms to all these spec1es are
,i [comﬁarable and the relative total. concentration of S, - Sy
N species is unchanged during the course of the reaction then
' this mode of decay would follow first order kinetics
_For rate measurements with other substrates, it is 4
“;;iimportant that the first order rate of decay of ulfur atoms be .

y ﬂfsmall relative to the rate of “reaction with, the substrate In
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~ sulfur atom concentration is ~10° mdie 1itre”

- the assumption of constant reactant concentration to be app]ied

A [N ) ' i " " .,'; .
- . e s - . : RN

order to.achieve this; the concentrations of added substrate were

~kept as large as possibie within the limitations imposed by other

| experimentai considerations Thus. the first order. rate constants‘

usuai]y obtatned were in ‘the range 1-2 X 104 sec ]. Since the

-1

x
' Q reactant con-

centration of 2 X io’ﬁ moie litre ( 04 torr) wouidgresuit in, a

depletign of 5% of the- initiai reactant concentration, allowing |

- -

when calcu]ating rate constahts 1f this were not the case.

jcurvature of the first order decay curves would be expected .In

those cases where the bimolecular reaction with a substrate pro- '

" ceeded at a rate approaching the coi]isional efficiency. requiring

the use bf smaiier quantities of reactant the concentration of

Y P) was kept as low as possibie within the region of measurab]e

intensities. Curvature of the first order decay piots was never-‘
observed in any system reported in this study, thus implying- that
simpie second order kinetic treatments couid be app]ied to the -

experimental data. vt e

» . - : ) Lo A . : - o



CHAPTER IV 1

THE REACTION OF S(3P) ATOMS
WITH MOLECULAR OXYGEN

A. Results

THe rate of reaction of S(3P) atoms with molecular
oxygen was investigated as a function‘of S(3P)';oncentration,
oxygen pressure, total preﬁsure. and flash energy. Since SO is é
plausible intermediate in this system, auxiliary experiments were

undertaken in order to identify and monitor the kinetics of form-

ation of this species,
1%, Kinetics of Decay of S(3P) Atoms

Initially, the rates of decay of both the S(3P]) and

S(3P2) atoms were monitored at various parti;] pressures of oxygen,
maintaining a constant .u. pressure of 0.1 torr and a total
pressure of 200 torr. In ai’ cases, the rates of decay fo lowed
ffrst ordef kinetics.  typ:cal decay b]ot of Tog [S(3P)] Versus |
time is illustrated in Figure IV-1. Furthermore, the decay rates
for the S(3P2) and S(3P])Astates wefé identical, within experi-
mental error, indicating that the three metastable ground states
maintain a Boltzmann distribution. Both the S(3P2) and S(3P])

absorpfion intensities were used to calculate decay kinetics.
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1.2

| ioglO [S( 3P2,'|).]

0.4

1 L

40. . 120 . 200
N TIME (ps)

FIGURE Iv-1: First Order Plot o.f Sulfur (3P) Atom betay in fhe
Presence of 0,; o,_-3P2; o, SP]. P(COS) = 0.1 torr,

P(0,)= 0}2'57 torr; total pressure = 200 torr.

85



.G

1.1 x 108 sec

‘The slope and intercegt of a plot of k

2, 02.Pressure‘Study

: The effect of a five- fo]d va?1ation in 02 pressure on

the first order decay rate was. examined Increas1ng the oxygen

pressure from 0.06 to 0. 29 torr (Table IV 1) caused a considerable

enhancement in the rate of removal of atomic sulfur as i]]usfkated

in Figure IV-2. Since it was demonstrated 1n Chapter III that

the decey'Of S(3P) atoms is firsc"brder in the absence of sub-
strate, the observed first order decay iu the bresence of'02 must
consdst of two contributions: one corresponding to the observed
rate of decey in pure COS/di]ueht; the rate constant of which is

-1 and one corresponding to reaction with 02:

gi- k0, [S]+k, [S]

where k1 is the b1m01ecu1ar rate constant for reactfon wich mol-

‘ecular oxygen-and k, s the'decay rate constant in the absence of

3ubstrate. ‘Therefore, the net experimentally'observed first order

rate constant, K for the'decay of S(3P) atoms obteined at

exptl’
a given concentration of-Oé_wou]d'be

expt] kfIOZJ + k

1
expt] versus mo ecular

,oxygen concentrat1on F1gure IV- 3 shou]d y1ekd k] and k2' re-

spectively. The 1ntercept 1.0£0.3 x]O sec ], is in good agree-;

ment w1th the va]ue k2 = 1.1 x"lO3 seca] ob;ained by direct
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TABLE IV-1

Effé;t of Oxygen Pressure on the Rate of Decay
of S(3b) Atoms |

¢

T

105[0 ] _ s(°P) . ~ No. of 10 kexpt'l
2 species runs : -1
(mole/1iter) mon{tored ‘ (sec™ ')
0.33 S, 4 0.66 2
0.33 | 391 2 0.60 2
0.67 3P2 2 1.31 2
0.69 %, 1 ©o120P
1 0.99 3P2 4 . 1.80°%
0.99 %, 1 | 1.84 2,
.n %, 4 2.02
| 3 | d
L R T 2.2 ¢
1.38 o e 2
1.55 %, 3 2.66 3

2 p(coS) = 0.1 torr; P(CO,) = 200 torr.
b P(COS) = 0,05 torr; P(COZ) = 30 torr; P(Ar) = 70.to%r.
- P(COS) = 0.1 torr; P(CO,) = 60 torr.

4 p(cos) = 0.1 torr; P(COZ) = 60 torr; P(Ar) = 140 torr.
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_FIGURE Iv-2: 'First\ Order Piots of S'3P2) decay. 10 [02]

(mole Hter ]) o, 3.3; e, 6.7; A, 9.9;
‘A ’ 13 8 e, 15 5 Total pressure 200 torfj. _
: . \ . | | ‘ o ; . b . "
|

o 3



n o

1 1 i 1

FIGURE IV-3:

05 | 10 - 1.5
105[02] (mol - ‘)

Plots of the Observed First Order Rate Constant versus :

" molecular oxygen concentratlon, 9 S( 2) decay at
'200 torr tOuﬂT pressure. °, S(3P]) decay at 200 torr;

., S( PZ) decay at 100 torr o, S(?Pz) decay~at ’

60 torr.‘

¥
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| measurementsd(cf.‘Chapter III)i‘ Frdm the siope, ky=1.750.2
| x 107 1 mote”] hfc'1.r The good linearity obtain d in this plot
.and Ehe near]y identicai vaiues of. k2 derived fro the intercept |
~and from direct measurements support the assumptioh\of an
'additive relationship between the two contributionS\to the rate
of decay. o R
The range of molecu]ar oxygen concentrationf which can
be used in this study is’ 1imited by instrumental design. The
; minimum useabie deiay time of the apparatus was 40 usec, and the
decay rate must be sufficientiy slow so that the buik of S( P)
~atoms were sti]i present in the system in order that absorption
'Spectra of sufficient intensity for quantitative measurement could be
obtained The maximum first order rate constant for this require-
ment waS' 2 7 X 104 sec ]. corresponding to a maximum partiai
oxygen pdessure of 0.29 torr. On the other hand the minimum O2
.concentr:tion which can be used is iimited by ‘the fact that the
"totai obse ved decay rate must correspond to a predominant (2 80%)‘
;7contributio from'k]. i.e. reaction with 02 Therefore, oxygen

pressures were kept in the range 0 06 to 0. 29 torr, giVing first

*order rate constants of 0. 66 - 2. 66 x 10* sec™).

3. Effeet-a#hiotai Pressure

| ”flfi pressure on the bimolecular rate
constant was examined oveg%e pressure range 60 - 200 torr From

the data given in Table IV 1 and - Figure Iv- 4 it is seen that the

&
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o 60 : ]20 180
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:sFIGURE IV-4 Bimolecu]ar Rate Constant versus Iota] Pressure

B "r,

1 '{ ’- for 3P (0) and 3P (A) atoms
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rate constant is unaffected by tocal pressure. It‘shou1d be noted
that below ca;_SO'torr pressure, the extent of pressure broaden-
ing of an atomic line is not very large. Under these ccndit{ons
the atomic absorption'line is relatively narrow and since the
resolving power of the microdensitometer is a direct function of

the width of thé line, the 1nstrdmenta1 response is insufficient

for quantitative determinations. This limitation only applies to .

’ the case where atomic lines are monitored‘" In tne present system,
it was found experimenta]ly that ca. 50 torr CO2 is the Towest

"practical 11mit
4. Effect of Flash Energy

The effect of flash energy on the second order rate ‘
-cbnstant waa examined in the range 3 - 9 kV. The results are .- |
111u$trated in Figure IV-S; No significant variation in the rate
constant with flaah energy was observed This result is important

for several reascns. Firstly, 1t indicates that the resu]ts
| obtained are 1ndependent of the sulfur atom concentrat1on used,
csince the f]ash energy, E ‘and the concen*rat1on of sulfur atoms

- ‘produced are related in a linear manner over a limited energy
frange°>- .
s'(3p)'a= E = x,c'v?; »

‘,jwhere C 15 the capacitance of the capac1tor and V is the charging

avo]tage at which the unit 1s operated _Second]y, the lack of a
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“FIGURE 1V-5: Bimolecular Rate Constant versus Flash Energy. -

P(COS) = 0.10 tofr{_-tota] pressure = 200 forr.:

| 4,0, =0.06 torr; e, 0, =0.18 torr; o, 02e
0.29 torr; ®, 0, =0.2fvforr;' v,-0, =0.12 torr.
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flash. energy dependence indicates that the photolysis of substrate
can be neglected as a complicating factor in the reaction mech-
’anism This is important since molecular oxygen absorbs weakly .

| above the quartz cut-off of the cell Thirdly, and most import-
antly, if secondary reactions contribute to the overall rate of
”’decay then some variation should be observed at high flash energies
where larger concentrations of transients are produced. The lack
of such an effect indicates that the measured rate constant of
decay can be identified with the primary reaction of S( P) atoms |

. with 02. | '

5. Observation.of the SO Spectrum

At the usual concentration of COS employed in the
kinetic studies, ca 0.1 torr, 50 could not be detected. ~ However,
when the CoSs pressure was increased to 0.3 torr, the (14,0), |
(15 0), (16,0), (17, 0). (18, 0) (19,0) and (21,0) bands of the
832 L x 32 sysi:em]05 of SO could be. observed weakly in the‘
| region l95 0~ 204 0 nm (see Table IV-Z) Quantitative measure-
ment of the kinetics of SO formation was not pOSSible due to the
Tow intensity of the bands, but qualitatively at least the rise
in the S0 concentration appeared to correspond to the decay of

, :atomic sulfur 4 _

A very:weak. diffuse band centered at 183.15 nm was

: observedain flashed €0s(0.1 torr)'+¢02 + c02 mixtures Its

Aintensity increased during the period of the ‘sulfur atom decay

A\
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19,0 b 196,72

a0 ez

95

TABLE IV-2 —

Band Head Assignments for the :

g3 32" Transition in 50 2

B L~ «— X

/.
Z.

4

LY Band Head Relative
SRR A AVAC("m)' , Intensity |

0,0 -
e | o
2,0 -

3,0 - . 231.46
40 . 228.34
50 22532
6,0 222.47

7,0 . 219.76

8,0 | _f?  216.93 -~
9,0 21443 -
10,0 . 212,02 ¢
N,0 - 209.75
2,0 0748
B0 0534 ¢
14,0 . 203.34

5,0% o013

6,0 19970

_ozow'to,oo'\:wmoim-mwon

bl

20,0 . 195,97 -

W N AW s o

Vo

2,00 19448 |
R, ~ /continued. .




TABLE 1V-2 (continued)

Band Head ‘Relative

v! f\’ " J\VAC(nm) ~ Intensity
23,0 . 193881 3
24,0 193,24 3
" 26,0 v 192,16 1
27,0 191.67 o
28,0 191.33 1
1

29,0 - 190,92

2 from reference 105 =

-  b monjtored in this work
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With 0.3 torr COS, additional bands centéred at 183.8 and 184.4 nm

were‘observed. These are the most intense bands of a set of six
which McGarvey and McGraih]Qs attributed to an isomeric form of

. 502' However, this assignment has been questibned by two inde-

‘pendent grpups of workers106;]°7, who concordantly suggest that

the band system in fact s due to the 031 e x3p transition of
the SO molecule. The band héad assigﬁments are tabulated in

. Table IV-3. -



" TABLE IV-3

Band Head Assignments for the

03H “— X3Z" Transition in $0 @
vy Band Head
Avac(nm)
184.30 °
0,0 183.84 D
183.20 P

~180.14

1,0 ©179.63

. 178.94

.}5¢ a from reference 106

b mopd tored in this work
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B. DISCUSSION

The’ spin and symmetry allowed reaction of ground state
‘ -3P2 1.0 sulfur atoms with molecular oxygen
s(%) + 0,(°5) — s0x%7) + o) ny

105,108-112

vhas often been postulated as an elementary process

occurring in the oxidation of simple sulfur compounds. At the
“time this study'was initiated, two conflicting rate constants
had been reported for this reaction. Homann et a].93,‘using an |
isothermal flow system undér reduced pressure and high dilution
with inert gas to investigate the elementary reactions in the
oxidation of C52 atbtemperatufes uputo 1450°K, obtained the

relationship

10 exp (-5600)/RT 1 mole™! sec”!

ki = T x 10
dn te temperafure range 675 - 1090°K. But extrapolation of this
expression to 298°K yields k] = 8.3 x 105 1 mo]e'] sec f] which is
three orders of magn1tude lower than that obtained by Fa1r and
‘Thrushgz,'us1ng a discharge flow system to study the reactions

of the system, H + HZS + 02 in argon , who repgrted a rate con-

9 -1

stant va]ue of 1.2 % 0.3 x 107 1 mole” sec”] at 298°K.

We determ1ned'a rate constant value for k] of 1.7 + 0.2

x 107 1 mo]e']_sec-]. This value is in. reasonable agreement

92

with that obtained by Fair and Thrush and therefore the results |

Kl
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L@

o ' Q2 ) ‘ . ‘
of Homann et alg“ appear to be in error. This has been corrobor-

ated by the'ﬁgsult of Klemm and Davis]]3, whq“recently reported a

-1

value of 1.35+0.14 x 109 1 mole vsec'], using the technique of

flash photolysis-resonance fluorescence to study the reaction in a

cos + o2 + Ar system. ./ In addition, a value of 1.0° 0.2 x 10

1 mole”

9

] has been reported by Donovan and tht]e”4 using

flash photoly51s with kinetic absorpt10n spectrophotometry in the

'1nvestigat1on of a COS + 02 + Ar system. ‘ g

0(3P) atoms with 02]]5,

<Cons1der1ng the analogous sequence fdr the reaction of

<

_1.01'/702 +:O

0+0, 3 g

3

1

the calculated value of ka = 0.9 x'109 1 mole™" sec'] corresponds

| closely wifh;our data on the;S(3P) + 0, system. ‘

With regard to the primary step, the following reactions

are energetically feasible and spin a]]owed:

@

s(3p) + 02 (X ) — 50(x37) + 0(3p) o
| BH-= 5.6 keal mole™! _
— soz(x A [2a] <
— S0,(a%,) [2b]
. so,ale) [2c]

To date, no evidence has been found for the formation of 502,.and

it is. doubtful whether reactions[2] octur at all. On the other



hand, the observation of the SO absorption speétrum and its

parallel formation with S(3P) decay point to the occurrence of

step [1] as the major primary process. This is substantiated by

113

the recent study employing resonance fluorescence ~, where it

was possible to monitor the formation of 9(3P).atoms.. It was
shown that the decay‘ratg of.S(3P) atomgbagreed with the rate of -
formafion of 0(3P). Thus sjnce‘both primary products have been
observed in this system, there is little doubt that [1] is the
reaction path followed. " '

The most_iike]y'structure for the reaction complex is
SO0 and the absence of a preséure effect indicates fhat it rapid- -
1y falls apart to give SO and‘0(3P); Correlation rules prédict
nine states for .this complex: three singlets, three triplets and
three quintets. The latter would probably ljé too high fq be

(héhéfgetica11y attainable.. The oveka]] decomposition'ghou]d fo]Tow

the sequencé,
' . . o > ' "9 PO
s() +.0, (°5g) — sooT(2'a ,2% ,Ta",0r %)
03 + 03)
where the dagger signifies vibratibna] excitation.
To evaluate the possible cdhp]jcations introduced by
‘secondaryfreéction processe§ iﬁ the,deterhination of the first -

‘order rate constant, the fo]]owing‘reactions must be_consideréd:




s(3p) . O(%L7) + M —> S0+ M SRR o8
) + o) + M —s soCrem [4]
00:) +50%7) — 50,45 5]
G +50%T) — s, roe),  re)

. 5,%8) + 0% [7]

h )

. @ ‘
If reactions [3] and [4] were i portant in the overall kinetics,

then the overall decay rate constant should bedpressure dependent.
Since this was not the case,.these reactions are unimportant.
Reactions ts] and‘[7]“can be e]iminated for two reasons: at

the Tow sulfur atom concentration present in this ~system, the
rates wou]d have  to be unreasonably large and secondly, reactlon

]t The rate of reaction [5]

s reported“3 to be 1 x 107 1 mole -1 c“ and therefore, th1s

[6] is endothermic by 25 kcal mole

°}‘process would be neg11gib1y s]ow at the concentrat1ons of SO

§ present in our system From these con51derat1ons and. from experw-
'mental ev1dence it can therefore be concluded that secondary
radica] reactions are unimportant in the S(° P) + 02 sys

1y
93 ‘ mole,] b1

e for the room

The reported ‘activation energy of 5 6 ki

-

too large to be reconci]able with the present.v
temperature rate constant The maxamum value of the act1vat1on
_ energy cons1stent w1th this 1s ~ 2 8 kca] mole -1
equa] to .the gas kinetic colllsion frequency In add1t10n, the -

overa]l reaction, step 1, is exotherm1c by ~ 5 6 kca] mo]e ]; and
, S o A

1f the A factor is’

102
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therefore would not be expected to have an activation energy

larger than the thermoneutral 1sotop1c exchange reactionn6 -118

180(3p) + 160, — 1816p 4+ 16p (%)

which is reported to have an E, of 1.7 keal. | N
Veny recently, it has been shown by resongnce fluor-

n3

escence experiments that temperature has no effect on k] and

| therefore that'Honann et al.'s resultsg_3 are comp1ete1y erroneous.
- This can possibly be attributed to the complexity of the reaction
system from which the'rate data was extracted. Intermediates in

the reaction sequence whichvwere‘monitoned included 0,'5, cs, SO, (ﬁ
cos, s,0, 5,0, as well as sulfur polymers Sy 53, 54,'55 and 58"‘
Since E ~=.0, the resu1t1nq Tow A factor can be exp1a1ned via

the formatlon of SOO in;an end -on colliswon ¢

The present]y available abso]ute rate constantslfor the

S(3P) + 02 reaetion are'tabulated fn Tab]ehlv-4. "With the excep-

193

tion of Homann et a they are infreasonable agreement, with

B on1y the value of Donovan and L1tt1e]]4

lying slightly outside
,the range of our assigned error limits. | H

_ ‘ Table IV 5 lists the absqute room temperature rate

‘ fconstants for the reaction of a number of biradical species with

- “oxygen.- It can be seen that the rates for ground state sulfur,_

.}f.ox_ygen”5 -8 and methy1ene1

11

are very s1m11ar but the rate of

i gfreact1on with C(3P) atoms - is. enhanced tenfold. It would

." :ifffappear that the ster1c limltation in the case of C( P) 1s Less
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Absolute Rate Constants for the Reaction of Radicals

and Atomic Species with Molecular Oxygen

Reaction

k x 1072,

] mo]e'] sec']

s(3PJ) + 02(3z§f) — 50(324) 4‘0(39)

el (3e) + 0,03 7)  — products. (C0,C0.,,H.)
AN 2" roduc ),00,,H,
. C(3P‘) : 0,3.") —s 0+ 0
dh T T2t g .

0.9 €

20.0

% This work
b‘R.ef'erences.. 115-118
€ Reference 1

d Reference.119
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severe than that of the attack of S(3P) on molecular oxygen. There

is also a 1arge difference in exothermicity, this reaction being

exothermic by 148 kcal mo]e'],'



CHAPTER V ¥

THE REACTION OF S(3P) ATOMS
WITH NITRIC OXIDE |

A. Results

The reaction of S(3P) atoms with'nitriC‘pxide was

investigated as a function of total pressure and partial nitric
oxide pressure. The order, with respect to S(3P) atoms, was also

determined.
1. .Kinetics of s(3) Atom Decay

The S(3P2)vatom concentration was monitored in the time

120 was used to de:

(3

range 25-250 usec. The method pf integration
_termine the order-of fﬁe réaction with fespeét to S(°P) atoms.
The first order plot of-jn fs(3P)J versus time, Figure V-1, is
 linear whereas if the data are_p]Ottéd‘in the second order form,
Figure V-2, definite curvafure is evidént.» The reacfidn is

* therefore first order with respect to S(3P).‘
'2.5—Effeét of NO Pressure

The first’order'deéay was determined over a range of
NO pressures from 0.025 to 0.30 torr. Assuming that the first
order detay in the absence qfoNO and the dééay due to reaction
with NO were Additive, as shown in-the:previoﬁ§ chapter. for the N

S +_02 systemg then-a correction canibe applied fdr the decay

07

S S

[T, ...-s-‘...wt,-,‘%‘;‘ s
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rate in the absenc& of NO, which has been determined ekperiment-
ally (Chapter III) Thys, as the NO pressure approachés zero,

the corrected firsf order rate constant shou]d approach zero and
this is 1ndeed thq Case as 111ustrated 1n Figure V-3. The corres-
. ponding data are giVen in Table V- 1 The b1molecu1ar rate’ constant

derived from the §1%be of the Plot 15 1.6 + o 2 x 109 1 mol Tsec™!.

3. Effact of Total‘PreSSure

. The valua OSf the bimolecular rate COnstant wae deter-
mined over a wide riNhge of total pressures trom 50 - 600 torr
using CO, as a dilufNt. The results are'tabu1ated in Table V-2.
The plot of the b1nP]eCu1ar rate constant as a function of tota]
pressure, Figure vwﬂs shows a very def1n1te curvature However,
a linear relationsph/R appears to, hold be]ow 100 torr and deter-
mination of the slgf® over this 11m1ted range ylelds a value of

1.8 x ]Q]] 12 mole isec ! for the' termolecu]ar rate constant.
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TABLE V-1

Effect of NO Pressure on the Rate of Decay

of S(3P2) Atoms @

L

. 0.299 2

a3

(tggr) No. of runs ]0'4 k, sec
0.0256 1 0.59
0.0832 2 0.56
0.101 : 2 1.09
0.103 ] 0.77
0.104 3 1.06

0.202 . .2 2.16

2.50

2 00S = 0.12 torr, C0, = 200 torr

12



. TABLE V-2

Effect of Total Pressure on t

Bimolecular Rate Constant &

he

co, ’ 1077 x k
(torr) ‘ No. of runs (0 mo]']sec-])
50 2 0.48
100 | 4 0.97
200 10 1.60
400 - 4 276
600 3 3.75

2 ¢0S'= 0.12 torr, NO = 0.10 torr

13



114

-1

{1 mdle sec") |

N

. =9
k8'><10

—r

0 L :
0 , 200 400 : 600

PRESSURE (torr)

FIGURE V-4: Bimolecular Rate.Constant as Function of Total

1

Pressure.



115

B. Discussion

Basco and Pearson20 have reported that the rate of
formation of 52 in CS2 + Ar or COS + Ar systems 1s greatly en-
hanced in the presence of small amounts of NO and suggested a

catalytic recombination sequence,

S+ NO+M —> SNO + M nl . .
S+SN0 - —> S, + O . [2]

‘where ky << k, at Tow total pressures.

In the present study, the d1sappearance of S( P) atoms
was found to be dependent on total pressure F1gure V-4. Up to
100 torr, the rate was linear w1th pressure but above this | '

- region a fall off from the third order dependence was observed

The re]atwve 1mportance of steps [1] and [2] in our
>System can be assessed in the fol]ow1ng manner. If it is assumed

"that step [2] contr1bu‘fs s1gnif1cant1y to the overall process, then

its rate constant should be of the same order of magn1tude as the ob-
served f1rst order rate constant, i.e. k [SNO] ~104 ']. Since the
concentrat1on of S atoms is ~ 107/ mole 1 ]‘then k2 = -dS/dt/ .
[s1Csno] = 1 mote”! seg) . Thus, to compete successfully

with step 1], step’tz] wou]d have to proceed at a rate very

-c1ose to the c0111s1on frequency Th1s appears to be un11ke1y

since the rate constant for ‘the comparab]e react1on w1th 1od1ne ' , :

v atoms,
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I+1IN0 — I, + NO

9 Y]

1 mole']sec

has been reported?ZI to be 4 x 10 However, at

sufficiently low pressures-of NO, step [2] would be important and
the observed rate constant would be simp]y 2k] .
| Assuming that the observed rates pertain to reaction [1], ‘

122

the resu]ts can be interpreted in two ways'““, in terms of an

energy-transfer (ET) mechanism:

a o
S + NO ;—'-b" SNO
C

SNO* + M —> SNO +M M = co,

<

6r'a rddica]-mo]ecular'comp]ex (RMC) méchahism:, o | -
‘. .ot s | ~a" . !
SeM = sk | M = o,
SM* + NO 5 sNo +
o ‘

The ET mechanism yields the epression (see Appendix II): E &

ds  dsNO K k _[SI[NOI[M]
B A AL

which is third order when kb >>’k¢M; From the RMC mechanism,
dS  dSNO k. .k_,[SI[NOI[M]

which is third order when ky, >> k_; [N0].
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~

Equation T predicts third order kinetics at low
" pressures and then comblex behavfeur at kb ~ kc[M]; which was
actually observed in the present system. EquaiiqnvII: on the
other hand, does not aCéouut for the'pressure dependence of the
rate coustant.' It can therefore be concluded that fhe;ET mech-
anism is uperative in.the S + NO + C0, system. This is in

\}

. keeping with the well documented role of CO2 as an inert third

body in other radical recombination reactions, some rate constants

of which are 1isted‘in Table V-3,

At any given pressure M the b1molecu1ar rate constant

is given by

Kyi observed = ;E—EEF—— M
A br+ »cM

and a plot of I/kb1 observed versus ]/M should yield a stra1ght
 line. hav1ng a slope of ky/k k. and an intercept of i/k From

\
Figure V-5, k_ = 9.3 £ 2.1 x 109 1 mole ]sec “1 and k /Ky = 20.7 2

4,4, Thus the 11m1t1ng high pressure rate ;onstant for the S +NO.

9 -1

association will be 9.3 x 10° 1 mole” secv] qnd at low pressures,

. . the rate cen be expressed as 1.9 ¢ 0 1 x 10]] 12 nole 2sec I
Since kb k M when the tota] pressure is ~900-torr, the 5
'lifet1me of SNO* can “be ca]cu]ated if we assume unit co]]is1onal

eff1ciency for kc o ' “
C )

. -

N 1-mole ' sec

2 gkt
ko =7l ko ( T=2x10

wheredAB is Fhe.co]]ision,diameter taken as 4.6 x lo'gfcm and u -
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: - ) ) . VY ' ' -
is the reduced mass. At 900 torr of C02, kb = ch- and thus
b = 1x 10" sec™! and 7,.the Tifetime of sNo* is 1 = 1 =1 x 10710
sec, which corresponds to ~ l,odd,vibratiqhsu(~10']3 sec/vibration).

This is not an unreasonable estimate when compared with the life-
time of N,0 with respect to unimolecular decomposition which is

5 x 1071 sec at 888°K'23, e

* - N
SNO . ka (NO) . ]0-6

_at 200'torr total pressure.: Thus, very sma11 concentratiohs of
SNO* are present in the reaction mixture at any given time.

The product‘pf the primary step, SNO, could not he
‘detected‘in this study but has been identified in other syStems.
Thus,  in the low temperature matrrx photolys1s‘|24 of e1s-HNSO two
new absorptions at 1523.0 and 789 7 cm -1 were assigned as NO
stretch1ng and SNO bend1ng frequenc1es respectively. Also, in
flash photo]ysis-kinetic mass‘spectrgscopy studies]25 of COS-NO
hixtures a mass corresponding to theﬁSNO adduct was detected.

A trans1ent spectrum obserVed in the flash photo]ys1s of C52 or

COS in the presence of.NO has subsequent]y been assigned to S3

which is presumably formed in a catalyzed processS:

S+ NO . —> SNO
SNO + S, —> N0 + 5,

This is in keeping with the proven effieiency of NO as a chaperon
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in atomic;cesompjnation processes, as iTlustrated in Table V-3.
With NO as a fhi}d body, the recombinations of I, 0 and H atoms
take place via a radical-molecule mechanism and the efficiencies
are greatly enhanced. | . |

At this point, it would be of 1nterest to compare the
rate constant for the S + NO react1on with those for oéher
radical and atomic additions to NO, Table*V-4. In the.case-of
atom addition, eg. 0(3P), H(2P) and CT(ZP) atoms, the third-order
rate constants are comparable and of the saﬁe order of magnitude
to that determined for‘S + NO. Iﬁ the case of radical addition
to NO the intermediate adduct might be expected to have a longer
lifetime owing to a greater number of vibrational ﬁodes and the
obsérveq rates should approach second order kinetics at lower
lpressures than hgu]d be the case for atom +'N0vsystem§. However,
it can be seen that the values of these féte constants are com-
parable to the high pressure limiting fate constant for S + NO + M.

| BeﬁauSe of itsvunpaiked electron, NO has been demonstrated

to be a remarkably efficient radical scavenger in a variety of
systems. In many cases where monoradicals are present, stab]e
isolable products can be formed. The NO-catalyzed recomb1nat10n '
of atoms is equa11y efficient and not SUrprising1y, is  initiated
by rap1d addition of the atom to NO to form an intermediate adduct
hav1ng a f1n1te lifetime. The rate of addition is nearly equa]
to the collision frequency and thus NO is by far the most efficient

- chaperon 1in atomic recombination reactions.
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CHAPTER VI

THE REACTIONS OF S(3P) ATOMS
WITH EPISULFIDES

A. Results

The reaction of-S(3P) atoms with ethylene episulfide
was investigated as a function of ethylene episulfide pressure
and total pressure. Rate constants were also determined\for the
reactiens of S(3P) atoms with propylene episulfide and trans-2-

butene episulfide. " B ' o

1. S(3P) Atom Decay as a Function of Ethylene

Episulfide Pressure -

First order rate constants were‘determined over a range of
etherne episulfide pressures of 0.009 to 0.030 torr. The data are
tabulated iniTable VI—I; By comparison of the microdensitometered
peak heights, 5t‘was estimated that the S(3P) 2 CoH,S ratio varied
between i~§‘20 and 1 : 70 in the pressure range 0.009 - 0 030 torr
'-.C2H4S. In this range of concentrations, linear first order decay
plete’were obtained, as illustrated in Figure VI-1. Furthermore,

in a comparable study"28

» reliable first order rate constants were
~obtained for methyl radical : ‘reactant ratios of 1 ? 22 and
therefore the concentration ratios used in the present study are

' suff1c1ent1y 1arge so that accurate kinetic data can be der1ved

122
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First Order Rate Constants as a F

TABLE VI-1

Y

Ethylene Episulfide Concentration °

unction of

: Eth{}ene Episulfide KS%I C0,,
mole 1 torr A sec*] torr
0 ‘0 1.1 x 103 200
0.48 x 107, 0.897 x 1072 7.6 x 10° 200
0.52 x 107° 0.972x 107 9.8 x 10° 100
1.04x107° eax10? sk’ 200
1.62 x 1075 3.03 x 1072 22.0x 108 200

. -
.P(COS) = 0.10 torr

123
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FIGURE VI-T:  First Order Decay Plot of [s(%P,)] in the Presence

of.Ethylerié-"Episu]'\"’"i.d_ey.'”P‘(CDS) = 0.1 torr,
>t PUC,H,S) =0.0194 torr, P(CO,) = 200 torr.
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x 10

A plot of S(3P2) first order rate constants versus ethylene episulfide
concentration (Figure VI-2) shows no evidence of a significant
deviation from a linear relationship. The bimolecular rate

constant was determined to be 1.4 + 0.2 1010 1 mote”! sec_J.

2. s(3

P) Atom Decay as a Function of Tota] Pressure
The decay of S(3P) atoms- was determined at 100 and 200

torr total pressure. As illustrated in Figure VI-2, no signi-

ficant difference could be observed in the rates constants.

3. The Bimolecular Rate Constant for the Qeaction

of S(3P) Atoms with Propylene Episulfide

The reaction of S(3P) atoms with propylene episulfide
was monitored at a total pressure of 260 torr of‘CO2 and a COS
pressure of 0.1 torr. The average observed first order rate con-
stant was 1.07 + 0.11 x ]O4 sec-]. App]ying'the correction for
the rate constant in the absence of reactant yields a first order rate

— ) -1
constant due to reaction with propylene episulfide of 0.96 x 10" sec

and the bimolecular rate constant was determined to be 2.7 + 0.3
10 1 mo]e-] sec_]. The data are summarized in Table VI-2 and

illustrated in Eiqure VI-3.

4., The Bimolecular Rate Constant for the Reaction of

S(3P) Atoms with Trané-Z-Butene Episulfide i

The reaction of S(3P) atoms with trans—Z-C4H85'was

125
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TABLE VI-2

First Order Decay Rate of S(3P) Atoms

in the Presence of Propylene Episquide

-4 |

C3HeS co, cos 107K, -1
(torr) (torr) (torr) '
0.00673 200 0.10 0.97
0.00673 200 0.10 1.19
0.00673 200 0.10 1.06
average ) 1.07 £ 0.11
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, . : o |
monitored at a total pressure of 200 torr of CO2 and a COS
pressure of 0.10 torr. The average observed first order rate :

constanf was 1.26 + 0.02 x 104 sec ol end the first order rate con-

']. The
10

stant due to reaction with tfans-Z—C HGS is 1.15 x 104 sec
bimolecular rate constant was determined to be 4.0+ 0.2 x 10
1 mole™ -1 ec']. The data,are summar1zed in Tab]e VI-3 and a
typical decay plot for this reaction is illustrated in Figure VI-4.

At 150 torr total pressure, the bimolecular rate constant
wés 4.1 x ]0]0 1 mole -1 sec -1 in good agreement with the previous
value, 1nd1catrng the absence of a pressure effect.

The b1molecu]ar’rate constants determined for the

S + episulfide reactions are.summarized in Table VI-4,

129



First Order Decay Rate of'S(3P) Atoms in the

TABLE VI-3

Presence of Trans-2-Butene Episulfide

C4H85

(torr)

CO2

(torr)

107%, sec”!

0.00540

0.00540

0.00540

~ 0.00405

200
200

200

150

0.10
average

0.075

1.24

1.28 -

1.25

1.26 %

1.01

.02
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TABLE VI-4

Rate Constants for Reaction of S(3P) Atoms

with Episulfides at 25°C

Substrate S _Rate (1 mo1e'j sec"])
Ethylene Episulfide 1.4 0.2 x 1010
Propy1ene Episulfidé » 2.7 +0.3 x 10]0

| 10

I+

" Trane-2-Butene Episulfide 4.0 + 0.2 x 10




133

B. Discussion

‘Sulfur atoms react with eplsu}f1de in a spin and

probab]y orbital symmetry allowed process,
1
S( P) + C H S( A ) ~— 52( z) + C2H4( A])

The room temperature rate conStant is very close to the cd]iision

frequency. The possible competing procéss, hydrogen abstraction
() + CH,S(A ) —> SH + CoH.S
24 1 23

can be ruled out since ground state sulfur atoms have been shown35

to be completely inert towards paraffiinic C-H bonds.
The reactions of $(3P) atoms) with episulfides are of

importgnce for a number of reasons:” In conventional photolysis f

studies28 toms with olefins, it was

of the reaction of S(3P
'observed that s%gnificant deviations fro the expected product

yields and re]ative rates kook place with 1ncreas1ng conversions.

Th1s effect was attr1buted to the occurrence of secondary reactions

of S( P) atoms with the product episulfide:
_ E S :
sCp) + 2 — S () [1]
S T ‘ ‘
s(%) + D > () 4 5,7 121

Conséquént]y, quantitative studies were undertaken at relatively
lTow olefin pressures so that step [2] could compete févourab]y

with step [i].' It was found that with increasing conversion the
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episulfide yields increased initially, then levelled off to a

constant value. In this linear region

a ky[S] [01efin] = k,[S] [Episulfide]

2 [01ef1n]
and E—-= —
1 [Episulfide]

It was found that ko/ky; = 81 in the case of ethylene and 40 in

28 This treatment, hoWever, is over-

the case of prOpy1ene
simplified since it is certain that the episulfide products must
undergo secondary photolysis, the extent of which cannot be‘ ”
assessed. These rate ratios are Upper Timits only, and it was
necessary to determine the absolute value for k2 so that the
absolute rate data for the S(3P) + olefins systems (Chapter VII)
could be prober]y evaluated. |

| Before the present results can be discussed, it is
necessary’to examine the possible effects of photochemical de-
compositfén of C2 45 in the prlmahy flash. The onset of absorp-
tion, F1gure VI 5]30, is at 370 nm and there are two distinct
absorptions, a weak one centered at ca 250 nm and a more intense
oﬁe below 220 nﬁ. The long wave]ength absorption, which probably
corresponds to an n,o* transition, leads to the formation of S,
‘and C2H4 primarily, a]ong with minor amounts of CZHZ’ st, H2

and CH4 via molecular mechan1sms]2 ]3]‘ Extensive photolysis

would deplete the ep1su1f1de concentratlon and a corrected

average value would have to be used when calculating the bimolec-
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ular rate constants.‘ Furthermore, if sulfur atoms reacted with
the ph&to]ysis»produ;ts, then the rate of abstraction would be
smaller than the observed rate of decay. |

| It is high]y'unliéely that these processes are of any
importance in- the present system since in a previous studylz of
the flash phofolysis of C2H4$ where flash energies larger by 2. S
and cdhcentrat1ons larger by a factor of ]0 were employed, it,
was found that only 2% of the substrate was decomposed by the
flash, Moreqver,fthe invariance of the bimolecular rate constant
with C,H,S concentnation, Figure VI-2, i]Justrates'that_the con-
céntratlon of t2H4S'is unchanged.during the course of the redction.

.The absolute rate constant for the S + C2H4S — S +
Q2H4 react1on has also been determined by Donovan et a]lo using
a similar apparatus and by Klemm and Davisls? using resonance .
fluoreséenée to monitor the S atom concentration. The latter
study also reported Ea = 0. -The‘data’are summariggqgin Table VI-5.
The agreement between our value and that reported by Donovan
et:.a].]0 is excellent but the rate constant determined by K]emmAand
Davis]32 is higher by a factor of 2 and there is no obvious explanation
for the ldiscrepancy. The re]ativezva1ues obtained here do not
agree witn tnose'deriVed fron conventional s'tudies28 but, as was
stated prev10us]y the rate rat1os are on1y upper Timits and it would
be unreasonab]e to attr1bute a high degree of accuracy to them.
It appears that the rate of abstra¢t1on 1ncreases‘

slightly with increasing alkyl ﬁubstitUtion: From an empirical

plot of the bimolecular rate con%ﬁtnts versus number of methy]l

B I L
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substituents, Figure VI-6, the rate constant for reaction of S(BP)

atoms w1th tetramethy]ethylene ep1su]f1de should be 6.6 x 10]0 T mole

sec'1. This 15 cbmparab]e to the rate constant for addltlon of §( P)
atoms to tetramethy]ethy]ene (of Chapter VII) and therefore in this
‘ system a correction for the abstraction reaction is unnecessary,

The collisional frequency for the $ + C2H4S reaction
is ~ 2.6 x 10'° 1 mote™! sec! if dag = 5 A, Therefore the
reaction is occurring at a rate of once in . 18 co]iisions. The
max imum Ea which would correspond with this‘rate i; ~1.7 kcal
mole'l whereas an experimental value of 0 has been reported.
- Semi-empirical EHMO calculations have been carried outlg on the
react1on path of S( P) plus ethylene episulfide and the lowest
energy.path-for the reaction which corresponds to attack from
above the r1ng p]ane (path Z in Flgure VI-7), has a calculated
act1vat1on energy of - 1 kcal mole ]. The computed value of the
entha]py'chqnge, -44.5 kcal mole™! is in good agreement with the -
thermochemical value of -43.4‘kca1 mo]e']. Thus, the experimental
ya]ue of Ea =0 may be due to a sma]]tnegative tempehature depend-
‘ence of the‘A factor coupled'with a small positive activation
| energy, of the order of a few tenths of a kca] mole” ]. i;

Desu1fur1zat1on of ep1su1f1des can be accomplished
by a var1ety of reagents In the case of onggn1c nucleoph11es
such as tr1ethy1 phosphﬁ:e]34 ]36, organo]?%h1um compounds]34 '37

135 138

tr1pheny1 or tr1buty1phosph1ne] 8 the product olefin reta1ns

the conf1gurat1on of the substrate ep1su]f1de, indicating t!at the
: “ L

e
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éﬁnstant of Abstraction. with the Number of

Methyl Substituents on the Episulfide.
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reaction is a concerted molecular process:

§3P +A séj [; P ---5- ‘J]T———> R3PS-+::D e |

7 ;

thyl radicals]9 and hydro. uoms]39 also abstract sulfur ‘mﬂfﬁ"\
from episulfides
CHy (or H) + A\ —s CHyS (or SH) + C,H,, [3]

in parallel and in competition with hydrogen abstraction. The

-

rate parameters are

log k = 7.9 - (6700/RT) 1 mole”! sec™! for CH, and e

Tog k =£&O.8 - (1944/RT) T mole”! sec”! for H.

The reaction of methyl radicals with cis-2-butene episulfide is

stereoselective, yielding > 80% cis-2-butene. This, toaether

with kinetic observations indicates that the reaction is a

sina’ step concerted process and that the thi%a]ky] radical

is not an intermediate. The initial 1nteract10n was pos&ylated

to involve ther orb1ta] of the CH3 radical w1th the nonbonding

3p orbital of the S- atom::

| H ]
H— ¢
SH )
/
C “-H
l
C ~=H
H

The 1ntermed1ate 1n the H + C2H4S system was believed to be

similar.

The abio]ute rate constants for desulfurization of ethylene

/‘\J

A
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episulfide have been reported for several of the Group VI A,
elements. The data are summarized in Table VI-5. The reactions

are all spin and orbital symmetry al]erd, to yield a ground

state olefin molecule and a ground state'tripletlsz, SO

or Se2 species and proceed at rates near the co]]is{on frequency
with little‘or no activation energy. The 0(3P) atom + C2H4S,
system]33 is intéresting since ground staté,0(3P) atoms are knoQ;

to abstract from paraffinic C-H bonds but the activation energies
are of the order of sevé}al kca]s. The near-zero temperature
dependence observed experimentally would imp]y that desulfurization.
is the only measurable process. In fact, SO was detecged by ;

kinetic mass spectroscbpy]33.

Finally, it is of interest to note that atomic'or
radical éttack on epoxides proceeds exclusively via hngegen
abstraction and deoxygenation has ne\;er been observgd a]&%ugh
the process is thermodynamicé]1y favourable. A Bond;Energy—Bond
Orderlcalculatioh Eeported in the literature on this reaction

predicted a prohibitively high activation energy]g.



CHAPTER VII

N

THE REACTIONS OF S(3P) ATOMS WITH OLEFINS

A. Results - Part I
D

The room temperature reactions of S(3P) atoms with
olefins were investigated using ZEﬁ'tJFF CO2 diluent and 0.1 torr
of COS by monitoring the decay of S( P ) and S( P ) atoms. The
reactions. of S( P) atoms with ethylene were exam1ned exten-
sively in order to define the emperimental parameters for this
series of studies; in this system the effects of ethylene

pressure, total pressure, nature of the diluent and flash energy

were investigated.
o

1. The Reaction of S(3p) Atoms with Ethylene '

7

i) S(3P) Atom Decay

The time depeneenée of the S(3P ) ‘and S( P ) atom
concentrations were examined as a function of a number of experimental
var1ab1es such as partial ethylene concentrations, total pressures and
f]ashvenerg1es and the method of integration was used to check the *
order ¥ the reacilon w1th respect to S(3P2) atoms. Under the
experlment3l cond1t1d§s employed the decay rates followed first
order kinetics. A typ1ca1 first order plot of lag [s(%p 2)] versus

time is shown in Figure Vll*f’anﬁ the data are summar1zed ?h

Tab]e VII- 1.
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FIGURE VII-T: First Order Decay Plot of S(3P2) Atoms in.the Presence

of Ethylene, P(COS) = 0.1 torr, P(C,H,)=0.437 torr,
P(c0,) = 500 torf '
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D
TABLE VII-1
First Order Decay Rate of S(3P) Atoms“ ‘
in the Presence of Ethylene W | |
S species Coly €0, F1§?2v5nergy 10—4k, sec”]
(torr) ~ (torr)
>, 0.408 50 9 2.16
>, 0.254 200 9 1.38,
3§;. 0.254 200 9 1.43
P, 0.254 200 9 1.22
3P2 | 0.254 zoqgigﬁ“ 9 .2
%, 0.254 200 9 .3
>, 0.200 o® . | 1.06
%92 0.254 200 6.5 1.22
3, 0.437 . 500 9 2.3
, o - 20 9 0.11

% P(C0S) = 0.7 torr

b piar) = 200 torr



ii) Effect of Ethylene Pressure

The ffrst order rate constants obtained in the pressure
riﬁge 0.20 - 0.44 torr ethylene, Table VII-1, were plotted versus
ethylene concentration. Figure VII-2. A good Tinear fe]ationship
was obtained, yie]ding,a bimolecular rate constant of 9.0 + 0.5

x 1081 mote™] sec-],

iii) Effect of Total Pressure and Nature of the

Diluent

The value of the bimolecular rate constant was deter-
mined over a range of total pressures from 50 to 500 torr using
COZ’ and then with 200 torr argon as diluent. As i]]uétrated in
Figure VII-3, the bimolecular rate constant is virtually independ-

ent of the total pressure. s
iv) Effect of Flash Energy

The first order rate constant was determined at 9 and 6.5
"kV using a mixture of 200 torr CO,, 0.1 torr COS and0.256 torr
ethylene. The values obtained (Table VII-1) are in agreement,

indicating no dependence of the rate constant on flash energy.
2. The Reaction of'S(3P) Atoms with Propy1ene

The first order rate constants determined for this re-

action are tabulated in Table VII-2, and give an averabe first order
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FIGURE VII-3:
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Plot of the Bimolecular Rate Constant
s
versus Total Pressure.
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TABLE VII-2
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First-Order Decay Rate of S(3P) Atoms -

in the Presence of Propylene

C.H. co

- COS

S,spggies (gogr) (tgrr)' (torr) | ]0-4k’ sec”! ‘ \
p, 0.035 . 200 0.10 04
A 0%as 200 0.10 1.03 C
%, 0.035 200 0.10 1.28
%, 10.0175 100 0.05 1.30°
%, 0.035 200 0.10 1.06
) 0.035 200 0.10 1.06
| average -;T;S‘z 0.13

a normalized to 0.035 torf C3H6x



rate constant of 1.13 x 104 sec"] at a propylene concentration of
1.87 x 107 mole 171 Applying the correction of 0.11 x 10°

sec™! for the decay in Cdz— €0S, a bimolecular rate constant of 5.4
£0.6 x 10° 1 mole™! sec”! s obtained. A typical decay plot is

i]]ustrated in Figure VII-4.

’
e

3. The Reaction of S(3P) Atoms with 1-Butene

The first order rate constants determi~.. for this reaction
are tabulated in Table VII-3, and give an average . <t avder rate con-

- : ) 6
stant of 0,17 x 104 sec 1 at a T-butene concer vation of 1.29 x 10

mole 17! and the bimolecular rate constant is 8.2 + 0.6 x 10°

1 1

1 mole™ " sec”™'. A typical décay plot is iilustrated in Figure

VII-5,

“»

-

4, The Reaction of S(3P) Atoms with trans—Z;Butene

The first order rate constants detefmined for this reaction
are tébu]ated in Tab]eiy11—4 and yield an average first order rate
constant of 0.79 x 104 sec'] at a trans-2-butene concentration of
6.25 x 10~/ mole 171 The bimolecular rate constant is 1.1 +
1.5 % 1QJO 1 mole”! sec” . A‘typicé] decay plot is illustrated
in Figure VII-6. |

5. The Reaction of S(BP) Atoms with Isobutene

-

vThe first order rate constants are tabulated in Table VII-

4

v . 2 -1
5. From the average first order rate constant of 1.06 x 10 sec

150
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FIGURE VII-4: vFirst'Ordér Decay Plot of S P2) Atoms in the Presence

of Propylene. P(C0S) = 0.1 torr, P(C3H6) = 0.035 torr,

| P(C0,) = 200 torr.



First Order Decay Rate of S(3P) Atoms

TABLE VII-3

in fhe Presence of 1-Butene

S species C4Hg-1 Co, Cos 107%, sec”!
~ (torr) (torr) (torr)
3P2 0.0239 200 0.10 .04

P 0.0239 200 0.10 1.16
3p2 0.0239 200 0.10 1.23
3p1. 0.0239 200 0.10 1.30
3, 8 | | a

P, 0.0239 200 0.10 1.16
3 | b

P, 0.0120 100 0.05 1.14

" average = "+ 0.09

“

3 flashed at 6.5 kv

o

b hormalized to 0.0239 torr CoHgth
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" 1-Butene. P(COS) = 0.1 torr, P(1-C4Hg) = 0.0239 torr,
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-~ TABLE VII-4 _
. Lééigfsbrder Decay Rate of S(3P) Atoms
s [

v J'“"}
.
NV
¥

¢ :
in the Presence of trans-2-Butene

S species

£-CyHg=2 COl; - coS 107%, sec’]

{torr)  (torr) Cg§fﬁl

P, 0.0116 = 200 0.10 7, 065
. - ’ ! A ' o
p 0.0116 . = 200  %-'0.10 0.81
“, R
P, 0.0116 - 200 - 9.10 0.90
3 4 S -
P 0.0116 200 0,10 0.89
P, 0.008 = 100 0.72
&t o~ ~average = 0.79 + 0.1]
2 flashed at 6 kV
b normalized to 0.0116 torr t-C4H8—2

N1
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FIGURE VII-6: First Order Decay Plot of S(%P,) in the Presence of
; ; \
trans-2-Butene.-P(COS) = 0.1 torr, P(trans-Z—C4H8)

Ty

= 0.0116 torr, P(COZ) = 200 torr,
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TABLE VI

e w

First Order Decay Rate &f s P) Atoms
in the Presence of Isobutene
i-C,H co Cos '
. 4’8 2 -4 -1
S species (torr) (torr) (torr) 10 "k, sec
, ' ' .

%, 0.00531 200 0.0 0.94 -

%, ° 0.00531 200 0.0 1.00 »
a2 0.00531 200 -~ 0.10 - 1.27
. N ¥

3 - o a

'Bz 000531 200 0.10 1.22

3 . ‘ s a

1?2 0.00531 ZOQ 0.1p » .0.86

3, . a

P] 0.00531 200 -0.10 1.01

- . b
. 0.00266 100 0.05 1.13
‘ . . -~
: R average = 1.06 *+ 0.15
D ' . A -

T ¥ + ‘
@ flashed at 6.6 kV- § S

b . : ./\. .

normalized to 0.00531 torr’ifC4H8 N
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¥, obeye¢even at the 105‘est corﬂntratlons stud1ed The data are g“ o l

at an isobutene concentration of 2.86 x 10'7 mole 1_] the bimolecular

rate constant of 3.3 + 0.5 x 10'0 1 mole”] sec'] is obtained.

A typical :ecay plot is illustrated in Figure VII-7.

6. The Reaction of S(3P) Atoms with

¥

§

Tetramethylethylene

Since this reactionwi§,extreme1y fast, the first order

rate constant for decay of S(3P) atoms were determined over a range of

S

tetramethylethylene concentrations, Table VII—6; in order to

determine the conditions wheregdnplet1on Qf substrate might take

‘.,place As illustrated ip Figare VII-8, first order klne*1cs are

Pl

S

summar1zed in Table VII-6 and from the s]ope of the plot of the
first order rate constant versus tetramethy]ethy]ene concen-

tration, Figure VII-9, the b1mo1ecu]ar rate constant is 6.0 + 0.3
-1 -1 o ‘

e X 10 1 mole ' sec

7. The keactibn of S(°P) Atoms with Vinyl Fluoride

*

A first order.rate constant of 2.5 x -10% sec”’ was

determined for‘thjs reaction at a $inyl fluoride concentration
of 4.80 x 107° mole 1iter-], YJ#€1ding a bimolecular rate constant
' [ 4
1 -1

of 5.0 + 0.5 x 108 1 mole” -sec’ . The decay plot-is illustrated

Ty, &
“

i Figure VI1-10.

Table VII-7 lists the_roomitemperatuté rate data for
the olefins studied. L \

>
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TABLE VII-6

Effect of Tetrame‘thyléf‘hyi.gp:g Pressure’

el

. a \
L) on the Rate Constant for Decay of S(3P)‘A‘toms e
5 " : T ¢
v’ el e Moo of T 10 kyyp B 5
{mole/Titer) ‘(t‘gr'r) ‘ Runs (sec?,]), ‘
A L © 0.1
BT + ‘ 4
0.00314 -z 1.21
0.00475. - 4 145
3.43 . - 0.0064T 4 2.2
5.00 | 0.00935 - 2 3.12

‘“’a‘P(coz) = 200 torr, P(COS) = 0.10 to¥r.

s
r
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(FIGURE VI1-8:  First Order Decay Plot of S(°p,) in the Presence of
Tetramethylethylene. P(C0S) = 0.1 torr, P(CH,),C =
“C(CH3)2 = _0.00.314 torr, P(CO?_? =200 torr.
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First Order Decay Plot of 5(3P2)gih the Presence
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TABLE VII-7

Absolute Rate Constants for the Reaction of S(3P)

" Atoms with Olefins at 298°K

-3 Substrate 5{ 1.
' 1 mele sec 4

0.5.x 10°

Ethylene 9.0 +
Propylene 5.4 # 0.6n(’;]g’9
1-Butene ] . 8.2: 0.6 x#@% | '_
trans—Z-Bufene L 1.1 ¢ 0.2ﬂx'{GQQ§Z%?¢ &g: -
& Isobutene : 3.3 i 0.5 x 1010
e Tetramet&y]éthy]ene 6.0 + 0.3 x 1010
o Vinyl Fluoride . 5.0 % 0.5 x 108 @Q@r

C iy
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B. Results - Part II
The reactions of S(3P) atoms with ethylene, propylene,
1-butene and tetramethyTethy]ene were studied as a tunction of
temperature.
T; Temperature Dependence of the S(3P) pTus‘
Ethylene System o
This reaction was investigated in the temperature
range 25 - 140°C.> The data are tabulated in T;hle VII-8 and
from the Arrhenius plot, Figure VII- TT, ‘an ae@mvat1on energy of
1.5 + 0.1 kcal mole™' and an A factor of 1.15 . 1 x 1o‘§\\
mole” ! sec-j were Jetermined. . ‘ o (\\\ ,
e \\\.
2. Temperature Dependence of the S(3P) plus 'T
Propy]ene System N ’ ~ e te
The reaction was investigated 1n the temperature range
25 - 151°C. The data are tabuTated in-Table VII-9. From Figure
VII-N, E, = 0.5+ 0.2 keal.mole”™! and A = 1.3 2 0.3 x Jo'°
T"merf] sec;]. B . 2
v
3. Temperature Dependence of the S(3P) plus
‘ 1-Butene System ' i
‘ g™
The neag;1on was 1nvestlgated in the temperature range 7

25 - 208°C. The data are tabulated in TabTe>VIL¢]0 Frem

-~
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TABLE VII-8

91
Temperafure Dependence of the Bimo]ecu]af Rate Constant for. the
Reaction of'S(3P) Atoms with Ethylene
ey _ -9 S | ;'
. , Temperature,J k.y 107 x k, 1 mole”' sec . log k
2 R . Ay 5o o
) — —— .
298 ﬁ«n ) - £0.90 v 8.954
325 | . 1.16 . L 9.064
351 1.5 | 9.16]
368 S 1.52 L 9.182
L') o ' . ‘ " . 1
N 403 1.79 - B 9,251 =

409 I A .y 9. 248
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- TABLE VII-9 1

- Temperature Dependence of fhe Bimolecular Rafe Constant for the

Reaction of S(3P) Atoms with Propylene

9

Temperature, °k 107%, 1 mote™! sec”! . log k
298 . 540 S 9
49 . - 6.8 T 9.791
/368 T - 7.33 : . 9.865
401 - ©7.58 ' : - 9.880 -,

423 . " 7.50 | " 9.875
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/\
; © TABLE VII-10
Temperature Debendente of thé_ Bimolecular Rate Constant for the
Reaction of S(°P) Atoms with 1-Butene . .
Teniperature.»‘k | ]0°9k. 1 mole'] sec‘] | "]og k
298 T 8.20 | 9.914 .
324 o e . 9.893 <
383 S sas 9.963
© 397 | 9.4 . 9.975
a3 B39 C 9.0 )

481 . 8a4 ©9.942




Flgure VII-1, €, = 0.2 + 0.2 keal mole™ dnd A'= 1.2 2 0.2x1010 -

1 mole'],sec’].

e

4. Temperature Dependence of the S( P) plus

Tetramethy]ethy]ene System
‘ The reaction was 1nvestigated in the temperature range
25 - 166°C. The data are tabulated in Tab]e VII 1.

Figure VII-11, €, = -1.3 ¢ 0, 2 keal moTe™ and A = 7.0 2 1.3 x
10° 1 mote! se " |

L]

From




TABLE VII-11 - =
v

_ ' o N ' :
Temperature Dependence of the Bimolecular Rate‘sonstant for the

. . ‘ . - L
Reaction of S(3P) Atoms with,Ietramethylethyiene‘

-
. Température, °k IO'TQk. 1 molef] sec™! o .loglk
28 o s 0777,
1 N ©osaz . e
327 600 .+ o7,
3dg . s 00651
TR | w7 - 10.610
38 N BRY 10.617
B T W - 10.550
L T Y 10,461
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, Cs‘biscussion i\b‘ o o .“Z C T -

~the bimolecular rate constant id'independent of flash energy

Furthermore. Donovan et al‘o obtained reproducible rate constants

" et a

- On the basis of this analysis. it is’ concluded that the observe

thes eﬂefin since the' rate o adﬂition to the double bond increases : |
'gccordingly and the relat{ve importance of the addition-and abstractﬁo'

.“l

Befofe the presengresults can be discussed ina - Cee T ; )

mechanistic context the data must be evaluated th terms of experi-
mental variables such as possible photolysis of the substrate.

the extent of - secondary reactions between sulfur atoms and episul- A
fides and the possibllity that sulfur may also decay via’ S + S2

| —. 53. S + 53--* 54. etc: The results on the S‘+ C2H4 reaction o | .

should be representative of all the systems studied Ethylene

| absorbs only very weakly above 190 nm, the quartz cut-off (cf

Table 11-2) and the extent of photolysis must be negligible since

when a: water filter jacket (> 2l0 nm) was introduced and Klenm o

1140 showed that the rate constant was {ndependent of flash

energy even when suprazil windows it l60 nm) were employed,

' To determyhe the effect of the secondary reaction .
S + CZH4S — S2 + CZH4 in the.present study. an analogue
computer simulation was set up. It is- described»in Appendix .

rate constant: for addition may be high by po;sibly - 5% The extent = -

of the abstraction reaction diminishes with increasing compl

) “lw v
-
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iftuo teohniques are in good agreement but the A factors differ by f%gk
1»ma fairly constant factor of « 2.5-3, At the present tima there

v the case'of tetramethyﬂethyiene where the rate constant for addition

- concentrations employed in thesg‘studies..the observed bimoiecuiar

".rate constants are probabiy the true. ones.

'atoms with oIefins obtained in this work are summarized in

'i Table VII-IZ aiong with the S + cz 4 value reported by Donovan | , :"‘

_'et e
by Klemm and Davis14] who recently used the resonance fluonescence

~ t~~method to monitor the S-atom.decay Fptes Some reiative ciatuz8 o ;ttv f&/_}

':;,'~are‘aiso inciuded for comparison. .', I ..*,v~ L '»x%%§;a4 .

,.*is no obvious:expianation for this discrepancy. 'It should how- ,

' . . S : L ’ . .
: S . . . : : R <
| " oo S e : . - 172
o b . S . . . ‘ R
ST SRR BN . o e .
a o < oo . . .o ) . P . .
a et : _ \ . . . .
A Y ! . . - ' . . ]
L N
- . .
»

re;ctions then becomes concentﬁation dependéht This obtains in~

.oi“ S(3F} atoms to tetramethyiethy'lene is comparab'le with the rate

constant for abstraction from the episulfide (cf, Chapter vI1).

The importance of the S + S2 — Sq reaction can be

o ih'."“'discounted because it'has been shown (Chapter III) that in the -

_'absence of'oIefin. the rate df decay of suifur via this route is

| fJerelativny slow, of the order of s.IQ3 sec -1 and the analog com-
© . puter simuiation of the S + CoHy system (vode tnfbu) indicates o ‘:3

that the buiid-up of 52 species is very slow. At the low S-atom ,

Jhabiny . ! w RRek

, L]

Absoiute rate parametersefor the reactions of sulfur

I'O-using the saMe technique as empioyed here. and others - -

.: It is seen that the activation energies obtained by the




173

.....vw::-.ﬂconv\ . . p ) " .. L . - ] .a i}
LOLX5E" | m.o- | | o 0LXG"07¢ °¢ Byt
Q—. ' . . ’ ) . . o \o—. . . . . .. 0. ' )
PX L6 0 . /S o QORI L Bip ey |
- . . - cp— y o . . ,l p ..,I. . w -—F e '
OX v 1g- 826l | ....mo:; 0% 8°2 | a_ 032°0- nESx.N 072 e. | W-2-820 |
. : \ : )
, VE'BL- . OLX £°0% Gy L'osv’0 - o1xzosy’ 2
. b ¢ ,.ﬁ . o . q - e g ‘ 9 ° o Co 9 -
0! mo €0 691~ oSE. 2°0% 2°1 | 2707270 | %o_é 0sz* g .
: 8L'8L-  OIX$°0F9'¢ . |'gwpg | p %3 0%6°L
0(01%¥ .», o.o L g2'9l- | m:Ex €07 €L . %. 035°0 | .m.moca 0% m
i €v°81- 01X VoF ey 1°0%9°| mc_x_ 00" m ‘
e T a . o q .- - q
. - | L SR aaca c«o n.
. 0, . - ,.- - ,. ol . ,‘ . .. ~o S x ’
.;.223 Loz “ g 9l ‘-E.a._x: 035171 S c«m L. wﬁ .m 0%0° 6
e oy 03 . - 30w a[op [edy . a5
L ;M | o..__w -1-75 8L t - _u_... o _..o_.s_. ._.w_._.,. :
T. a,< R} ﬂw A *. Co o a:.‘ o~ .. ¢ w N “ . ”...., R .v.
- . . . . . . . ‘ . 1.. \
2:«8 5-.. n_.3< Emvm 30 mszuau e ..8 38 ey .323.2
| e - ::._mﬁ - . e
; g . »
. - T y}



174

N

€1 = ((Eha)on?(®

—

p-_ alow | si +m< 40 uoyeindies ayy c_ pasn aje3s vguv:muu o:b..,a,.

. uum -tow _ gOL X'L = v pue  3jou feoy

-«

H3) + S] m Yyitm aseq muzpomam uo amm 82 ou:ogmmmu wox 4 nuav djjelaa ‘p-

o—.vu:munwws )

Ll 3duduaau °q

) _ - Hiom m*su‘ ‘e
re A | oS £l
82761~ . 010" 1+8°2 2°0%¢" |- 01X2°075°2 . - .
| , e® q9.x t | N ¢ 2,8
0lX0°L € 1-  9b°LL- oLxe* 0L zoveti- oxe® 0%0°9 ( =uvu-u (%H)
6 o6 A 0L
‘wmep  meg gy |-2S . 2lou L ajou reay: Tsmwzﬁ_. - T
13y ey, ‘ ey - Yoy o aje.3sqng
e < n E . < ¢ B m J.::../r : x X - -
v < w e : : \, ) . .. , ) . .
- A p - . . _ - . ) -
(P43u03) 21-11A 378V1 :
v\ ' .



~

~ agreement with the value of 7 X 108 1 mole™! s

R - | T 75

the different A factors are certainly not due to experimentdl

' artifacts The room temperature value of 9 x 108 1 mole” ol ec']

obtained@by us for ‘the reaction with ethyiene is 1n reasonabie
ec”) obtained by

Donovan et ailo. and confirms .the reproducibility of the measure-
ment in a similar apparatus. | ‘ o

~ The A factors for addition to terminai olefins appear _
to be invariant and the siight decrease in the A factor for the
sulfur plus tetramethyiethyiene reaction may possibiy arise from \

steric limitations. . '

The collision frequency for the S(3P) + C2H4 reaction is

iaanimoie‘ ¢!

01 mote 1 ], the steric factor, p, is . 0.09. The

taking dABras 3.2 cm. Since A = 1.15 X

collision efficiency of the reaction at room temperature is ~1 1in
" 144 and the entropy of activation AS is L16. 47. The coiiision

°efficiency for the S+(CH )2C (CH ) Teaction is estimated to be
~lina. :

It is interesting that activation energies derived from -

competitive experiments. relative to E = -1.3 kcal for the S +

tetramethyiethyiene reaction, are in reasonabiy good agreement

| with the absoiute vaiues.

The decreasing trend in E with increasing aikyi sub- |
stitution on the double bond clearly iilustrates the eiectrophiiic
character of friplet ground state sulfur atoms and this is further \

substantiated by the iinear reiationship between E and fonization
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potential of the olefin. Figure VIl- 12./whioh is a measun&rof'the
ease of removal of one of the n-electrons.. This treﬂﬂ has also

-

ground triplet states. Table Viifla$uymmarig§?i$ye rat ,nhra-
"« meters for the addition reactions ofsg% S, Seiaii.%@‘atoms to a

-ca""

variety of olefins : LN _;,g
The negative temperature dependence for the rate of

"

reaction of S(3P) atoms with tetramethy]ethyiene. predicted on .

76. is a ‘novel and significant fedture of the

“intuitive grounds
ﬁ addition reaction.. 0ther workers have subsequently shown that
E for the: addition of 0 atoms to tetramethyiethy]ene is also
negative54 57. For ma y years it has been assumed that E ~ 0
for reactions proceed g near the collision efficiency but this ; L ;
is only vaiid if, the negative temperature dependence was entirely (' '
due to a negative temperature term in the A factor However.
\ffwrtfansition state theory predicts ‘that the temperature expanent is
' unlikely to be ‘higher than 0, 5. Collision theory gives a function
of T "3/2.4¢ one impoSes the severe restriction that the o
reaction: occ\ ;at only one relative kine ic energy and at no
other. Neither of\:hese appears to be sgfficient to account for
the experimenta] functi&n of ~ T" 2 The negative temperature depend-
ence of this reaction can best be rationalized by considering the
nature of the curve crossing for any given ‘olefin \m its reaction

with S(3P)*atoms It is proposed that the atom. and olefin initial&y -~

approach on: a potentia] energy surface with a shaiiow minimum. |
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The repulsive part of this surface jntersects‘an attractive
potent1a1 surface and the rate ot 4he reaction would be deter-
"mined by: | |
a) the potential energy d1fference between the
iotersection of the two surfaces and the separated reactants
b) the number of 1nterna1 degrees of freedom in the
reaction comp]ex
‘c)' the probability of curve crbssing between the two
surfaces. | S o N
The positive dependence of the S(3P) plus ethylene reaction can
be explained by a curve crossing occurring at an energy above'
that of the ‘separated reactants and the negative temperature
dependence of the S( P) plus tetramethylethylene reaction by a
crossing at an energy below that .of the separated reactants. This
is qua]itative;y illustrated 1in FigurelVII-13L .
| Since the Group VI A atoms show a strong parallelism in
their behaviour, Tab]eOVII—13.,dt would seem reasonablé that this
méchani}m would be equaliy applicable to the cases of 0, Se, and .
‘Te atoms. . | | -
143

It has been shown that the sole product of the S( P)

o+ o]efin reaction is the corresponding eplsulfide. which is readilyA ‘

stabilized at moderate pressures and fOrmed in a high]y stereo- o
selective manner. Semi-empir1ca1 EHMO and ab initio'type m:o.
calculations on the reaction surfaces for the S + CZH4 system and

on the ground and excited states of thﬁrane30 -33 have provided a

- 180 .
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rationale for the reaction path. Figure VII-14 illustrates the

! state symmetry correlations for the lowest excited singlet and
triplet states of thiirane Thi initial approach is on the 382
surface which at smaller internuclear distande. intersects with
the 3A2 surface, The computed barrier to potential Surface cross-
ing, 7.5 kcal, is much higher than the experimentally observed
value of 1.5 kcal but this type of calculation always overestimates
the height of potential barriers./ The 3A2 surface corresponds to

,the lowest mode of vertical excitation and, when the geometry is
optimized by varying the CCS bond angle, Figure VII- l5 it. is seen
that at the equilibrium geometry which corresponds to a CES bond

angle of about 100°, the 3A1 (or z) state becomes the lowest

triplet state The computed barrier to rOtatig\ is 23 k\ai-euui _ —
indicates a relatively strong binding interaction between
) sulfur and the terminal ‘methylene carbon, Since‘the exotherm'city‘ :
“.of the reaction is only 20 kcal “this explains"the high sterezge /
| selectivity of the addition The complete reaction path thus
" follows the sequence CZH4( A)) + S( P)—-alc HyS( 82)-—+‘c2H4$
) —> cpHysCs). B |
: Similar ab znztid ca:i§lations on the o( P) + C2 .
o reaction path and on the»ground and excited states of ethylene
'.,epoxide66 indicate that the barrier to rotation in the lowest
.h :excited triplet state i;\prohibitively high.  In order to account
‘f:for the non-stereospecificity of the process the initially

5formed triplet adduct must undergo rapid intersystem crossing to :
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a vfbrationaliy excited surtace 1n‘the ground state (possihly a .
zwitterfon.surface)ginlwhtch‘rapid'rotation takes place. .it was
also shown that the obserVed'temperature dependence of the
“stereoselectivity can only be rationalized {F {somerizatfon takes
place on a ground state surface. - l ‘
Schmndt and‘Lee]'44

reaction at low pressures and reported extensive {somerization in

examined the S(BP)‘+ cta-2-butene

the olétin;_ They suggested a chain mechanism to account for this.

1nvolv1ng 1ab11e and non-lapile additions to the olefin with

e

.‘sulf atoms as the chain carriers
M Vi _

S( p) +'E__.S/[._;si._;s(3p) :’L ) /)K .

Relative "labile" and non-labile" addition rate constants were

derived This mechanism can however be rejected on mechanistic"'

i

and k1net1c grounds

1. The add1t1on to oie=2- butene yie]ds > 80% cta-z-‘

143

‘ butene episu1f1de _.which 1s 1rreconc11ab1e with the proposed T

: .1reversfb111ty of the process. AR ‘ _yh ¢

28 were found to he inde- -

v 2 Relative rate constants
“'pendent of concentration and .of the nature of the olefin pair.

St e-.vp_:a.~wy-;;;<e¢.;-*..;~ e

3 The reiative rate of "non—labi]e" addition to 1 3=

"E;butadiene wou}d correspond to an absolute rate constant higher

Ca e B
, ¢



soecies responsible for isomerization must be the no -vertical.

- ring’ distorted 32 state of . the episulfide. and not sulfur atoms.
Triplet state episulfide can le generated by thermal () \photo-
chemical excitation or by energy transfer from a variety of

_ ’triplet sensitizers and, under conditions where sulfur toms are

- demonstrably absent, several hundred molecules of oze-z-butene |
are {somerized, depending on the energy content of the triplet d
,episulfide. ‘The isomerization apparently takes place via a l"} =
facile. reversible addition of ‘the triplet episulfide to the bond

| uhere the geometry of. ‘the episulfide must be retained in the cyclic

2 . . N

E- Y I BTl

| Thus. trv'let state episulfides have strong biradical properties _'

eharkably resistant to collisional deactivation The

: ing to note that in similar studies] 2 |

system. no isomerization was detected

: Prediction that the intermediate ‘3‘
f”dibt}trﬁplet states but vibrationally
"physical and chemical

"mong three-membered



—H'“n:WTResults -'Part-I I S

Vpresence of acetylene was 1 15 ¢ 0 24 X 104sec

"7'{ Lo cHAPTER Vi - ~2z

THE asAcrxous OF s(3p) ATOMS NITH ALKYNES

J

~ Room temperature rate constants were determined for the
reaction of S(3P) atoms with acetylene, acety]ene-dz. propyne,

i-butyne. Z-butyne. z-pentyne and 2-perfluorobutyne.

1. The Bimolecular Rate Constant»for the‘Reaction
of:s(éP)_Atoms with Acetylene -

The average observed first order rate constant in the .

-1 “Applying the

_correction for the rate constant in the absence of reactant

: '_yieids a first order rate constant due to reaction with acetylene of

”:i] 04 x ‘04 sec -1 &nd at 0. 865 torr CZHZ the bimolecuiar rate con-

h stant 1s 2.3 0 5 X 108 l\mole -1 sec ],' The data are summarized
L Tab]e v111 1 and iilustrated in Figure'VIII 1. |

PR

2 Tne Bimolecuiar Rate Constant for the’ Reaction
of 5(39) Atons udth Acetylene-dz

. \f\‘ %
N
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TABLE VIII-1

First Order Decay Rate of 5(352) Atoms

in the Presence of Acetyiene .

CH, €,  cos - 0%,

22 2. . 0 - %

A{torr) (torr) ~(torr) - sec

0.865 200 0. .43
0865 200 0. 0.97

0.85 200 01 1,06

. N .' ‘_ . | . | . . . | — . L‘\"‘

. average 1.15 + 0.24




189

R TlME (u.sec)

ﬁ”FIGbRE VIII 1.,‘First Order Decay Plot of S( Py) Atoms in the

-~

£

Presence of Acetylene P(COS) 0.1 torr. ’
P(czuz) 4\0,855 torr, P(CO ) = 200 torr

A



Tne data are summarized in’ Table VIII-2 and 111ustrated 1n Figure
CVII-2. . I |
3. The Bimolecular Rate Constant for the Reaction

of s(3P) Atoms "with Propyne | ‘

vThe average observed first order rate constant was

2 90 ¢ 0 12 x 104 sec ]. Tne'corrected first order‘rate constant for

reaction with propyne is 2 79 x 104 sec ]r‘sThe b{molecular rate ’
constant 1s 4.8 + 0.2 x 10° 1 mole™ sec™! 4t 0. 10 torr Cyh,. .

| The data are summarized in Table VIII- 3 and 1llustrated 1n :
f'Figure VIII-3. '

"4, "The Bimolecular Rate Constant for. the Reaction .

of S(3P) Atoms:with I-Butyne : i

'»The average observed first Order’rate constantvwas '
1.74 tO 06 x 104 sec ? in 0.0922 torr 1-C4H5 and the first order rate
,constant due to reaction with l-butyne 1s 1, 63 X ’IO4 sec ]. The ~ -
bimolecu]ar rate constant is 3.3 3 0.2 x 109 1 mole -1 tf];._A
' ) measurement was also carriedlout at 100 torr coz and 0 0461 torr
L C4H6 and yielded a value of 3 8 vaOQ 1 mole -1 sec ], in agree- . {
ment with ‘the high pressure value‘ The data are summarized in -

'*f;Table v111-4 and illustrated in Figure v111-4

The Bimolecular Rate Constant for the Reaction of
B S(3P) Atoms with 2-Butyne = ’

Tneraverage ooservgq-first Orderfrate EOnstant in'the%i’, )

* 190

o



Gy o, Jtos
(torr) 7 (torr) (torr)

0 TABLE vin-z

¥,

19N

-

First Order Decay Rate of $(3p) Atoms o '7""VJ

/

"fh.fhe Préséﬁéé of Aéety]ene-dé_ ‘ 

cos

. Sec

0k,

-1

v
0% a0
0.0 200

A

o
o1
01
0.0

. 1114.32‘ .. ‘ .o |
I SR

average

1.06

o l2er0ay
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TABLE VIII-3

 Fiist Order Decay Rate of S(*P,) Atons

in the Presence of Propyne |

CHittH €0, oS _:ﬁd"‘k.'
© (torr) :f( rr) . (torr) . ,ec']-

Ao

SR AL R A Y
Ts0M0 200 0 301
R R T R R

e ‘average R 2.90Ti‘0

.12

B

)

»
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o

‘ I ' o O
0 80 120 60 240
| | ~ TIME {psec)

FIGURE VIII-3: First Order Decay Plot of S(°P,) Atoms in the
| - Presence of Propyne. P(COS) = 0.1 torr,.
P(C3ky) = 0.110 torr, P(CO,) = 200 torr.

o



W
TABLE VIII-4
First Order Decay Rate of S(3P2) Atoms
in the Presence of 1FButyne
CHiCH,CCH | €O, . COS 1074,
(torr) (torr) (torr) sec”!
0.0922 200 0.1 1.69
£ 0.0922 200 0.1 1.80
0.0922 200 0.1 1.72
average 1.74 + 0.06
0.0461 100 0.05 1.06




e Ty

log [5(3%,)]

ot 1 - » .
50 90 130 170
TIME (u sec) |

FIGURE VIE;-4: ‘Fifst Order Decay Plot of‘S(3P2)~Atoms in the

'PreSence of I;Butyne.vP(COS) = 0.1 torr,
P(1-CHg) = 0.0922 torr, P(CO,) = 200 torr.
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presence of 0.00912 torr 2‘C4H was 0.91 +0.06 x 10% sec™!. .and the
first order rate constant due to reaction with 2-butyne 1s 0 80 x 104

sec']. The bimolecular rate constant is 1.6 % 0.2 X 10]0 1 mole~]

. sec']. The data are‘summarized 1n‘Tab1e VIII-5 and illustrated 1n'

o v *

- Figure VIII-5,

6. The Bimolecular Rate Constant for the React1on

of S( P) Atoms with 2- Pentyne

From the average observed first order rate constant,

0.68 + 0.12 x 10% sec”’

-in- the presence of 0.00912 torre2- C5 g

the oorrected.rate‘constant,due to‘reaction with 2-pentyne.is,

‘0.57 x 10* sec™! and the bimoleeUIar‘rate constant is 1.8 * 0.3 x
0'0 T'moTe'.1 sec -1, The data are summarfzed in Table VIII- 6 and

i]lustrated in Figure VIII-6. - e

7. The Bimolecu]ar Rate Constant for the Reactlon

of S( P) Atoms with 2 Perfluorobutyne
‘ Using 0. 892 torr 2-C4F6 the average. observed first order
rate constant was j 12 £ 0.21 x 104 sec -1 and'the first order rate con- .
‘stant due to reattjon with perf]uorobutyne-ls 1.01 x_lO4 sec ]. ‘Jhe.
bimo1ecu1ar rate constant is 2.1 :;0.4.x»108 1 mole”! sec™. The’
data are summarized ‘in Table VII}hZ andsi11ustrated in Figure
iz, |
| The room temperature rate constants are tabu]ated in

. Table VIII-8.
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TABLE VIII-5

/ ~ _ First Order Decay Rate of S(3P2) Atoms

/\ in the Presencg of Lg-gutyne‘

| CHyCCCH, co, - cos 0%,

(torr) - (torr) (torr) sec™V
10.00912 20 0.1 0.95
~0.00912 200 0.1 - 0.87

-
——————

 average - 0.91 t 0.06
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”",i. . . ‘ : b . :
00 200 300
© TIME (usec) o

FIGURE VIII-5: First Order Decay Plot of 'S(3p,) Atom in-
Lo the-Préﬁence'of‘2-Butyné¢vP(C0$) = 0.1 torr,
 P(2<C,Hg) = 0.00912 torr, P(CO,) = 200 torr.



TABLE v111;5'1

First Order Decay Rate pf S( P ) Atoms

in the. Presence of 2- Pentyne

~ (torr)

Cos

(to?r)li

0.00602 -
. 0.00602
0.00602 -

: (torf) -
w0
200

‘200

0.1
0.1

0T

‘average -

0. 664

’-—-—-.. :

: 0.679n£‘o.114 |
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”p¢[FIGURE v111 2 F1rst Order Decay P]ot of (3, ) Atoms in the .

Presence of Z-Pentyne. P(COS) =\'l torr, |
P(Z-CSHB) = 0 00602 torr. P(COZ) = 200 torr
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- TABLE VIII-7

First Order Decay Rate of S(3P2) Atoms

in the Présente'of Z-PerfiuorObUtyne

CFyCCCFy €O, - cos 0%,
- (torr) - (torr) (torr) . sec”!
0.892 200 .01 0.91
0.82 200 0.0 - 1.3
0733 200 001 1.3 °
) averaée ‘ 112 0.2

.

a_adjusted to common concentration of 0.892 torr

' for ayerage , ‘ .
o y ® | .
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TABLE VIII-8

Room Temperature Rafe Constants for the Reactions

s

 of s( P) Atoms with A]kynes

Substrate ”k:]_'.'_] .
_ _l mole sec
Acetylene 2.3% 0.5 x 108
Acetylene-d, 2.3 £ 0.3 x 108
~ Propyne . ) 4.8 2 0.2 x 109 T
1-Butyne 3.3 £ 0.2 x 10°
2-Butyne 1.6 £.0.2 x 1010
2-Pentyne h18103xwm
212 0.4'x 108

:;ptﬁuorobutyne-

-
N .
© v Kl
. .
EYS
P O I R e e e e -
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B, Results:-.Part:II |

. Temperature studies were undertaken to determine the
Arrhenius parameters for the reactions of S(3P) ‘atoms’ with

acetylene and propyne

~

.‘l; The Temperature Dependence of the S(3P) Atom -

plus Acetyiene Reaction

The reaction of S(3P) .atoms w1th acetylene was studied
in the temperature range 25° - 211°c The Arrhenius parameters o | i
were determined to be

1.9 x 1019 mole™! sec”.

=3.0¢ 0. 4 kcai mole”! and A & 3.4 1

{he data are summarized in Tabie , , ‘f R
v111 9 and iliustrated in Figur VIII-8. |

2. The Temperature Dependence of -

SNSRI S T 7 SRR A

Propyne

For the reaction of S( P) atom withlpropyne in the
f temperature range 25 - T77°C. the Arrhenius parameters are E o N \“
0.9 £ 0.2 keal mole”’ and A=2.021.4x%x100 mole™! sec ‘. | |
- The data are summariZed in Tabie VIII-10 and iiiustrated 1n .
‘iFigure VIII-8 The decay rates of S(3P ) atoms weré‘also |

L

' monitored in order to check the accuracy of the resu]ts and
- were “found to be consistent with the S( P ) atom data as shown.

4\\f in Figure VIII-8 and Table vur, 1 R




. TABLE VIII-9

~ Temperature Dependence of the Reaction of

_ ‘  'S(3P) Atoms with Acetylene 

v

_ Tempefaturé ~

'(ok) ., o

1 mole™ ' sec

“log k

v

208
389 .
450

"

1.9 x 107

2;3 X 108
6.0 x 108

'.I.O.x 109

9

8.36

8.78
.00
928
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TABLE VIII-10

Temperature Dependence of the Reaction of,S(3P)

Atoms with Propyne ”

’ 5(3P2)

Species YEmpergiure K, log k
' | 1 mole™! sec”

s(%,) 298 4.8 x 10° '9.68
5(%,) 358 4.8 x 10° 9.68
s(3,) 358 5.9 x 10° 9.77
- 50p,) 368 7.3x10° 9.86
s(%p,) 398 6.3 x 10° 9.80
5(%,) $4 7.1 x10° 9.85
si3pz)‘ 328 6.3 x 10° 9.80
S0y 49 7.3 x 10° 9.87
489 8.5 x 10° 9.93

208
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.C. Discussion

In evaluating the experimental rate constants for the
S+ olefin systems, Chapter VII,lit was shown that possible
lcomp]ications arising from photolysis of the substrate or secondary
reactions between S-atoms and ptoducts were absent. It is assumed

that the same conditions hold for the.S + a]kyne system, since:

-

g 147 '
;1. An OH- C2H2 system was studied by f]ash photolys1s-

resonance fluorescence with flash energies up to 500 joules and
uti]iz1ng L]F windows, it was concluded that the extent of photo-

lysis of’ C2H2 was less than 1%. Thns, in the present system, using

quartz opt1cs. decomposition of CZHZ is negligible.

v , N .

- 2. The’only retnjevable product in the S + acetylene
system is thiophene, which is formed in low yield, the bulk of the
product ending up as a solid po]ymer]1; Therefore, S atoms cannot

decay via reaction with product.

ay

The measured bimole;uler rate constants can therefore be

attributed so]ely to the rate of aeditiqn‘of sulfur atoms to

'.alkynes. -' ’ | |
Ansolute rate constants, preexponential factors and

’ act1vation energ1es for S + alkyne react1ons are summar1zed in

Table VIII-N a]ong w1th relat1ve rate data obtalned by compet1t1ve

techniques in convent10na1 experiment53 Data for ana]ogous

oxygen atom reactions are also inc]uded for comparison.

209
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For the S+ C2H2 reaction our rate constant of 2.3 +

0.5 x 108 1 mole” ] ] is 1in excellent agreement with Little and
Donovan's published value39 of 3.0 + 0.3 x 108 1 mote™! sec”!
obtained by a simi]ar'technique' The authors showed that the
rate of decay of sulfur atoms is first order in acety]ene

The activation energy for the reaction with propyne i$
considerab]y Iess than that with acetylene, in keeping with the
electrophilic character of sulfur atoms From a plot of Ionization
potentialtversus E Figure VIII-9, it appears that E ~ 0 for the
S+ 2- butyne reaction Re]ative activation energies28 also follow
the ‘same trend. with the exception of that for propyne (Table VIII ).
It is interesting that E for the S + CZHZ reaction 3.0 kcal ‘mole 1,
is twice as high as that for the S + C2H4 reaction which is only 1 5
4 ‘kcal mole ]. This may be due to .a higher potential barrier in-curve
crossing from the separated reactants to products v

This high activation energy is partia]]y compensated for,
in the overal] rate, by a greatly increased A- factor Radical |
'additions to alkynes generally feature high A- factors and Szwarc]49
~ has qualitatively attributed this. to @ gain in entropy in going from

a linear moIecuIe to a non-linear activated complex. The entropy of

"activation for the S + CZHZ reaction is -14.F e (standard state =
®

1 moIe/Iiter) The trans]ational and v1brationa1 contributions to acti-

’~"vation entropy for the S + C2H2 and S+ C2H4 reactions are v1rtua]]y the

same, but the rotationa] contribution in the CZHZ system is ‘3. 3 times :

?‘211

Ehigher than 1n the CZH4 case Since A H /A ~3 it can be concIuded '
. ) 2

2 4
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that the increase in the A factor in the C2H2 system is largely
a consequence of an increase in the number of rotational modes in
“ the activated complex. o

A kinetic isotope effect of unity was observed in the S +
CZDZ system, and in the analogous 0+ CZDZ system49 The eff-
‘ect of. isotopic substitution can frequently provide valuable
kinetic-mechanistic information on the types of reaction undergone
by a molecule. Fortunately. the replacement of.an atom in .2 mole-
cule by its isotope does not cause a change in the potential energy
surfaces of a given reactign If the bond of the substituted atom
is not directly involved in the reaction, the isotope effect is.

Kl

termed as secondary. s

The rate constant of a reaction, as derived from
Absolute Rate Theory. can be described by the expreSSion S e
, : _+ E/R R o
where x )s the transmission coefficient, Q* is the partition

‘ 5function of the activated complex, Q is the partition function of

.
’

L
L.
i ¥ "

“ the reactant and E is the activation energy of the reaction The %

other terms have their usual significance

S

Separating the partition function Q into its translation-
al, rotational and vibrational components the expre551on as'

]50 for the rate constant ratio of the

developed by Bigeleisen
',isotopically substituted molecule relative to the unsubstituted

molecule can be written as:
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where 1 is the prfncipa1 moment of inertia M'is the: molecular :
ynnss, ui = hcw1/kT where “1 1s a normal v1£rat1ona1 frequency and a f'
4 refers to the activateircomplex | _ ‘_'
| ,_This equationjcan be.expressed:in an.abbreviated‘form as
e e 0« @y
j,Z C o -

.. ¥

: where MMI represents the translationa] and rotational energy con-
N tributions. EXC the vibrational energy and ZPE the zero point energy

contributions




' the out-of—plane €H bending modes However, a recent]y pubiished

L Approximations for the activated complex structure by

. comparison with stable. mo]ecuies may be appiied and modified as f

’ dictated by comparison with experimenta] resu]ts Agreement does

not mean that the postulated model is correct but simply that. it

is a possibie mode] tonverseiy, lack of agreement would suggest

that the model used is unreasonabie

Q Due to the many sma]] factors affecting the overall

”'isotope effect the evaiuation shou]d be as comp]ete as possible

Oversimp]ification can lead to serious misinterpretation of the

”: factors contro]ling a given isotopic effect Thus,,the simplified

| form of the equation proposed by Streitweiser]SI,.in which the

| trans]ationai rotational. and vibrationa11gxcitation contributions
; are neglected and the isotope effect supposedly originates only . |
.ifrom the zaro point: energy differences properiy predicts an invense,
.‘secondarya7sotope effect “for: addition to a doubie bond but suﬂgests
;“that the isotope effect arises from the change of the- frequenCies of

152 f

- ca]cuiation of the kinetic isotope effect in the S + CZD4 system
demonstrates that the most important single factor contributing to

"the si!ondany isotope effect is the net gain in the number of iso-

;'Q,tope-sensitive vibrational normal modes during passage from the

z7;reactants to the activated complex

The first step in the method is to assume a reasonab]e -

. geometricai modei for the transition states then to assign normal -

: (,) |

215
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- < o )
vibrational frequencies to all tﬂe modes.. The transition state for
_ the S + CZHZ reaction is assumed to be a planar biradical with the
two hydrogens in trans position

H 4 . .. ' ‘. ‘ )

\ A o o | |
g L [ N o //,
This assumption is supported by the stereospecific ‘trans ‘

]53 and by the fact that

addition of HBr to CZHZ in the gas phase
~ the Towest electronically excited state of acetylene is: trana]54.

ﬂ | Acetylene has 3 x4 - 5 = 7, whereas the activated
.‘complex has 3 x 5 -6 =9 normal vibrational frequencies. The two
new frequenC1es in the activated complex, C-S stretching and C---$
| bending, are not sensitive to deuterium substitution and therefolr

do not generate isotopic effects The isotope effect is thus

probably due to changes in the acetylene frequenc1es on going over

© to the transition state Assignment of vibrational frequencies in

o

the activated complex can be done on the ba51s of the corresponding

"frequencies in. propylene, o ﬁ

‘c‘-ﬁ.
7MY

“ by following the same trends upon changing from sp to sp2 hybrid-

: ization, i.e. the stretching frequenc1es decrease ‘and the bending

o frequencies increase._ They are listed in Table VIII-12.
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1

The MMI factor 1n the expression for kH/kD is 1.177 and
from the EXC and ZPE contributions (cf. Table VIII-12) ky/kp =
-0, 998 wh1ch correctly reproduces the observed, isotope effect.
Additional information with regard to the primary step
is. supp]ied by ab initio molecular orbital ca]culations on th1irene
and five of 1ts‘1somers]55, which indicate that the S(3P) + CH,
reaction surface correlates with the lowest trip]et excited states
- of th1irene and thioacety]ene which lie at unattainably high
energ1es. These resu]ts are 11]ustrated in Figure VIII-10 with
those for the S( D ) +C H2 system. . Therefore,‘the triplet
biradical may undergo a collisionally induoed*tfansition to a
) lower energy state, possibly the thioketene or singlet thiirene,
or may undergo'polymerization via reaction with acetylene.
In the S( P) + CH, reaction, thiiténe may form via
ring closure in the -HC=CHS® biradioa1. An analogous sitUatioh
exists in the photolysis of ]’z’é"thiadiaz9]e537,’where direct
expetimenta] evidence for the intermediecy of thiirene is more

-

conclusive.

Photolysis of either the Q—hethyl or S-methyi derivative in the
presence of hexafluoro-Z-butyne always yields'ohly one thiophene
 adduct, with. the methy] substituent in the 1 position,.indicating
preferential additlon across the less h1ndered S-CH bond. Photo-

lysis of thiaoiazo]e itse]f yie]ds thioketene and thioacetylene,yr

-~

o
<
%
7
-3
Y%
J
3




ENERG_Y ( hartrees )
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0

CH=CSH

H-C=C-s-H®
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A

s i

A

FIGURE VIII-10: State Correlation Diagram for

the lowest Singlet and Triplet
' ’ 155
States of Thiirene.

219



-

. Q :
and deuteriym 1abe11ing in the 4 and 5 posit1ons gave the fo]low-

ing distribution in the thioacetylene product:

50% 50%

[l

: e v
The 1 1. ratio of these products is consistent ‘with 1nd1scr1m1nate

C- S ring open1ng 1n th11rene but not with a DC HCS: or +HC=CDS-
1ntermediate. Addwtional eV1dence for the 1ntermed1acy of thiirene
in these systems has. b@en recent]y reported]56 in the matrix
photo]ys1s of 5-¢- buty] 1, 2 3 th1ad1azo1e where a new ir absorpt1on

was observed which could not be ascr1bed to either a thioacety-

_ lene or a thloketene structure, The absorptlon frequencies are 'd'b

‘.very close to those expected for the subst1tutedvth11rene,

-

s,
- C(CH3)3 L :

It 1s balieved that the bulky ¢~ buty] group confers extra stab171ty:

to th11rene and consequently enhances its 11fet1me The thioketene

formed in these experiments mey be formed from thllrene or from the

«CH= CHS birad1ca1 Thioacetylene s’ not a product in thermo]ys1s

'and therefore the

‘CH=CHS* -ﬂ» é




'fn 1somer{zation must take place on an excited singlet state surface.

The absolute\rates of reaction of o( P) atoms42 43,58, ]48'

with acety]ene “and propyne are, not. unexpectedly, very similar

to those of S( P) -atoms (cf Table VIII- 11) General]y, the 0( P)
'systems are characterized by much less polymerization and higher
N product yields. In matrix isolation studies of the 0( P) + C2 2
reaction"s7

'~absorptions which could be assigned to-oxirene, gﬁ; Hhe 0( P) +

the spectrum of ketene was observed and there were no

propyne 2-butyne and 2-pentyne67 systems have been extensively
v‘studied and from the pressure dependence of the major products,
7C0 ‘alkenes and ketones, it was conc]uded that the prlmary adduct
T s a triplet birad1ca1 which readily 1somer1zes to a more stab]e
' ketocarbene structure,

: 3
RC:CR + 0( P) RC=CR}

3

RC= CR)3—-> R CR

- and that oxirene.is-definitely'not an intermediate. On the other

hand, it has been conc]us1ve1y demonstrated that the photo]ytic

‘ . wolff rearrangement of ketocarbenes to ketene.l56 1nvolves oxirene

1ntermediates and that triplet or v1brationa11y excited ground state

_ketocarbenes do not isomerize to oxirene. ' 3 -
S . e . :
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CHAPTER IX
SUMMARY AND LONCLUSIONS

It has been shown that S(]D)-atoms generated by the
photolysis of carbonyl sulfide in its longest wavelength
absorption band are rapidly deactivated to the ground triplet

state. Within the microsecond time scales employed in this study,

3 3

~ the metastable P2’ P] and 3PO components are in thermal equil-

ibrium and therefore‘absolute rate constants can be determined

3 3 3 3 3 3
Py —> S1» P Sy or PO-——> 5

“absorption 1ntens1t1es by time resolved k1net1c absorpt1on

by monitoring e1ther the

spectroscopy. At the very low COS concentrations used in this
study, the rate of decay of S atoms is slow and it appears that
the major mode of decay is via reaction w1th 52’ S3 etc. species

present in the system.
5

The absolute rate constant fpr the reaction of S(3P)

atoms with molecular oxygen was found to be 1.7 + 0.2 x 109

1 mo]e'] sec'], independent of total pressure. - The observation

32' «— X3£' and 03H “— X3Z' transitions of SO indicate

"of the B
that the primary step is S(3P) +°0 ( E T) — 0of P) + SO( ).
In_the S( P) + NO react1on the second order rate
. constant is pressure dependent Using avL]ndemann-H1nshe1wood
plot, thevth1rd order rate constant‘was determined to be 1.9 + 0.1
x ]d] 2
-1

1 mo]e sec']. The high efficiency of this reaction was shown to

mole 2 sec”] and the high pressure limit, 9.3 + 2.1 x 10°
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be of a comparable order of magnitude with other atomic and
radical additions to NO. The observed kinetics have been shown

to be consistent with an energy transfer mechanism,
S + NO = SNO*
CSNO* + M —> SNO + M*

The Tifetime of SNO* was estimated to be ~10710 gec.

The rates of reaction of S(3P) atoms with ethylene, .

propylene and‘trane-Z—butene episulfides are 1.4 + 0.2 X 10]0, PRI
2.7£0.3x 100 and, 4.0 £ 0.2 x 1070 1 more! s /‘,] respectively

and the act1vat1on energles are c]ose to or equal to Zero. These

high rates are found to be conSIStent with the low potential
energy barrier of act1vat1on predicted by EHMO calculations.

The trends in the rates of reaction of S( P) atoms
with olefins clearly demonstrate the electrophilic character of
S?BP7 atoms, flrst reported in relat1ve rate studies. Further-

more, the temperature dependence of the rate constants shows a +

°surpr1s1ng trend to negative activatlon energies with 1ncreased

‘u

~alkyl subst1tut1on. This is qua]1tat1ve]y rat1ona11zed in terms

of potentia].energy curve crossings, where the position of th
crdssing relative to the energy of. the separated reactants deter-
mines the temperature dependence of the reaction.

The resultelof the S(3P) + alkyne systems demonetrate
the same general feature§ as the p]efin study; The activation

energies'for addition to alkynes are somewhat Highervthan those

<

ectese X il e :



to the olefin counterparts. It appears that reaction with 2-butyne
would not exhibit a significant negative temperature dependence.

The enhanced A factor in the acetylene reaCtion as compared to the

ethylene case has been shown to be consistent with a higher number

of rotational modes in the CZHZS adduct relative to the acetylene
molecule. The absolute rate of addition to CZDZ is the same as
that to C2H2 If the activated complex 1s assumed to be a trans.
diradica],'i.e. |

N
el

then the normal'frequencies of thefcomplex can be estimated by
- comparison with those of propylene, and insertion into the
Bige]eisen equation for kH/kD correct]y reproduces the experimentai
value of 1.0. r | |

The results presented in this study provide a mest use-
ful extension to conventionai studies of,the chemistry of S( P)
atoms and allow the ca]culation of other abso]ute rate constants
from re]ative rate data. The technique is re]atively Simp]e and
accurate and its scope can be broadened to cover a wide variety of
substrates Of special interest are desu]furization reactions |
since they are 1mportant in a number of 1ndustr1al processes. The
“technique could alseo be: extended to the photo]ySis of other sulfur-
containing compounds where S P) atoms are believed to be involved.

in the mechanism.
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APPENDIX 1

Deri!giion of the Relationship between Thermal Population
Distribution and the Magnitude of the Observed'Absbrptions

In the-case of therma) equilibrium, population ratios

can be calculated from the equation

N 9, e"En/kT ‘

n_ )
E*.- e By /KT [

%

where N and N are the number of atoms, 9, and In are the stat-
istical weights and E and E are the energies above the ground
state for states nand m respectively.

The 1ntens1ty of absprption for the transition n to s

o sn Ly osn’ I
- = Nn B Men P [?]

where-N is the number of molecules in the initia] state n, gSn

is the transit1on probability for absorption, and Psn is the

»

The transition probab1]1ty for absorpt:on lp proportion-

al to the trans1tion probabi11ty for em1ss1on as g1ven by

{

" 3 g } ]
sn C S .5h '
e T S IR A
8rhv_ ~ g - B
sn n .
. 2
‘ _',
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where A°" is the transition probability for emission. Combining
. . .

equations [2] and [3], yields

sn :
17 g 8rwv
Ny = (a1 -
n C3 Asn.p _ “ .
sn ‘
If one assumes Pep = P (th1s approx1mat1on is va11d if

sm

as in the present/:system, the absorb1ng radiation is a-broad con-

tinuum) and Ven ¥ Ve then equations [1] and [4], yield

pom s /KT | | y
Asn sm E /kT (5]

This equatibn is valid providei the energy separation
between the two absorptlons is smali volat1ve to the en;Lgy of the

transitions. This is true for the case of the 3P2’ 3P] and 3P0
states of sulfur since the maximum separation is 1.64 kcal and . -~ -~
the energy of the transition to the 351 level is ~160 kcal.

The relationship between abéorption intensity and

monitored peak heights is expressed by

sn\ — Snh &
EJ—H_SE T LSH - ' (6] .'~’iii7":;
A ~. " \P.H. D S
P '
:*fr e where y is the exper1menta1 Beer- Lambert Coeffic1ent Combiniﬁg

,ﬁ;; ' K[S] and [6], this gives o : 3??f



SN
P.H.

p.H.SM

1
Y

237



*

APPENDIX I1

For the reaction scheme : ‘ :Rnifi

S + NO ;{%e SNO* o ueﬁ%ggﬁ

CSNO* + M S SNO + M

The steady state equation

0 =4GRy (s)(n0) - K, (SNO*)

- k (SNO*)(M) ‘ .
8,

can be wr1té2; since SNO* has a lifetime which is short relative
to the monitoring time scale. Hence, T

k. (S)(No) ' R
N L - .
| A0
and s
1 g%-=‘kb'(SNO*) - k, (S)(NO) N ’

[ka‘(sxno')] -

b E;-;—E;ﬁ' - ka(s)(No)
kk(S)(NOY(M) u
kb + ch
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APPENDIX IIT

Analog Computer Simulation of the S(3P) Plus
'Ethylene Reaction

The reaction scheme used was a simple two step sequence:

; k] : ’ o ~
+S+E —> S . E = ethylene L

ES

ko ethylene episuifide
S + ESr-—9 E + 52 : ' .

The variation of the concentration of the various reactants ’as a-
’ e il -

function of time can be expressed as: X
L}

- $ = 8B + ky(5)(ES)

S sy + Ge)Es) &
ds

S - ky (S)(ES) -

" Using these equations, an e]ectronic schematic was constructed

for th]S reaction system, Figure AIII-1. The necessary input

©

1nformat10n required to fu]]y describe the system is the 1n1t1a]
S( P) atom concentrat1on, the ethylene concentration, and the

rate constants. k] and’ k2 The initial S('P).atom concentration

was taken as 1,07 x 1077 moles 17! and the ethylene concentration

e

as 1.4 xv]O,'5 moles 171, Setting ky equaf to 0, 1. 7 X 1010, and

2.9 x TO]O 1 mo]e'] sec ]\ the values of k] were adJUSted for the

second apd third cases such that the observed_decay curves would

“gi\



240

. weaboug 493ndwo) anbojeuy .30 dp3ewBYdS ¢ |-111V

trd

wv

[Y2)
us

o—
vy
W

-1 Volt

AR N § T
. ~k2
Ve
\J

T\

34N914
¥




Sl .
" R

1~l. o ' . 24 /

best match that of k] =9 x 108 1 mole-] -] at.k2 = 0. The

values of k, obtained were 8.5 x 1089 mole” 1 sec™! and 8.3 x 108
1" mote”! 'ec-l.j Thus, us1ng the rate constants for the S P) +
C2H4S reaction determ1ned in th1s study and by Donovan et allo,
the occurrence of the secondary abstraction\reaction yields a rate
constant value of k] which is high by'~ o%.  If one'accepts the
higher value of k, determined bytKlemm and bavis,32,'the effect
will be to increase the error‘to‘~ 7%. ‘Figure AIII-2 illustrates
the excellent match obtained. For k = 2.9 x 1010 1 mote! sec”!,
the match was only sl1ght1y less perfect. - Figure AIII-3 shows the

tlme dependence of the concentratlon of the species present. It

" may be noted that since ethylene was in excess of S( P) atoms by

a rat1o of 131:1, its concentrat:on was taken to be constant.

\ s : -l
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