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ABSTRACT

The 25{ nm photolyses of C2HSSH, 1-C3H7SH and t- C4HQQH

have been investigated as a function of substrate and inert

gas pressure, time and temperature up to 150°C. With
e
increasing inert gas pressure the quantum yields of the

primary products, H2 and RSSR, increase very gradually and

those of the minor products, RH, R(-H) and st, correspon-

dingly decrease, until limiting values are attained at \

~tenfold excess of thermalizer. The quantum yields for the
three primary processes were deduced from steady-state
treatment of a 16—step mechanjism, featuring "hot!" and
thermal H-atom reactions. For the sequence CZHSSH

SH, t-O,H, su ¢1 (RSH + hv =+ RS + H) = 0.96, 0.93 and

AN

;—C3H7

0.90; ¢, (RSH + ho - R + SH) = 0.029, 0.057 and 0.870 and

¢, (RSH + hv > H,S + R(-H)) = 0.010, 0.009 and 0.033,

2
respectively, independent of temperature. The\data.alco

'3

allowed the derivation of rate constants for the H_+ RSH

. : Kk
reactions. Although H-abstraction, H + RSH —1, Hz + RS, is

a well documented reaction, the gas-phase displacement

/ k . . &;,’ :

reaction, H + RSH -8 H,S + R, was believed to oe'important
only for the case of "hot" H atoms. Direct evidence for the
woccurrence of this reaction was obtained from experiments on
the Hg( 3p )-photosensitized decomposition of Hg’in the
'presence of czuSSH eince there- is no source, other than the
-displacement reaction (8), for the observed products st and
c2H6 By incorporating this reaction in the overall |
mechanism for the photochemical &neoupolition of &he above

. . v



£

Al ~ar

thicls it was possible to derive k7/k8 values as a function

0! temperature for -each thiol and, since(values of k7 could
>

. - .
be derived from literature data, Arrhenius parameters for k8
\

were calculated: Ag = 51, 2.8 and 3.0 x 10}2 cm® mo1 1

s—l, and E8 = 2.38, 2.60 and 1.49 kcal mol‘l, for CZHSSH/

i—C3H7SH and ;—C4H98H, respectively. These:vales of E&, \\\
. \ )

along with that reported in the literature for n-C,H,SH,

follow the linear relationship Eg = -5.08 - 0.37AH, from | -

which Eg values for higher molécular weight, thiols may be

redicted. ) . )

P i Y
These studies also led to the measurement of combination
/disproportionation rate constant ratios for CZHSS’ i—C3H7S

and t-C,H S radicals as a function of temperature, from °,
rd

. . _ ’ -1
which Edispr. = 3.12, 2.65 énd 1.68 kcal mol ~, )
respectively, and Ag; . = 7.3 x’1013, 4.8 x 103 and 7.1 x
10%2 cn® moi™T 71, : / /
& -\ $
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4
P
ld
.
¥
v v \
N -
BN
'i ~ '_ Al Q



ACKNOWLEDGEMENT -
I wish to express my sincere appreciation and gratitude
to Professof 0. P. Strausz for his guidance throughout the

" A - | ®

> )
The many interesting aMM illuminating discussions.with

course of this research.

Drs. I. Safarik, M. Torres and T Yokota are specially
recogni?ed. 2 .

. I am also grateful to Dr. E. M. Lown for her helpful
suggestions and cheerful assistance in the preparation.of
tﬁis thesis.

In addition, I am deeply indebted to Professors W. S.
Fyfg;qnd B.;I. k;onberé who have‘inspiréd my interests in
rJ;earch through théir candid and coﬁsistent encouragement.

Special thanks go to the many individuals for their
genuine friendship and incessant humour during the past-few
years. ‘ P

I am,eSpecia}iy gpitefuk\to’my husband, Lonnie G.‘ﬂhine,A ‘.
nof only for his continuing devotioﬁ snd support, but also
for his tremendous computer assistance during the writing of
this manuscript. . | .

Fina}ly, the financial supports provided by the o
University of Alberta and by the Alberta 0il Sands

" Technology and Research Authority ai} acknowledged.

I

vii



/§ TABLE OF CONTENTS

PAGE
ABSTRACT .+ « v« e veveeeeeeeeeneneens. e e v
ACKNOWLEDGEMENTS - « « e e v v eeveennnns e, e, vii
LIST OF TABLES.,.......... e e . xii
LIST OF FIGURES . ...ttt ceeeeacacencanseceananenns eee.. Xvi
CHAPTER 1: INTRODUCTION...ﬂ;' ......... e 1

1.1 Phy51ca1 and Chemical Propertiae of Thiols....... 3

1.1.1 Molecular Parameters..........cececeeeas eee. 3
1.1.2 Spectral Parameters..... e, .. 6
1.1.3 Reactions of Thiols.,....... :.., ............. ™~
.2 Photolysis of Thiols.......civierecnrecnnens gee-- 8
1.2.1 PhotblysSis....cieiiunnennnninnennnn. PR .. 8
1.2.2 Hydrogen Atom Reactions.........; ....... ce. 17
1.2.2.1 Generation of H Atoms...... ceeann eeo 17

1.2.2.2 Abstractiop_/\Displ#cement........:. 18

1.3 Thermolysié of!Thiols.;...\....................._25

1.4 Thiyl Radicals.....ieceeeeeercencososcscscencsses 32

1.4.1 Physical and Spectral Properties........... 32

;.4;2 Reactions of Thi;l Radicais..........:;.... 34

'1.4.2.1 Displacement / Combination.......... 34
1.4.2.2 Abstracéiéﬁ..................;....;. 35

1.4.2.3 AdAition...eeveerieernnneeennnnennns 37

1.4.2.4 Metathetical Reactions............é. 46

1.5 Transition State Theory for Bimolecular .

Reactions.qo.......o.o...oo...oon‘...0.0..l.oo.. 4_3(

1 6 RRKM Theory for the Unimolecular Decomposition
of Alkyl Radicals............................... 47

¢ : viii



1.7 Aim of the Present Investigation..............>. 49
CHAPTER 2: EXPERIMENTAL........ teeeteteaeann e e e e 52
2.1 ;he High Vacuum System.......... b ee ettt 52
2.2 The Photoly?ic Assembly............ JUUTUR 55
2.3 Light.Soqrces and Actinometry.......coeeeeieenns 56
2.4 The Analytical Systém................ et “.. 59
2.5 ﬁatefiq}s and Purification........ ....‘ .......... 61
2.? Operation;h Proced?re.. ..... ceeeecanan e e e 62
CHAPTER 3: THE REACTIONS ..OF HYI?ROGEN ATOMS WITH :
 ETHANETHIOL........l.ceeeniinnennss e 70
3.1 RESULES . «nneneen.. e ceeeen Ceveeeaenaesenan . 70
3.1.1 Incident Light Absorption........ eeeee \... 70
."3.1;2 Effectsvof Time ;nd Ethanethiol |
Pressure on Product Quantum Yields ......... 72
3.2 biscussiop.... ..... Ceceasceceressesseanens N 76
CHAPTER 4: PHOTOLYSIS OF, AND THE REACTIO'NS OF HYDROGEN . .
° A'POMS WITH, ETHANETHIOL..»........ cesesscss. 82
8.1 RESULES. e v ineeeeen e ee e e e e e e 82

4.101 st Actinometry...-.-.‘...-..........-......- 82
4.1.2 Photolysis of Pure Ethanethiol............. 83

4.1.3 Photolysig of Ethanethiol with Added
Therﬁ“alizer, Coz....'l.'.l...l....'........ 85
s _
4.1.4 Effects of Temperature on Product
‘ ° Yields.:-..0...‘..‘........'0."’.'-...l..0’..0. 89

4.2 DiSChsgionm.o.oo.uaio;lon0'-0.'00.\00000000-100;000 89

4.201 Reaction Mecl{anismooo..o-..w..-ooo.tto.o'oll 96'

4.2.2 Quantum Efficiencies of the Primary

Photochemical Stéps: Quantum Yield of .
C2H4.oo.'¢o'roooo0.0'00o--ocoooucoaoooqooo.o-on 103

4.2.3 H-Atom Reactions with Ethanethiol:
Quanhum Yields ‘of Hz am HZSQoooqooo-ooono 115

!

_ix'

2



4.2.4 Relative R e Parameters for the #
. H~Atom ions: Quaﬁhpm.ylelds of
Hy and CHHg. .ot vvvennnnnnnnnnaneaneancnns 119
4.2.5 Disproportionation-Combination ,
Reactiohs of Thiyl Radicals: Quantum
Yield of C2H555C2H5 ....................... 132
CHAPTER 5: PHOTOLYSIS OF AND THE REACTIONS OF HYDROGEN
ATOMS WITH, ISOPROPANETHIOL............... 137
5.1 Results..............c00.n T, 137
5.1.1 HyS Actinometry........coeetienneninnnnn . 137
5.1.2 Photolysis of Pure Isopropanethiol..: ..... 139
5.1.3 Photolysis of ggopropanethlol with
Added Thermillzer, n- C4H10 ........ e eeanan 139
5.1.4 Effect of Temperature on. Product
Yields ........ e sccc e s e s e e e 142
5.2 Discussion............. et et ceeete e 149
[ ]
"5.2.1 Reaction MechanisSm......ceiieereeeennennnn 149
5.2.2 Quantum Efficiencies of the Primary
: Photochemlcal Steps- Quantum Yield of -
CaHgeeeveoeoreadenennenennnnn P e s e s 154
5.2.3 H-Atom Reactions with Isopropanethiol: _
Quantum Yields of H; and H,S.... e eaeeas 164
Y4 . . v
'5.2.4 Relative Rate Parameters for the :
H-Atom Reactions: Quantum Yields of s
Hz and C3H8¢.-o--ooooo.-oo.oocu.b. oooooooo 167
5.2.5 Disproportionation-Comb;natiSh
Reactions of Thiyl Radicals: Quantum
Yield Of (i-c3H7)282_o\uoooo-o_ o‘.o ® e s o0 0 0 oo e 176
CHAPTER 6: PHOTOi&SIS OF, AND THE REACTIONS OF HYDROGEN

ATOMS WITH, ;-BUTANETHIOL................. 182

61 R%ults.tio.co.o..o'..ooooco'oou..ooooo'ooo-o-oo 182

6.1.1
6.1.2

" 6.1.3

st ACtinometry....\.-....--....’..“......-o. 182

Photolysis of Pure ;-Butanethiol...f...... 184

»

Photolysis of ;;Butanethiol with Added
Themalizer, C2H6-o‘ooo.o'-.o;ooouno..ooouo ;87

]



| . p
. P . NJ

-

. . N A J .

. 6.1.4 Effect of Temperature on Product ) ¢
D4 =3 e = 187
6.2 Discussxon....}1...:..........; ......... seeie.. 190
6.2.1 Reagtion Mechanism............. S 190

6.2.2 Qua tum Eff1c1enc1as of the Primary
Phgtochemical Steps: Quantum Yield of

it AHg s eveemiii i et 201

6.2.3 H-Atom Reactions with t- Butanethlol‘

Quantum Yields of H, and HQS ............... 209

6.2.4 Relative Rate Parameters'for the H-Atom
Reactions: Quantum Yields of H, and

6.2.5 Dlsproporglonatlon Comblnatlon
Reactions of Thiyl Radicals: Quantum

Yield Of (£-C4Hg)Speerencvsneennensn R 1
“CHAPTER 7:‘ SUMMARY QND CONCLUSIONS.: ...... “ ...... L 226
BIBLIOGRAPHY. .%o .0ocnrosennsonnn e e 240

1 _APPENDIX\ ‘ 6 |
A. Comp;tltlve Quenchlng Between Hz and CoHgSH..... " 255

B. Determination of I, from Chemical Actinometry...,&S?.

' C. Compefdtive Quenching Between Thiol and Added
Thermalizer.-...--............---....--P.-...... 266

D. Product Quantum Yield Expressions Derived in

.the Photolysis of Alkane ThiolS......eececeeeoa. 263

e X

’ -



LIST OF TABLES

TABLE PAGE
T1.1 Bond strengths and bond angles for thiols and

Alcohol s . . .. e e e e e 4
1.2 Thermodynamic properties of some organosultur

compounds and radicals. ... ... ... ... L. 9

1.3 Rate constants and Arrhenius parameters for the
H-atom reactions with thilols............ ... ... .. 20
/
1.4 Rate parameters for the reactidh:
~ RSH - H-S + alkene. .. ... ... ... ittt 33
2
v
1.5 Rate constants for metathetical reactions of
thiyl radicals......... f e e e e e e e e e e e e 44
2.1 GC retention data and operation conditions....... 60
2.2 Sources and purification of thiols............... 63
2.3 Sources and purity of materials used....\g....... 64
. =
3.1 The effect of exposure time on product
quantum yields. . ... .. ... ... e e 73
3.2 The effect of C,HgSH pressure on product
gquantum yields. . ... ... ... e 77
4.1 The results of chemical actinometry in the
photolysis of CoHgSH. ... ... .. ... . L., 84

4.2 Product quantum yields in the photolysis of
spure CoHgSH. . ... ...t 86

4.3 Average product quantum yields in the
photolysis of pure CoHgSH....... ... ... L., 88

4.4 Product quantum yields in the photolysis of
CoH5SH with added thermalizer (CO,), T = 25°C.... 90

4.5 Product quantum yields in the \photolysis of
C,HsSH with added thermalizer [CO,), T = 80°C.... 92

_ r
’ 4.6 Prodggt guantum yields in the photolysis of
" CoHgSH with added thermalizer (CO;), T = 120°C... 93

4.7 Product quantum yields in the photolysis of
CyHgSH with added thermalizer (CO,), T = 150°C... 94

) 4.8 Product quantum yields at high CO, pressure
Iimits. ittt ittt i ittt teetetaeraeaneen.. 95

-

~ = xii



4.14

Variations of [(@(CpHg) - ¢3]_1 with pressure and
temperature. ... ... ...t i e e 111

Intercepts of the plots in Figure 4.7........... 112

Quantum yields for the primary photochemical
PrOCESSES . L ittt it et e e st e ot oanes s 113

Effects of CO, pressure and temperature on the
values of [¢(Hy) - 8)/(@®(H3S) - @3] ..o 117

Intercepts of the plots in Figure 4.9 and 4.10.. 124

Temperature dependence of Ky/Kg.. ... ... 125
Arrhenius parameters for the H-atom reactions... 129
k7 @2
Derived values of ——mm8mmm——mm———— ... ... 131

(k7+k8) (1+CKPE)
Temperature dependence of kj3/Kkjp-.. .- 134

The results of chemical actinometry in the
photolysis of i-CqH7SH........ ... it 138

‘Product quantum yields in the photolysis of

pure 1i-CqH9SH.. ... ... i 140

Product quantum yields in the photolysis of
4-C3H;SH with added thermalizer (n-C4Hjq),
P = 25 °C e i ittt i ettt s sasccueasessccnsnsnsacesenscses 143

Product quantum yields in the photolysis of
i-C3H;SH with added thermalizer (p-Cg4Hjg),
T = 65°C .t titeeseesesesecneanoassesosssosssonsescsss 145

Product quantum yields in the photolysis of
i-C3H7SH with added thermalizer (n-C4Hj;q).

T = JO5°C.iieiecectscccasnssssnscss crseseene o 146
Product quantum yields in the photolysis of
i-C3H;SH with added thermalizer (n-C4Hj;q).,

T = 145°C.uuvennnnnn e e 147

Effect of temperature on product quantum yields
at high total pressure limits................... 148

variations of ([¢(C3Hg) - ¢3]”1 with pressure and
temperature.........ccocceerrececcorcogeocsocenne 160

Intercepts of the plots in Figure 5.7........... 162
Quantum yields for the primary photochemical
xiii



W

6.

.11

.12

.13

.14

.15

PrOCESSeS . . & i it it ittt et it e tee s te e 163

Effects of p-C4H;y pressure and temperature on
the values of (@(Hy) - 6)/(@®(HpS) - @3]).-...--... 165

Intercepts of the plots in Figure 5.9 and 5.10.. 171

Temperature dependence of kKy/Kg-................ 173

k7 @2
Derived values of —mM8M8M8M8——————— ... ... .. v. 177
(k7+kg) (1+aPjy)

Temperature dependence of Ky3/Kjp.--. ... 179

The results of chemical actinometry in the ¢
photolysis of t-C4HgSH..... ... .. ... ... 183

Product quantum yields in the photolysis of
pure t-C4HgSH. .. ... ... ... ... ... e e e e e e e e e 185

Product quantum yields ih the photolysis of
t-C4HgSH with added thermalizer (C,Hg),

B 5 T 188

Product gquantum yields in the photolysis of
t-C4HgSH with added tdﬁrmallzer (CoHg) ,
B U 8 191

Product quantum yields in the photolysis of
t-C4HgSH with added thermalizer (C2H6)
D U L o I 192

Product quantum yields in the photolysis of
L-C4HgSH with added thermalizer (CyHg),
T = 140 °C. ittt iiin i ineancsnneasennanns e 193

Effect of temperature on product quantum yields
at high total pressure limits.......... et 194

Quantum yields for the primary photochemical
PrOCeSSeS. .. .ctcveceecnsss et e e e ettt 208

Effects of CyHg pressure and temperature on
the values of [(¢(Hy) - 6]/(¢(H2S) - @P3]..ccvnn. 210

Intercepts of the plots in Figure 6.7 and 6.8... 216

Temperature dependence of kg/kg..........o0v0ee. 217

‘ k7 ¢ ’

Derived values of cereeenane.. 221
(k97+kg) (1+aPy)

» xiv



.13

Temperature dependence of kj3/Kjo..ccccnennnon.. 223

Quantum yields for the primary photochemical
PrOCESSEeS . . i i it ittt ittt nsesssonnosensnnsaneeens 227

Variation of k;/kg with temperature............. 229

Arrhenius parameters for abstraction/displacement
reactions by H atoms. . ..... ..., 230

Rate constants and Arrhenius parameterd for the
displacement reactions by H atoms............... 232

Arrhenius parameters for disproportionation/
combination reactions of thiyl radicals......... 236

)



FIGURE

LIST OF FIGURES

- PAGE~
The high vacuum sSyStem..........ciuiienieeennnnens 53
The photolytic assembly........... ... ......... 54
The actinbmetry assembly....;‘ ................... - 58
Product {uantum yields as a function of exposure

time. .. ... .. . i i e et e etosseoasoncoananaans 74
Product quantum yields versus CoHg5SH pressure.... 87

Product quantum yields versus CO, pressure at
constant C,HgSH pressure of 10.0 Torr..,.x ....... 91

Plots of quantum yield of C,H, as a function of
P(CO2)/P(CoHgSH) v st vt ittt e it e 104

Relation between ¢3 and the correlation
coefflclent in the LMS treatment of [¢(CyHy) -
¢3]° agalnst CO, pressure........c..ceeveeeenn. 106

. O ,
Quantum yield of C,H4 versus CyHgSH pressure.... 107

[¢(C2H4) - ¢3]'1 versus C,HgSH pressure. The

best fitted value of ¢3 = 0.010 was used........ 109
. ‘ -

Plots of ([¢(CoHy) --¢3]‘1 as a function of

P(CO;)/P(CyH5SH). The best fitted value of

¢3 = 0.010 was used.......ccctcttietciannen ~..- 110
Plot;\hf [¢(H2) - §1/(¢®(HyS) - ¢3] as a function
of the ratio P(COZ)/P(C2H5SH) .............. eees. 118

Plots of ¢(H) as a function of the re01procal of
co, concentratloﬂ’at [CoHgSH]) = 5.38 x 107% M... 120

Plots of ¢(02H6) as a function of the
reciprocal of CO, concentration at [CpHgSH]
=5.38 x 1074 M.L...... Cereeeeiiereaaeae e, 121

Plot of 1n ky/kg versus the reciprocal of
temperature......................... ............ 126,

Plot of 1ln kj;3/k;, versus the reciprocal of.
temperature..........cciiitiiiininitianeesaansa. 136

Product quantum yields versus i-C;H7SH,

pressure...-.--.o-......-..-............o..-x..-.. 141
,/’<

"Product qﬁantum yields 1g;§u§'n-c4ﬂlo pressure

Xvi



w
=)}

5.10

5.11

5.12

.at constant ji- C3H7SH pressure of 20. 0 Torr...... 144

Plots of quantum gleld of C3Hg as a functlon of
P(Q C4H10)/P(l C3 7SH) .............. SRS ST A 155

Relation between ¢ and the correlation
coefflclent in the ILMS treatment of [¢(C3H6) -
¢3} against p-C4H;o pressure. 9........ ... 156

Quantum yield of C3Hg versus i-C3jH,SH pressure.. 158

[¢(C3H ) = @3] -1 versus i-C;H;SH pressure. The
best flttEd value of ¢3 = 0.009 was wused........ 159 -

Plots of [¢(C3H6) - ¢3)”1 as a function of
P(n-C4Hy0)/P(1-C3H7SA). The best fitted value of
@3 = 0.009 was used......cvviecriionttctnannnes 161

Plots of [¢(Hy) - 8§]/[¢(HpS) - ¢3] as a function
of the ratio P(Q—C4H10)/P(1—C3H7SH)..; .......... 166

Plots of ¢(Hy) as a function of the reciprocal
of n-C4H;o concentration at [;-C3H7SH]

=1.04 x 1073 Mooooiiiili il seeeeise... 168
Plots of ¢ (C3Hg) as\a function of the rec1proca1

of n-C4Hjgo concentration at [ji-C3HSH] . N
=1.04 ¥1073 Mool et 169

Plot of ln k7/kg versus the reciprocal of
temperature. .......c.... ceeneen et eesesecnaeon ees 174

Plot of 1n ky3/k;, versus the reciprocal of
temperature.....ccceeeeececcccscccnsoscsccscasass 180

" Product "quantum yields versug ¥-C4HgSH pressure. 186 4

Product quantum yields versus C,Hg pressure at -
constant t£-C4HgSH pressure of 20.0 Torr......... 189

'Plots of quantum yield of ji-C4Hg as a function of

P(CoHg) /P(E-CqHgSH) - vuvnviiuinuiuniunninens 202

Quantum yield of j-C4Hg versugs t-C4HgSH
pressurei........'.....C'.I\...O.“'.........Q‘... 204

[¢(i-C4Hg) - ¢3)~) versus t-C4HoSH pressure.
The value of ®3 = 0.021 was used.....cccecccc0.. 206

Plots of (¢(Hy) - 61/[¢(H2S) —~ ¢3) as a function
Of the ratio P(C2H6)/p(s‘C4HQSH)...-......-..... 211

Plots of ¢(Hy) as a tunction ot the reciprocal g
of TyHg concentration at [£~C4HgSH) '

xvii



= 1.04 X 1073 M. 213

Plots of ¢(i-C4Hjp) as a function of the reciprocal
of C,Hg concentration at [t-C4HgSH]

T 1,04 X 1073 M.ttt e, 214

Plot of 1n ky/kg versus the reciprocal of
temperature. ........ ...ttt oo mes 218
Plot of 1ln kj3/kjp versus the reciprocal of

temperature. ........... ittt e 224
\

Empirical correlation between E; and H for the
displacement reactions by H atoms.......... e 233

xviii



CHAPTER ONE

INTRODUCTION

Amoﬁgst the many classes of organosulfur compoﬁnds,

) thiols,énd disulfides have Qenerated considerable theore-
tical angy e;(perimental interest, due td® their important
roles {n a wide range of practlc%} systems. For example,
the sulfhydryl and disulfide groups, present in blological
systenms ag'amino_acids, peptides, proteins and enzymes, have
beeq invéstigated extensively for ?he%rﬂvitai functions
towards radiative damage, pfotection %nd fepair.l--3 The S-S
and C-S linkage in protein and DNA mélecules are highly
susceﬁtible to cleavages by free radicai attack causirm

5

permanent cellldamages.4' It has also been suggested that

. the process of aging may be due, at least in part, to free-
radical reactions.® In view of this, the unraveling of the
mechanisms of free-radical production, stabilization and

termination presents chalignges ahead for investigators in

the diverse fields of biology and biochemistry. Over the

1
past two decades, the biological thiol most closely studied
is cyst:eim'e,7_13
L]
ponding disulfide, cystine,

NH CH(CO H)CstH, along with the corres-
7014 (hm, CH(CO,H) CH 81 5, a major
\ 2 272

product in the radiolysis of cysteina. Much of recent

studies has been centered on the basic radiation chemistry’

15,16

of related thiols such as penicillamine, HSC(CH3)2C3-

(NH,) COOH, and 2-mercaptoethnnol,17 HOCH, CH,,SH.
The presence of organiTally-bound sulfur in heavy oils,

bitumen and coal is of increasing’éonccrn in the pctroloun

1



2

industry. During upgrading of light and heavy oils nearly 5

all of the sulfur is removed as HZS' the remainder winding
up in the coke. Combustion of low grade coals may give rise
to the evolution of RS- radicals, thoughls. Consequently,

the emission of sulfur as SO2 into the environment contri-

butes to the production of acid rain, which is detrimental
to many fragile ecosystems. Thiols, sulfides and disulfides
are only minor constituents of the total organosulfur

content of oils.19 Most of the sulfur is incorporated into °

saturated and unsaturated (e.gqg. thiophenic) ring forms and,
®

in the case of Athabasca bitumen, in the form of sulfide in
the sjde chain substituents. Knowledge of the H-atom reac-

tions with model organosulfdr compounds serves to elucidate

the reaction mechanism of hydrodesulfm:izat::’u)n,20-'22 a major

‘brocess in the upgrading of crude oils and coal liqﬁids.
The process of sulfur removai‘is particularly vital in
Alberta, where the sulfur contents of the Athabasca and the
C?&d Lake bitumens are high, ~5%;&3'24 this leads not only
to serioué catalytic problems but also to problems in tre
removal of volatile sulfur-containing components from the -
veffldént gases. In general, H-abstraction reactions
involving ;-H bonds occur with low activation energiés and
S-H moietiés are highly effective free-radical traps at
moderate temperafures. Therefore  in coal reactiong, thi§1
radicals will be particularly effective H-transfer agentsfzs.
Alsgo in anotﬁer practical area of importance, the polymer ..

industry, relative chain transfer rates in styrene polymeﬁi-
. & ; s = .-



zation provide striking evidence for the effectiveness of

thiyl radicals as H-transfer agents in alkylaromatic

systems. At 60°C, n—CAHQS—H transfers H atoms 104'8 and
‘ ~
4. .
10%? times faster than ¢3C-H and ¢$0-H, respectively, even
25

thohgh the S-H bond is stronger than the other two.
Before embarking on the discussions of the photolysis of
thiols, it is appropriate at this point to review the
physical and\chemical,properties of this particular class of
organosul fur compounds. ‘
1.1 Physical and C ic ope
1.1.1 Molecular Parametﬁrs of Thiols -
| Ag seen in Table 1.1, the S-H and C-S bonds are we;ker
than the corresponding O-H and C-0 bonds and this accounts,
in part, for the ease of H-abstraction from‘S-H, in compari-
son with that from O-H, and for the greater acidity of the
thiols than the aléLhols. Also, the bond angles around the
sulfur atom are smaller than those around the oxygen atom,
'indicating greater p-character in fhe sulfur bond orbitals
than in the oxygen bond orbitals. The covale%f radils of
thé sulfur atom is larger than that of oxygen or carbon;
atoms; the bond 1engths26'27 are, C-0, 1.45 &; c-¢, 1.53 §
and c-s,‘gléz %. similarly, the sulfhydryl bond lengthy 5-H
(1.33 R) is greater than that of O-H (0.96 &) or c-H (1.09
%) bonﬂb. In general, thiols have less ability for hydrogen-
bonding than the correspdhdiﬁq alcohols. Consequently, they
are lowér-boi;ikg coﬁpounds than their oxygon.analoguol. |
. Structural stud‘ie'i for CH,SH, carried rout by cloctroq k

=z

<
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diffraction,30 microwave spectrbscopy,31 and ab initio SCF- 3

SH has the following

MO calculations)32 have shown that CH3
e

structure:

~

with an anglé of 2°10’ between the thrge-fold axis of the
methyl group and the C-S bond. 1In addition, from the micro-
wave work, dipole moments parallel and perpendicular to the
molecularwaxis were determined to be 1.33 D and 0.73 b,

. .respectively, and the height of the barrier to internal
rotation about the C-S bond, =1.27 kcal mol 1.

_Microwave33 and ﬁa;-IR34 spéétroscopic methods have been !

used for structural studies of. C,H SH which exhibits ;;ggg;;
gauche isomerism arbund the cc-SH bond; I% has been found

that the bond angle a (CCS) of C2H SH Q}dens sharply on -

, 5
%f‘going from the trans form (T-form) to the gauche (G-form):

| H H . . R4 v o
.. . \\\c/ - | | \‘c/ . |
H ~ _H H -,/<//(’ \\\\\\\ ;
L '\"s/ e s
), AN

" (T-form) Ny (G=form)

H
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The experimental data are in good agreément with the
predicted theoretical paramefers,35 for wh}ch a (CCS) =
108.6° (T-form) and a (CCS) = 113.6° (G-form), and the
dihedral angle in the G-form, T (CCSH) = 61.8° . .
1.1.2 Spectral Parameters of Thiols

In general the UV spectra of aliphatic thiois éhow a
peak maximum at ~195 nm with a'shou&der at ~230 nm, which

are associated with electronic transitions from the non-

R
bonding n orbital (p type) to the antibonding a* and w v

36,37

orbitals, respectively. For 1l-pentanethiol, the shoul-

der peak has been found to be displaced slightly toward

shorter wavelengtﬁs, 224 nm.37" The lowest—lying’}evel for

CH3SH has been predicted from emission spectra to be predo-

minantly 363, followed in order by essentially pure 4s and

38

degenerate 3d levels, with the observed transition ener-

gies, 5.39, 6.08 and 6.75 eV, respectively. These values

2

concur with the theoretically calculated results>® which

attribute tﬁg)weak, broad ab;o:gtion at 5.39 eV to a valence

-

ta s * ' .
transition, 3Py @ Ogay the broad, structureless absorption

at 6.08 eV to 3py <+ 4s, and the third absorption at 6.75 eV
- P}

to the lowest enerqgy componént bf the 3p -+ 4p excitation

manifold.

A .
36 thiols exhibit characteristic

1

In the IR region,

absorpt£2n bands at 2564 cm_
g

vibration. , They also exhibit absorption bands between 820
1

due to an S-H stretching

, probably due to C-S-H bending vibrations, and

intense Cc-S stretching bands in the region 645 - 769 cm™ 1.

e,

and 909 cm



¢ . *:\..

r'd

The remaining bands in the IR spectra inclﬁdexiiyocking

twisting and wagging vibrations of
1

vibrations due té CH_,
. CH, in the usual regions, 735 - 1389 cm
stretching®ibration at 2941 cm L. X
, » g

1.1.3 Reactions of Thiols o _ >

, and a C-H -

The chemistry of the thiol group has been subjected to

broad and detailed investigations.29 Amongst the poss}ble

(-2

reactions of thiols, focus has been mainly on the redox

reactions, thiol-disulfide thermal exchange reactions, and

photochemical reactions.

Oxidation of thiols proceeds gtepwise to give initially

¢

the disulfide, then thiolsulfinic acid and finally sulfonic

29

acid.39 ~There are several means by which thiols are

readily oxidized. For example: by air,

1
2 BSH + 5 02 - RSSR + HZO

by metal alkoxides,

-

' slow _ .
_RSH + Fe(0,CCoH )y —— RS + Fe(0,CC Hig), + c7n15cozn~
2 RS ~———— RSSR
by organic oxides, o
' ’ slow ., » OH RSH , N &,
RSH + R.,SO = R,S - RSSR + RS + H,O '
2 2 SR fast 2 2"

' Thiblbdisulfide éxchange reaction§iare of,greatest
bidlbgiéai intereét! since thiols and di#ultides ar;‘prosént
togethe: in'cerls. The rate of the exchaﬁg§ reaction is _ ;
pH;dépendent because the thiol participates in the'roaction{.

’ - L 2 ) — . .

as RS, N

o



-® . f{

S i k, _
B R'S + RSSR # R'S-SR t+ RS
L} K.

ORI K,

R'S + R'SSR R!'S-SR' A 55-

The- thermodynamic properties of some organosultur
compounds and radicals are given in Table 1.2, along with

those of species relevant to the present investigation.

1.2 Photolysis of#Thiols

<

1.2.1 Photolysis

Thiols have been photolyzed under a wide range of

conditions, in rigid glasses at 77K as single crystals, In

solution, and in the gas phase.qo’41 In early investiga-

tionsss_58 of the photolysis of CHBSH and C2H5SH in the gas
phase, hydrogen and disulfide were detected as major

products. Their formation appeared to be accountable at the

time by ; simple reaction mechanism, "C:,
RSH + hv - RS + H - (1)
H + RSH » H, + RS (2)
2. RS - RSSR (3)

(R = CH3, CZHS)’ suggesting that S-H bond scission is the
only important primary photochemical process. Small amounts
of hydrocarbons, CH4 6r C2H6, were also detected at higher
‘cqnversions. Inaba an& Darwent58 also photolyzed CH3SD and
fqund that thg noncondensible gases were 02 and CH3SD} thus
showing‘thgt the reactions

e

CH,SD + hy - CH,SD + H (4)
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CH3SD + H (or D) - CHZSD + H2 (or HD) (5) .
do not occur to any appreciable extent.
Later, Steer et gl.sg and Dzantiev et g;.60 detected the

presence of H_,S amongst the photolysis products of CHBSH.

2

Its formation was explained by the occurrence of a secondary
\,

primary photoly;}s step, C-S bond cleavage/‘bstimated to

occur with a quantum yield of 0.1,60

CH3SH + hv - CH3 + SH (6)
followed by the secondary reactions
CH3 + CH3SH - CH

However, in subsequent more detailed studies of the

4 + CH3S ' (7)
‘uhotolysis~of CHBSH, Steer and Knight61 observed that the
sum of ¢(H2) and ¢(CH4) was always greater than unity and
therefofz suggested that step (6) cannot be occurring in
para&lel with step (1). Although the authors had considered
the displacement step in their study, ”

H + CH,SH » H,S + CHy . (9)
they concluded that (93 accounts for a maximum of 2% of H
atoms at room»t;hperature and is éignificant only at higher -
temperatures. This was‘?ased on the data from the analogous
displacement.reaction by CH3 radicals reported by Gre£9 and
Thynne‘,62 who had determined rélative rate constants for the
reactions .

CH, + CD,SH = CH, + CD;S (10)

- CH3SHh+ CD3 (11)

and reported klo/kll'c 710 at 25°C. In order to account for

the observation that the CH, and H

2S yields decreased with

12



L . .
increasing pressure, Steer and Knight61 proposed a sequence

of reactions involving excited disulfide molecules formed by

the recombination of CHéS radicals,

- .
2 CH;S # §H3SSCH3 o (12)

*
CH,SSCH, + CH,SH - CH,SSCH, + CH, + SfH (13)
~ CH,SSCH, + CH,SH (14)

However, it was later shown that (13) and (14) do not

occur, ®? since neither CH, nor H,S was detected in the

tolysis of CH3SSCH3, whica produces excited CH,SSCH

3 3

)

The\ formation of hot H atoms was considered by both the

molechNles via (12), in the presence of CH3SH.

Steer and Knight64 and Sturm and White65 groups, based on

their observations that the H, yields were redyged

2
significantly in the presence of high thermalizer (Coz, He

andy Ne) pressures. donsequently, White and coworker563'66

included hot'H atoms in their proposed reaction mechanism,

CH,SH + hv - cu3s + 1 (1a)
. » CH; + SH o« (6)
x
H + CH,SH - H, + cn3sh (15)
- H,8 f CH3 (or CH, + SH) (16)
N | CH, + CH,;SH - CH, + CH,;S | (7)
SH>+ CH,SH = H_S + CH,S ;o (8)
“ i+ M‘+ M (17)
H + CH SH = Hy + CH,S | . | (2)
2 CH,S = CH,SSCH, (3)

, .
The second pr%mary step (6) was suggested by the authors to
, be wavelength-dependent, from the observationvthat the CH4

1



and HZS yields obtained at high thermalizer pressures

increased when the wavelength was changed from 254 to 214

nm. Although the metathetical displacement reaction step

§

(16) by hot H atoms was considered as, another HZS;producing
stép in the mechanism, that by thermal H atoms, step )9);
was not considered to take place at a measurable rgfe.

The gas-phase photolysis of CZHSSH at 254 nm was also

investigated -in detail by Steer and Knight67 (SK) and by
Bridges, Hemphill and Whitqu (BHW). Both groups, SK and

BHW, obtained HZ and C2HSSSC2H5 as the majof photolysis

produé}s and smaller amounts of HZS’ C2H6 and C2H4, but the
product yields and their pressure dependence, and also the

* kinetic interpretations diffefred in several areas. SK

—

proposed only one primary step,

CZHISSH + hp\d\ C,HS + H (18)

from the obsérvation that the H, yield is close to unity.

2

The ensuing processes deemed impprtant were:

H + C2HSSH - H2 + CZHSS (19)

2 CZHSS - CZHSSSC2H5 ' (20)-

QIt was concluded that the reaction

H + C,H.SH - H_, + CH,CHSH \ (21)
. 5 2 3 |

2
.did hot occur since products from (21) were not detected

even at long exposure times. The minor products, st and

C2H6, were accounted for by a molecular sensitization scheme

analogous to that for the photolysis of CH3SH, i.e. reaction

f

steps (12) - (14), (7) - (8). The alkene product; C2H4, was

\ Y 8
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also believed to be formed from the sensitized decomposition

reaction,
x _
CZHSSSCZHS + CZHSSH - CZHSSSCZH5 + C2H4 +.HZS . (22),
However, as mentioned above, this scheme was later
63,66

questioned by White and coworkers.
In turn, BHW proposed a readtion mechanism\slightly

different than SK’s, for the photolysis of CZHSSH' Along
4

/
with the scission of the S-H bond in the primary step (18),
BHW included two additional ones, one involving cleavage of

the C-S bond to form hot radicals,

* *
C,H,SH + hv - C,H, + SH (or SH) (23)

while the other is a molecular process,

C2HSSH + hv -~ C2H4 + HZS

introduced to account for the stxand C2H4 yields at high

thermalizer pressures. In contrast to the step (22)

(24)

proposed by SK, BHW introduced one involving hot ethyl

réﬁicals,

* o
C,Hg + C,H.SH » C,H, + czﬁZf}\§H (25)
to account for the formation of C2H4. The remaining steps

in the . reaction mechanism proposed by BHW for‘ﬁhe photolysis.

of CzﬂssH’are analogous to those proposed for CH3SH.

In all the gas-phase photochemical studies of thiols,

~

the isoenergetic reaction,

HS + RSH » H,S + RS | - (26) .

was suggestedAfbr the -decay of SH radicals and also as
another st-progucing step. Yet,,the metathetical displace-

ment reaction by thermal H atoms, -~
% .
-~ &



H + RSH HZS + R (27)
analogous to other radical reactions with organosulfur
compounds,68 was not included in the overall mechanism.
White and coworkers66 have suggested that the H atom must
possess excess trénslational éneréy in order for (27) to
occur. If this is correct, then photolysis in the liquida
phase, where H atoms generated ffom (1) are rapidly therma-
lized, should result in smaller HZS and alkane yields
‘relative to that in khe gas phase, provided that thé other
primary step, .

RSH + hv - R + SH (28)
is occurring, otherwise, neither products (HZS and alkane)
yould be observeé'if (1) is the sole primary step.

In the liquid-pﬂase photolysis of CZHSSH at 254 nm,
Carlson and Knigh£69 detected only H2 and CZHSSSCZ'H5 as
products and this is in apparent agreement with White and
coworkers’ suggestion abov%. However, in later develop-

ments, Pryor and Olsen70 studied -the photolyses of

~

t-butanethiol, cyclohexanethiol and thiophenol in the liquid

phase and found that H.S is a product, along with H2,

2
alkanes and disulfides. The Hz/st ratios at 25°C were:

1.45 (t-butanethiol), 4.35 (cyclohexanethiol) and 5.88
(thiophenol). Since the yield of Hz increased and that of

H,S decreased with increasing concentration of inert hydro-

2
. L4
gen donors, QH, and the Hz/st ratios were a linear function

of [QH]/[RSH], the authors cancluded that the displacement

reaction (27), and not the C-S cleavage in the primary step

)
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(28), is the important st—producing step in the mechanism.
Direct evidence for the occurrence of (27) was also esta-
blished in the photolysis of t-butylperoxyformate at 350 nm

in the presence of ;—C4H SH (which does not absorb at this

9
wavelength), from which H2 and st were both prqpucts,
formed in the ratio 1.41 at 25°cC. Thus, a general mechanism

for the liquid-phase photolysis of thiols at A = 254 nm

would feature the following reaction steps:
{

RSH + hv » RS + H (1)
H + RSH - H, + RS . (2)
. T HSHR o @2
R + RSH » RH + RS (29)
2 RS - KSSR : (3)

on the other hand, for the gas-phase photolysis of thiois,
where hot H atoms are formed, two additional reactions
analogous to (2) and (27), i.e.

* N . .k
H + RSH - H2 + RS “ (2)

. *
% H,S + R . (27)

would also be included in the overall react}on mechanismn.

s

‘1.2.2 Hydrogen Atom Reactions
1.2.2.1 Generation of H atoms - °

Chemical reactions of H atoms in the gas phase has been
- b Y d

1

reviewed recently.7r In particulhr, those with organosulfur

. &

.compounds have recently been compiled and evaluatgd.72 The
many methods develobed'f¢r'the generation of thermal H atoms
for kinetic studies include: radio-frééuepcy and high-

freduency microwabé diséhafgé,'ﬂg(spl) photosensitized
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decomposition of H2, radiolysis and shock-tube methods. On
the other hand, photolysis of HBr, HI, HZS' and, to a lesser
extent, alkanethiols, is a good source of H atom with excess
kinetic energy and conéequently requires large amounts of
moderating gases in the thermalizafion. The importance of
the chemistry of hot H atoms has only been widely recognized

73

since the mid-1960s. The subject of energy transfer in

hot H atoms during non-reactive and reactive collisions

remains elusive, especially when more dissociative channels
e

become available as potential surfaces of higher energies

are reached.74

1.2.2.2 Abstraction / Displacement

7 " a
Much of the early kinetic data on the H + CH3SH reaction

was derived from the mechanistic\investigations of photo-
lyi_ studies. 1Inaba and Darwent58 photolyzed CH3SH at 254

nm 1n the’presence of C2H4 to study the relative rates of

H~-scavenging by_CH3SH

H + CH3SH - H2 + CH3S » (2)
-and by C2H4 »
- H + CZH4 - 02H5 ’ (30) .

From these competing experiments, the values derived for

/Ky/Ky, Were: 1.7 (s0°c), 2.0 (120°c), and 2.22 (220°C),
from which the average value (E2 - E3o) = 0.54 kcal mol-1
was obtained. _— - ' ,

Kuntz?> also photolyzed a series of alkanethiols in the

. K [N
gas phase at 254 nm in the presence of scavenger 2H4 to

deternine the effect of substituents on the rate of H atom



removal from the thiol group. The presence of‘got H atoms
A 2
was suggested, based on the observation that the ratios

remain constant over the low pressure range, then decrease
rapidly after a few cm of pressure. The values of kz/k30

determined in the pressure-independent region are: CH3SH,

1.7, C,H,SH, 1.9, n-C,H SH, 3.2, and p-C,H,SH, 3.7, shéwing

the increase in lability of the sulfhydryl H with increasing
alkyl substitution on the S atom.
Additional evidence for the occurrence of hot H-atom\

reactions was provided by thes results of Steer and

59,61, 64

Knight, who at first reported a different k,/K

30
value of 2.32, but later found that it decreases to 1.15 at

very high pressures of added COZ, reflecting thermal H-atom
o “;‘;

reactibns.. The displacement step

H + CH3SH - HZS + CH3 . (9)

61

was not considered in the overall mechanism. Since step

(9) has been established by Pryor and 015en7°, as noted.

~

earlier, to be important, the ratio kz/k30 is actually

k2
—f% —— . Thus, _ )
kjo * K9 3 |
1 _ X0 . K
1.15 k k
o, 2 2
The displacement/abstraction ratio, k§/k2' can be estimated

from the C2H6/H2 ratio of 0.13,67

obtained for the photo-
lysis of Czﬂssngat 25°c and high co, pressure, ‘giving the

corrected k,/k,, value of 1.35. Using the absolute rate P
76 Kk

constant fer (30) reported by Lee et al., = 6.61 X

30

r

4
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1011 cm3 mo1”?! 87! at 25°c, it follows therefore that k, =

8.92 x 10!, and kg = 1.16 x 101! cm® mo17? s71.

-

Direct determination of the rate constant for the H +-

CHJSH reaction was made by Amano et 31.77 in a discharge

flow system. They found H.S, C,H, and C,H, as major

2 24

prbducts, with smaller amounts of CH,SCH, and CH,SSCH,. _The
rate éonstants for (2) and (9) were derived by an optimi-
zation procedure to be k2 = 2.9 x 1013 exp (-2600/RT) and k9
= 0.69 x 1012 exp (-1670/RT) em’ mol™" s”1. At 25°c, k,/k,

= 0.9, which is at.Variance with the earlier results of

Steer and Knight67 and Pryor and oisen.’?
Recentfy, other values for k2 were reported: 2.5 x 1011
em’ mo1™} s71, by Balla and Heicklen,78 based on the photo-

lysis of CH3SH at 254 nm in the presence of NO; and 2.08 x

1013 exp (-1679/RT) cm? mo1”! 71, by Wine et al.,’’ based

on the 248 nm pulsed-laser photolysis of CHasH. Unfortun- |
ately, neither group had included the displacemeht reaction

(9) in theloverall mechanism and therefére these values

refer only to the total rate of reaction.

Much of the information on the H + C,H SH reaction was

also derived from photolysis studies. Steer and Knight67

19

. H + C,HSH = H, + C,H.S : (19)

decreased from 2.03 to 1.05 under higﬁ-co2 pressure. In a

)
reported that k19/k30' where k refers to

manner similar to the photolysis of CH3§h, klg/k3o should be

corrected for the displacement reaction,



) 371
H + C2HSSH - st + C2H5 (27)
k19
hence k3d=+fk = 1.05. 8Sinte }(27/}(19 = 0.13, 1t follows
_ _ 11 3 -1 -1
that klg/k3o = 1.20.  Since k30 = 6.61.x 10 cm” mol s ,
k19 is therefore 7.93 x 1011 and k27 = 1.03 x 10]‘.0
cm3 mol-1 s-l.

The H + 1-C,H,SH reactions were investigated by Horie et
gl.go at 295 and 576K using the discharge method. The major
products were n-butane, 14§htene and Hés, while the minor
products were propylene, propane, ethylene, ethane and
methane.- At 576K, however, the relative yield of p-butene
was much greater, and that of n—butane was ﬁhcn smaller,
than the corresponding yields at 295Kl and the 1-butene
yield decreased much more drastlcally with 1ncrea51ng
converelon. Using numerical integration in the klnetlc
analysis, rhe rate constants were derived for the following

. >
initial H-atom reaction steps,

H + 1*C4H95H - H + C H S : (31)

49
- HZS + C H . ‘ (32)
I 13 : 12
k31 = 1.3 x 10 exp (-3180/RT) and k32 = 1.6 x 10 exp

(-2223/RT) cm mol™1s”1, at 25°c, k 31/k32 = 1.6, indi-

-

cating that the dlsplacement reaction is slower than the
abstractlon, as expected. The activation energy value, 3:18
kcal mol. , for the H + 1- C4HQSH abstraction reaction is ;
higher than that for the H + CH;SH reaction, 1.68 - 2.60
kcdl'mol-l. In view of the fact”ﬁhat the S-H bond energies

in the alkanethiols are the same, this is somewhat
) e



-,
-l

surprising.

W The effect of molecular structure on the rate of H-atonm

. . . . 81
scavenging by thiols was investigated by Severs et al.,

who irradiated aqueous solutions of primary, secondary and
\

tertiary butanethiols. The following rate constant ratios

for the abstration/displacement reactions were obtained:

4.2 (primary), 1.8 (secondary), and 0.8 (tertiary), reflec-

ting a trend corresponding to the C-5 bond strength. 1In

cong};st, different rate constant ratios were reported by
Pryor and Olsen:70' 4.4 (cyclohexanethiol) and 1.5
(t-butanethiol). From the measurements of the H2/H28 ratio
at 298K and 314K which correspéond to the following H +

A

“ t-C H_SH reactions:

4 9 _
’ H + £-C,H SH = H, + L£-C H/S (33)
- H,8 + t-C Hg (34)
the parapeters, ky5= %.2 x 108! em® mo1”?! s7?! ang (E345F &Ea
E33) = 3.8 t+ 0.3 kcal mol_1 were derived.
The liquid-phase reaction of H atoms with‘2—mercapto—
ethanol was studied by Jayson et g;.83. H atams, generated

by the pulse radiolysis of H,0, react with 2-mercapto-

ethanol ip the primary reactions:

H + HOCHZCHZSH - H2 + HOCH2CHZS : (35)
- HZS + HOCHZCH2 ‘(36)
12 11 7

at 2s5°c, kKys = (1.7£40.2) x 10

cm’ xnol-l.gs'-l were reported, thus k,./k;. = 5.2. This is in

and k36 = (3.310.4).x 10

agreement “with the ‘later results of Lal and Armstrong17 who

obtained the value of 5 at pH = 0.5.
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In the realm of H atom reactions with biological thiols,
cysteine has received the most attention. Littman et 91.85
generated H atoms by electrical discharge and attributed the

formation of the disulfide, cystine, and the HZS products to

the following initial reactions:

H + CySH - H2 + CyS : (68)
- st + Cy (69)
: - SH + CyH (70)

where Cy = HOOCCH(NHZ)CH2. Apparently, attack on the amino
group does not occur. In acidic or neutral solutions,
disulfide was the major and HZS’ the minor product. How-

ever, the relative product yields are reversed in alkaline

solutions, due to the ionization of the thiol group:

CySH ® CyS~ + H' (71)
and the replacement of reactions (68) to (70) by: \
cyS” + H » Cy + SH (72)

From the measurement of product yields from the ~-irra-
diation of aqueous solution of cysteine and cystine, under
various experimental conditions, Markakis and Tappel7 sug-
gested that (68) was the major primary step and that (69)
and (70), with (69) occurring faster than (70), also took
place to a lesser extent.

Navon and Stein84

studied the H + cysteine ;gaction ih
aqueous solutions at pH = 6, by generating the H Atoms from
electrical discharge in H,. From the rate of disappea-
rance of cystine, they derived the rate constant, k68 = 1.0

X 1012 cm3 mol-1 s-l, and from the rate of HZS formation,



‘they estimated that the rate of the displacement reaction

(69), was one-fifth that of the abstraction reaction (68).
Support for the mechanism postulated earlier, steps (68)

to (70), was provided by the experimental results obtained

in the ~-radiolysis of aqueous cysteine solutions. At pH =

11,12

0 and 1°C, Armstrong and coworkers estimated that the

rate constant ratio k68/k69 was 8.6, from the H2 and HZS

yields and from the material balance. A smaller k68/k69

value of 3.5 was reported at 23°C, indicating that the acti-
vation energy for (69) is much higher than that for (68).
Similar results obtained by Al-Thannon et g;.a at pH = 0.5

and 1.0 also lent éupport to the occurrence of reactions

v

. \

(68) - (70).
The rate constant for (68) was also obtained by Neta and
Schuler,85 who monitored the H-atom concentrations by ESR

during the radiolysis of aqueous solution of cysteine and

*
cystine at pH = 1.0. Thus, ko = 4.0 Xx 1012 cn® mo17?! 71,

but does not include the displacement reaction (69). On the

other hang, Tung and Kuntzlo determined the rate constant

for both (68)>énd (69) by utilizing allyl alcochol as an

24

H-atom scavenger in the v-irradiated aqueous cysteine @

solutions at pH = 1.0. The values for the rate constants

are: kg, = (1.340.1) x 1012 and kgg = (2.580.4) x 10! cm?
-1 1

mol 8 =, from which k68/k69 = 5.2 at 24°C, in good

agreement with the value reported by Armstrong and

11,12

coworkers. In the liquid-phase photolysis of cysteine,

Wu and Kunt29 obsérved that the total rate constants, k68 +
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L3

k69' increased slightly on going from pH = 1.0 to 6.0, from
1.69 x 1012 to 2.25 x 1012 cm3 mol“1 s-l.

The liquid-phase reactions of H atoms with cysteine are
the same as those postulated for another biological thiol,

penicillamine, HS-C(SH CH(NHZ)COZH. In the v-radiolysis

15,16

3)2
of penicillamine, Goyal and Armstrong obéerved from the
HZ/HZS yields that the rate constant ratio, k68/k69' was
much smaller, 0.5 at pH = 0 and 1.3 at pH = 5, than that
obtained for cysteine, which is ~5. This difference is
bably due to the lower C-é bond energy in the tertiary
hydryl compound, which aids the displacement reaction
(69) - ’ .
The rate constants and Arrhenius parameters for the
H-atom reactions with thiols available in the literature to
date are summarized in Table 1.3.
1.3 e is o s
Contrary'to the photolysis of th;ols, only meager data
are available on the thermal decomposition of thiols. Until
recently, the thermal chemistry of thiols has besen inves-
tigated solely wit§/regard to the kinetics of the disappea-
rance of the initial thiol, with limited‘charactorization of
thé ensuing reaction products. Even then, the ncchgnisms of
thermal decomposition of thiols has yet to be reconciled.

86-88

Early investigations reported H,S and alkenes as

2
predominant products. However, the reaction mixture was

frequently complicatgd by the presence of elemental sulfur,

sulfides, disulfides and lower molecular goiqht hydro-
) )
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carbons. As well, an understanding of the reaction
mech@anism has been hindered by the dependence of the product
mixture on reaction conditions and structure of the

86,89,90 por example, Thompson et 21-86 thermally

thiol.
decomposed ;—C4H98H from 300 to 500°C using a flow system in
the presence of large amounts of toluene as a carrier gas

and a free radical trap. They found st, ;—C4H10 and ;—C4H8

as major decomposition products and subsequently proposed a

free-radical chain-type mechanism to account for their

format}on: |
(CH,) ,CSH - (CH;) ,C + HS . (73)
(CHB);C + (CH;) ,CSH - (CH3)2(éH2)CSH + (CH,) ;CH (74)
HS + (CH,),CSH - (CH3)2(éHZ)CSH + H,S (75)
(CH3)2((.?H2)CSH » (CH,),C=CH, + HS (76)

on the other hand, a 1,1-elimination of H,S from

1—pentanethiol87

b}

RCHZCH2$H - HZS +u[RCH2CH] - HZS + RCH=CH2 ‘ 577)

‘was proposed to account for the difference in reactivities

between the primary and tertiary alkanethiols. Alterna;

o

tively, a concerte%’1,2-elimination of HZS from the thiol to

form the alkene product was suggested by Sehon and Darwent88

25

C HgSH ~ HyS + C,H, (78)

The authors also found that methanethiol, ethanethiol and

for the\ﬁpermal decomposition of C_H_SH

phenylmethanethi81 decomposed by a homogeneoys first-order

free-radical process analogous to step (73}. Since the

A

14

28
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N

activation energy for (78) was estimated to be 55 kcal

mol—l, which is lower than the C-S bond energy of 63.5 Kkcal

mol'.1 determlned for CZHSSH' the elimination reaction was

the favoured process in the thermal decompostion of thiols.
- (
However, this is in disagreement with(the theoretical

results of Baldrige et gl.,27 who car%ied out ab igiﬁigﬁggf-
MO calculations for the initial steps in the decompositions
of CH,SH and C,H.SH and in bath cases, obtained higher
activation energies for the Hés—ellmlnation réaction,
namely, 108.3 and 76.9 kcal mol !, respectively.

The kinetics of the thermal decomposition of butane-
thiols were recently investigated by Tsang,89 Bamkole90 and
Amano and coworkersgz'93 under different reaction condi-
tions Tsang89 used a single-pulse shock tube technique to
study the tharmal decomposition of t- C4H95H over the temper-
ature range 670 - 960 C. Theé radical process, (73), was
‘completely inhibited by adding excess amounts of propylene
to the system and thus, under these cqnditions, the‘decom-

position proceeded solely via a four-centered unimolecular ’

elimination reactiorf, s
;cnsn-'ﬂzs+1c S (79)
The rate expression for (79) was Ehen determined to be:
- 13 : -1 ~
k =2 x 10 exp (-550Q0/RT) s .

79 ,
In contrast, Bamkole 90 used a static system to study the

pyrolyses of primary, secondary and tertiary butanetﬁiols in
the presence of, cyclohexene. The products were shown to be

essentially st and the corresponding alkenes. They were

\
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accounted for by a homogeneous free-radical mechanism which
is consistent with the one proposed by Thompson et g;.,86
steps (73) to (76). However, the mechanism is complicated

by the introduction of an additional terminating step for

the case ;—C4H98H,

HS + HS » H,8 + S (80)
and, for 1—C4H95H and 2—C4H95H,
HS + -R‘SH - R’(SH), - alkene + H,S + S (81)

By applying the initial rates method to the reaction imme-

diately following the end of the induction period, Bamkole

o

claimed that the orders of reactions were 3/2 for ;—C4H98H,

and one for both 1—C4HQSH and 2—C4H98H. The following

Arrhenius parameters were determined for the overall

decomposition of butanethiols in the temperature range 425 -

\

[o]
490°C: | . }
1—C4H95H - HZS + 1l-butene (82)
) i -1
kg, = 6.9 X 10° exp (-42570/RT) s ;
2-C4H95H - HZS + butenes . (83)
k83 = 4.9 x 108 exp (-41730/RT) s_l: (the butene mixture
from (83) consisted of: 1-butene, ~17%; cis-2-butene, ~38%
and trans-2-butene, ~45%); and (k.79)1'5 = 1.2 X 1012 exp

(-40580/RT) cm’*>mo1”%*%s71,

‘!ghe difference in the results of Tsang89 and Bamkole®’®

on the decqmposition of t-C,H_SH was postulated to be due to

4H9
temperaturg effects. Indeed, this is in apparent agreement

91

with the results of Martin and Barroeta who obseryed that

in the gas-phase thermolysis of ditertiary butylsulfide,
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;-C4H95H is a major initial product but decomposes rapidly
above 380°C to 1-—C4H8 and HZS unless the inhibitor
cyclohexene was present. |
The thermal decomposition of butanethiols was investi-

gated by Amano and coworkersgz'93

using a low-pressure
pyrolysis method at temperatures above 625°C. The distinc-
tive feature of this method, as‘compared with the high-
pressure pyrolysis method, is the‘formation of lower

molecular weight alkenes as additional major producté. For

1—C4H95H,92 the following mechanism was proposed to account
for the formation of C2H4, l1-butene and st:

1-C,H SH » C,Hy + SH ' (84)

» C,Hg + H,S (85)

C4H9 7 C2H4 + C2H5 \ * (86)

C,Hg » H'+ C,H,  ° k (87)

The activation energy for (84) at 0 K was obtained from RRKM
calculation to be 67 - 69 kcal mol-l, which corresponds to
the C-S bond.energy.

An analogous mechanism was propbsed for the decompo-

sition of 2-C4H95H93 above_625°c, where the products

included“probylene, methane st and butenes. For -~

<

;—C4H98H,93 no differentiation was made experimentally'tOr

the formation of 1-C4H8 from both the'st-elimination step

{79) and the unimolecular decOmposition of the t-butyl
radical: - .

£-C,HgS » H + i-C Hg (88)

-
3

Amano and coworkers®2’93 concluded that butanethiols -



decomposed through two pathways, namely, C-S bond cleavage,
/

a radical process, and st—elimination, a molecular process.

“Trhe ratio of the two reactions appears to be dependent on

¢

molecular structure, with the proportion of st-elimination

£ ‘.

increasing-..in the order primary < secondaf§ < tertiary
butanethiols. This is in the same order as Hzo—elimination
in the pyrolysis of alcohols and HX-elimination in the
pyrolysis of alkyl h&gides.

The rate parameters. for the reaction,
VI Y

vy
LA
are listed in Table'1.4 for some of the alkanethiols.

\

1.4 Thiyl Radicals

1.4.1 Physical and Speétral Properties

Thiyl radicals are stable and easy to generate, either
from the direct and €he Hg(3Pl) sensitized photolysis of
thiols, sulfides and disulfides, or from the thermolysis of
sulfides and disuldides. Informatioy on the nature of the
thiyl radicals has been obtained from ESR and optical
spectroscopies, kinetic techniqﬁés and product analysis.

The spectral characteristics of several thiyl radicals

4 The UV spectra

have already been tabulated by Ekwenchi.9
are commonly obtained upoﬁ irradiation of thiols, sulfides
and disulfides in either rigid glass or neat Qatrices at
77K. Yet, there is considerable‘uncertainty iﬁ the precise
assignment of absorgfion bands in these low-temperature

spectra. Recently, the characteristic' absorption band at

-

32
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300 nm has been assigned to simple alkylthiyl (RS) radi-
cals,gs'96 and that at 400 - 420 nm to the formation of the

thiol adduct, RSS(H)R, in glassy matrices at 771(.97 In

contrast, the lowest gas-phase UV absorption band for CH3S

radicals has been reported to be located at 218.5 nm.98’99

The asymmetric ESR spectra of irradiated thiols1007103

give three characteristic g-values, Iyx ~ 2.06, Iyy x 2.025

and 9y, < 2.000, which were attributed to alkylthiyl

3

radicals. Recently, howeVer, it has been suggested that the

ESR spectra of thiyl radicals cannot beprserved due to the

degeneracy of p-orbital of the S—atom104 and that the

.

: hY
g-values assigned to the RS radicals before\are\actgally'due

y
- Y

to the perthiyl radicals, R82105 or the adduct \‘
\

RSS (H)R.> 106 A

1.4.2 Reactions of Thiyl Radicals

by
\

Thiyl radicals undergo reactions which are similar to

@
s

alkyl radicals, namely, disproportionation, combination,
abstraction, addition and metathetical reactions. More
kinetic data have become available since‘knowledge of the
reactivities of alkylthiyl radicals is necessary in orderkxo
develop accurate models for both atmospheric and combustidne
chemistry. 'For example, the gas-phase reactions of CH3S
with 0, NO and No, have been thoroughly ‘reviewed recently
by Heicklen.1°7 : | | ~ t
* 5 1.4.2.1 Disproportionation / Combination

Thiyl radicals, generated from’the photolysis or

Y
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" is 2.4 x 10

thermolysis of thiols, alkylsulfides and disulfides, will

disproportionate or combine: + !
RS + RS =» RSH + RS(-H) Y (89)

-+ RSSR . (90) -~
The disproportionation/combination ratio, kaé/k90' can be
calculated from the relative yields of thiols and disul-

fides. For CH3S , the value k8 = 0.05 - 0.11, has been

9/k90

.qerived from the Hg-photosensitized decomposition of

108,109 ,h4 from the reaction of H atoms, generated

3’
3 Ce s as . 110
by the Hg({ Pl) sensitization of Hz’ with CH3SSCH3. From

CH3SCH

uv spec'cra,'99 the abscrption band at 211.7 nm has been

.assigned to the disproportionation product, thioformalde-

hyde, based largely on chemical eviderice. For C2HSS ;e

kgg/kgoy = 0.13 was also derived from the Hg-photosensitized
111 '

decomposition of C2HSSC2H5. - The small k89/k9o values for:
thiyl radicals are in contrast to those for the élkpxy
analogs, e.g. k89/k90 = 9.3 for-CH3O and 12.0 for C2H50

radicals.,l12 This can be explained by the fact-that

organosulfur compounds do not readily undergo traﬁsforma?;
tions in which the/C-S single bopds'are converted to deuble
bonds, whereas theifxoxygen analogs do; due to the greater
enthalpy cﬁange of the convefsion C-0 - C=0 compated to that
of;C-S -+ C=S. __ o .
The rate constant for the combination of‘CH3S ;adicais

13.cm3 mol-lﬂs-l'IOQ

13 3 1 .-°=-1-113
I

which ié closecto.the valpe A

of 2.5 x 1023 cm® mo17! s reported for CH, radicals.

11

&

%
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1.4.2.2 Abstraction
The occurrence of H-abstraction by thiyl radicals from

sulfides and disulfides is evident from gas-phase thermo-

116 108,111,114,115 ,, seriments, where

lysis and photolysis

thiols are the major products. For CH3S radicals, the

following H-abstraction reactions both lead to the formation

of CH3SH:

CHBS + CHBSCH3 - CH3$H + CHZSCH3 (91)

CHBS + CH3SSCH3 nd CHBSH + CHZSSCH3 (92)
The apparent activation energies measured for (91)108 and
(92)114 are 5.4 and 1.5 kcal mol-l, respectively. Also,
from competitive experiments with 2-methylpentane,

THJ . ?HJ
CH,S + CH,CH(CH,),CH, = CH SH + CH,C(CH,) ,CH, (93)

108

the activation energy for (93) was approximated to be 7.5

kcal mol L.

In the averall mechanism of the gas-phase Hg(3P1)

photosensitized decomposition of C2HSSC2H5, the
. .

H-abstraction reaction

L]

czpss + C2HSSC2H5 - C2HSSH + CH3CHSC2H5 (94)
111

was considered by Smith and Knight not to be important,

relative to the corresponding H-abstraction reaction by

ethyl radicals,

C2H5 + C2H58C2H5 - CZHSSH + CH3CHSC2H5 (95) .

However, in the Hg-photosensitized decomposition of H, in



the presence of C2HSSSC2H5, Ekwenchi et g;.lls have shown
that the H-abstraction reaction,

C2HSS + CZHSSSC2H5 - CZHSSH + CH3éHSSC2H5 (96)
occurs with the rate constant, k§6 =_3;1 X 1012 exp
(-3600/RT) cm> mol ' s 1.

It is seen from reactions, (91) - (93), and (96), that

alkylthiyl (RS) radicais require lower activation energies
in abstraction reactions than alkyl radicals, for which
abstraction from alkanes usually requires higher activation
energies in the range 9 to 12 kcal mol_l. Also, the fact
that the RS radicals abstract more efficiently from sulfides
and disulfides than from alkanes(indicates a weaker adjacent
C-H bond in the former than a typical tertiary C-H bond in
the latter, =~ 90 kcal mol 1.
1.4.2.3 Addition

Unlike alkoxy radicals which, in most cases, abstract
hydrogen from rather than add to unsaturated alkanes,117
thiyl radicals can add to as wellias abstract from alkenes.
The addition of CH3S radicals to acyclic alkenes i§ well

118,119 120

documented. For cycloalkenes, Lunazzi et al. have

" found that the relative rates of addition to and abstraction

from cyclopentene by CHBS radicals are temperature .
dependent. In the photolysis of CH3SSCH3 with added
cyclopentene'in cyclopentane solution at -100°C,
A
+ CH;S - - SCH,
-100C (97)

(a)

37
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A (98)
+CH,S  — + CH,SH
-60°C
(b)

adduct (a) from the addition step (97) was observed by ESR
spectroscopy. As the temperature increased from -100 to
-60°C, (a) disappeared and radical (b) from the abstrac-
tion step (98) began to form. It was concluded from product
analysis as a function of temperature that the addition
reaction (97) has a lower activation energy than abstraction
(98) and that the adduct (a) formed decomposes readily.

In the photolysis of CH3SSCH3 in the presence of a
series of methylene-cycloalkanes using cyclopropane as

121

solvent, the addition products were formed yja the

following mechanism: CH, SCH,

-l - NG H,C SCH,

) c)

. + CH,S ‘
(cH2), H,C SCH, (CH,)n
(n= 192v3) \ /
(CHz)n (d)
Rearrangement through a 1,4-hydrogen-shift between CH3S and

the radical center, intermediate kc), was postulated since
1nternedi§te (d) was not detected by ESR spectroscopy.
Other addition reactions, such as the addition of cnss to
1,3-butadiene’?? have also been studied recently.
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An increasing number of photooxidation studies of simple
alkyl thiols, sulfid€s and disulfides are being carried out
in view of the escalating concerns about the role of the
complex reaction sequences involved in the pollution of the
atmosphere. The CH3S radiéals, produced from the initial
step in the photolysis of CH3SH, react with o, to give the

adduct CHBSOO and subsequently CH3SCH3 and 802 as major
123

products. This is in contrast to the CH3O radicals which
transfer an H-atom to 02:124 \ -
CH 0 + O, » CH,0 + HO, (99)
From analysis of the 802 product formed via:
CH,S + O, - CH, SO0 (100)
» CH, +'S0, (101)
~ CH,5(0), (102)

123

the rate constant ratio, is estimated to be ~4

125

k102/k101

Balla and Heiklen photolyzed CH3SH in the presence of

NO and found CH3SN0 as the primary addition product, formed

from,

- *
CHSS + NO &= CH3SNO (103)

*
CH3SNO + M- CH3SNO + M (104)

~

103/ %104 *
product was formed from the

where [M] = (NO] + [Ar] + [CH,SH]. At 23°¢c, k

83+52 Torr. The CH3SSCH3

secondary process,

CH3S + CHBSNO - CH3SSCH3 + NO (105)
with the rate constant ratio, k105/k103 X 0.8410.27.
The photooxidations of CH,SH, CH38CH3 and CﬂasSCH3 were

carried out in the presence bf trace amounts of NO, j.e.
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c o . 6
atmospheric conditions, by Hatakeyama and Akxmoto.12 They

'

measured the relative rate coefficient for the reactions of

CH,S with NO,

CH,S + NO = CH,NO (106)

X 2 X 103. From the value of k =

2 106/k100 100

3 -1 . +#1 o
mol s at 23 C, reported by Balla and

apd O. to be k‘

3.0 x 106 cm

Heiklen127 in the 254 nm photooxidation of CHBSSCH3 in the

. . ~ 9
presence, and absenqs of N2, it follows that k106 X 6.0 x 10
3 -1 -1 N
cm”™ mol s .

At present, the reactions of CH3S with NO2 are not well

understood. Grosﬁ'ean128 studied the photolysis of RZS and

RSH (R = CH,,

oxides and deduced that NO reacts with CH3S and CZHSS about

C2H5) in air and in the presence of nitrogen

2.3 and 6 times, respectively, faster than did NOZ' He also

deduced that NO_. removes CH_.S about 2 x 106 times more'

2 3
efficiently than O2 to form the stable adduct, CH3SN02,
CH,S + NO, - CH SNO, (107)
This is in apparent conflict with the results of Balla and
l;lei)(len,lz9 who found no evidence for reaction (107) in

their studdies of thermal reactions of N02 with organic
sul fur compounds. !
1.4.2.4 Metathetical Reactions

Asymﬁetrical disulfides are usually formed with high
quantuﬁ yields from the'metathetical reactions of thiyl
radicals in the co-photolysis or thermolysis of symmetrical
disulfides,lBo :

R!'S + R?SSR? - R2?SSR! + R?s (108)
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Conversely, photolysis of asymmetrical disulfides leads to
115 ‘

¢

symmetrical disulfide ﬁfoducts,

R'S + R?SSR? - R'SSR' + R2?S (109)

The analogous metathetical reactidn of HS radicals with
CHBSCH3,

» HS + CH3SCH3 - CH3SSH + CH3S (110)
has also been shown to occur,131‘with the rate parameters

. - 9 _ 10 3 -1 -1 o
estimated to be Allo ~ 10 10 cm” mol s and EllO ~
1 1

7

2.7 kcal mol™'; thus, at 25°C, kj,, ® 10 - 108 cm® mol”

-1
s .

Although Pryor and Smith132

have suggested an addition
-elimination sequence in the mechanism of the metathetical
reactions (108) and (109), they did not provide positive
experimental evidence for a transient intermediate.

133 used the time-resolved

Recently, Bonifacic and Asmus
pulse radiolysis technique to show that the metathetical

reaction of thiyl radicals with disulfides proceeds yia the

adduct, {RSS(R)SR), a sulfuranyl radical with an unpaired
electron delocalized in an antibonding " orbital within a

trisulfide bridge,

‘ ' ~ R?
g =" | U
: R2S+ + R!SSR! += R! - § - § (111)
N N RI ‘:
(e)
(e) *=* R®SSR! + R!'S P (112)

The transient intermediate, (e), was stable with a half-life

estimated to be > 100 us andﬂekhibited optical absorption>in
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rd

the UV at A = 375410 nm and e i - (3.410.4) x 10°
max ma
M_xcm_l. For the first time, absolute rate constants were
measured for the forward and backward reactions,
RS + RSSR ¥ (RSS(R)SR} (113)

in thé pulsed radiolysis of aqueous and methanolic solutions

of CH3SSCH3 and cystine, [NH2CH(C02H)CHZS]2. For R = CH3
3 -1 -1

and neutral solution, k113 = 3.8 x 109 cm” mol s and
:
kK_y73 = 2-3 X 107 s!. For R = cysteine residue,
NH_CH(CO_H)CH,-, and pH = 10, k = 7.7 x 10% cm® mo17t 572
o CH(COH)CH, -, p © %113 .
and k_,,5 = 1.5 x 107 s7Y.  The equilibrium constant values

for R = CH3 and NHZCH(COZH)CH2 were averadéd from the
kinetic data to be 1804+30 and 60120 M_l, respectively. No
adduct was observed for R = CZHSS and ;—C3H7 and this was
attributed to slower kinetics in these two systems. The

mixed disulfide system,

PenS + CH,SSCH; ¥ (CH,SS(CH,)SPen) _ (114)
Twhere Pen = penicillamine residue, NH,CH(CO,H)C(CH,),-, was
also studied in a 2-propanol solution at pH = 4.6. The rate

constant for the forward reaction, k was found to be 2.7

114’
"X 1010 ¢m3 mol“1 s-l.

134,135

Knight and coworkers have found that the dispro-

portionation of disulfides

RSSR + R!SSR! Ff 2 RSSR! (115)
was predominant in the liquid-phase photolysis at 250 - 300
nm of a number of C2 - C10 symmetrical and asymmetrical

dialkyldisulfides. The equilibrium constant, K115’ is ~4

v
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for simple disulfides and smaller for higher molecular
~

35 This was attributed to steric effects

X A
whigh would militate against radical diffusion, increase the

weight disulfides.1

probablrff& of cage rec#mbination and thus render the
RS-disulfide exchange léss facile. .

The rate constanté for t@e metathetical reactions of
some thiyl radicals are listed in Table 1.5.

1.5 Transitijon State Theory for Bimolecular Reactions

Transition state theory is a major kinetic model for the

interpretation of elementary, chemical rate processes. The

136

“theory, which was first proposed by Pelzer and Wigner and

37 138

extensively developed later by Eyringl and coworkers,

[N

remains the method of choice in the calculation of absolute

139 The

" reaction rates'fromlpotentipl energy surfaces.
transition state, or the activated complex, situated at a
potential energy maximum along the reastion patﬁ, is |
considered to be a complex aggregate having the proper
cbnfigufation in its passage through phase space and at a
minimum energy for the reaction to occur.

Transition étate theory is based on a quasi-equilibrium
hypothesis in which the reactants, A and B, are assumed to

be in thermodynamic equilibrium with .the transition state,

Aﬁ*. iThe equilibrium constant for the elementary reactionm,

¥

A+B & [A....B]"= -+ products

is given by:
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. t
+ [AB]*
KaB = TTA1(B] (1)

The overall bimolecular rate constant, k*, is then described

by:

¢ - (1), | )

where k is the Boltzman constant, T the temperature and h

the Planck’s constant. From the thermodynamic relation,

-RT 1n xtB - act - anf - mast | (3]

equation (1] can then be expressed in terms of AH* and AS*,
h P R P (—RT (4]

Relating [4] to the Arrhenius form of the rate ccnstant,

k = A exp [ ;g ] [5].

and assuming that AH* and AS* are independent of temperature

over the range T = Tm 3 AT; where Tm is the center of the

temperature range chosen, it is seen that

) ekT_ [ as? }
A= —g— exp R (6]

and
-t ‘

E = AH + RT (7]
where Asi and Aﬂt are the entropy and the enthalpy of \\
activation between the reactants and the activated'cqnplex
calculated at Tm' . ‘

Thus, the entropy of'activation, As*, can be calculated

<

45
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directly from the pre-exponential factor in [6]. Con-

. 2
versely, the latter can be estimated from As#, if experi-
mental data for the reactions are not readily available.

From the definition,

ast = st _ s (8].

reactant

‘The standard entropies for ground state molecules are either
known or can be calculated from statistical mechanics with

good precision. Another method is an empirical one

140,141 and is based on additivities of

develéped by Benson
molecular properties with the assumption that the activated
complex is a rigid, or "tight" molecule, j.e. one in which
the bond lengths qu bond angles aré within 0.3 % and 200,
respectively, of the values which describe a stable
structure. The latter method provides a very use}ul means,
with good accuracy, of calculating the entropy of the
activated complex, s*, by evaluating the translational,
- rotational, vibratioﬁél, symmetry and spin contributions to
the entropy. For exapple, in the metathesis reactions
involving a 1jght atom, such as H or D, with a large
poly&tomic molecule, the transitian state compl?x has the
same intrinsic entropy as the molecule, and hence

ast = s° (substrate) + Rln2 - [S° (substrate) + S° (H)]

%~ 1.4 - S°(H)

where Rln2 = 1.4 is the spin correctioﬁ. Symmetry correc-

tions may also be necessary.

*— -

-
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1.6 wnwﬂmnummmm
Radicals

The unimolecular decomposition of alkyl radicals has
often been initiated by photoiysis. on the other hand,
secondary unimolecular reactions usually result either Ssem—m—-
the production of hot species by chemical activation or from
conventional thermal activation. The profile of potential
142

energy surfaces which are representative of any decompo-

sition reactions is schematically shown as follows,

- \ /
f \ [ /
Y ff I
\‘T_J
b —T——
7<-<\
/ N €a
€ / S o —
/7
/ -
/ fo Afo
\ / !
\:::E:v'/ —— 4
6 -
Reaction coordinate \
v R* ——t R' —d products

whéfgkﬁzo and € are the heat and critical anfgy of the
de;omposition feaction at O K,frespeci?vely, ea the activa;
tion energy for the reverse reaction, € the enerqy posseslod
by the vibrationally excited species R*, and éf th?-cxccss
energy above €_, ¢contained in the activated complex R"by

. some distribution function.
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The RRKM theory is formulated from a guantum statistical
caoncept of reaction with transition state theory. Thg
reaction of energized molecules is considered to occur via

the quasi-equilibrium concentration of activated complexes,

* 1 ke
R = R ——— products

!

The rate constant, k is given by,

€ 14

t t
1z S P(€ ‘
ke = . e (9]
h oz, N (€)

J
x*
where ZI and Z, are the produycts of the partition functions

for adiabatic degre?s of freedom of the activated complex
and of the molecule, respectively, =2 P(Gt) the total sum of
the degeneracies of all possible energy eigenstates at the
"total active energy €T, N*(e) the number of eigenstates per
unit energy of the aétive modes of tﬁe molecule at energy €, .
h Planck’s constant, €'T = € - € , and the transmission
coefficient is -unity. The basic assumption in thé RRKM
theory is that all vibrational and internal rotational
| degrees of freedom are a?tive both in the4molecu1é and in
the transition state complex, and that the overall rotations
are adiabatic.

It is seen from Equation [9] that ke is'depen&ent on the
following parameters: the activated complex structure, €t,

1

€, and internal rotation. At € ¥ 0, the energy-dependence

. of ke:rests on the relative variationvbetween the éﬁm of

states in the activated complex with energy GT, b P(et)} and

~

-3
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. . *
the density of states in the molecule with energy €, N (€).

At low values of €1, ke increases much more rapidly for

loose complexes than for tight complexes because the former

have a larger number of low-lying energy states than the
: ?
latter. A change in €_  effects a change in the absolute

magnitude of ke, due to the term 2 P(€1), where‘eT =€ - €_.

Finally, a free rotational degree of freedom will change the
value of k. greatly by increasing the number of energy «3

states and thereby<“converting the 2 P(GT) into a more

~

" continuous function.

1Y

1.7 Aim of the Present Investigatjon

As seen from the foregoing discussion, kinetic data for
atom and radical reactions with thiols are meager. 1In
pafticular, for the case of H atoms, there is apparent dis-
aqgeément dver the occurrence of the metathetical reactions-
by thermal H atoms’in the gas-phase phot;IYsis of thiols.
Yet; these reactions hqve been esféb!ié?ed for othef classeg
of organosulfur ;ompounds,‘alkylsulfides and disulfiées, for
which the atom and radical.attgck takes place, in some cases
exc}usiVer,’at the n&nboqding 3p O{bital of sulfuf, and
recent kinetic data have been citedvin the 1literature for
some of the H + RSR’ and H + RSSR’ systems. As well, 'the
' source reactions for théffofmation offalkenes and Héé, which
are epseptial}y @he products: of thefmolysis‘of thibls from
~either the rédicdljér the moleéular{initiation,step, have
‘not been determined unequivocally in the phbtoleis studiés

\

~due to concurrent hot and thegmal reactions.
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It was therefore decided to undertake a kinetic-
mechanistic study of the gas-phase photolysis cif alkane
thiols with the aim of elucidating the following facts of
these reactions:
- the nature of the primary photochemical processes and
their quantum yields;
- the mode of alkene and HZS formation;

- the importance of the diSplacegxt rewﬂ. by H atoms;
v

and

- the effect of inert gas pressure on the formation and
distribution of the reoction producfs, and on thé reactions
of hot H atoms and hot alkyl radicals.

The above can be realized by means of product analysis, «
together with the effects of concentrations of substrate,
thermalizer, and temperature on the product quantum yields.
rThe clarification of the mechanism for the photolysis of
thiols would ultimately lead to the extraction of reliable
values for rate constanmt ratios for abstraction/displacement
reactions, and the determination of Arrhenius parameters for
some of the elementary reactions occurring in the H ¥ thiol
systems, which can be considered as a model for biologically
and industrially important reactions. It is anticipated

* 4 .
that the measured activation energies and pre-exponential
factors would not only shed light on the thermochemistry of

“~

the reactions but also, to a greater bxtéﬁt, on the nature

il

of the activated complex; knowledge of-the latter would

expand our understanding of the chemical reactivity of both



the H atoms and the C-S-H linkages.
Three alkanethiols were selected for this study:
1. Ethanethiol, the simplest in the series, to observe the
aspects of alkene formation. Since detailed studies carried
out by previous investigators gave rise to different kinetic
interpretations, it is appropriate to begin the present work
by repeating the photolysis experiments under a broader
range of conditions and comparing the resuits;
2. 2-Propanethiol (Isopropanethiol), in order to observe
whether increasing alkyl substitution would have any effect
on the nature of the primary processes and consequently, the
quantum yields of products;
3. 2-Methyl-2-Propanethiol (t-Butanethiol), to study the
effects of bulky substituents and weaker C-S bond energy on
the rate of the primary reactions and the nature of the
disproportionation reactioﬁ of thiyl radicals since in this
case there is no H atom on the garbon a to the sulfur atom.
Finally, some preliminary experiments on the
Hg-photosensitization of H2 in the presence of ethanethiol
were planned in order to obtain independent and unambigous
evidence for the occurrence of the displacement reaction by

thermal H atomss in the gas phase.



CHAPTER TWO
EXPERIMENTAL

2.1 i v u s

Experiments were carried ogt in a grease-free conven-
tional high vacuum system (Figure 2.1). It consists of a |,
photolytic assembly (Figure 2.2), distillation train, gas
storage bulbs, Toepler pump-gas buret and metering units.
Delmar mercury float, Springham and Helium tested Hoke
valves, along with Rotaflo Teflon plug stopcocks, were used
throughout the system to minimize sulfur product loss
through stopcock grease and metal surfaces. Evacuation of
the system down to 10”® Torr was achieved using‘a two-stage
mercury diffusion pump backed by a Welch Duoseal mechanical
pump. Absolute pressures up to 100 Torr were measu;ed by
the MKS Baratroq gauge, Type 315BHS-100, serial 21049,
connected to a MKS Baratron raA;; multiplier, Type 170M-6B
and a 8000A digital multimeter, Fluke 530223. Absolute
pressures greater than 100 Torr were measured by the Bourdon
gauge (Matheson) and Speedivac gauge, Type C.G.3. 'Piraqi
tubes (Consolidated Vacuum Corporation Catalogue No. Gp-001)
were placed in strategic locations in the system to monitor
lgas transfers. The Pirani géuges (Type G-140) were cali-
brated using the Mcleod gauge. The distillation unit has
two U-traps, a coil trap and a solid nitrogen trap intercon-
nected by Springham valves. Condensable products were
introduced from the distillation train either directly or
from the Tdepler pump and gas buret to the attached gas

52
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chromatograph inlet systenm.

2.2 The Photolytic Assembly

A cylindrical quartz photolytic cell equipped with a
cold finger (10 x 5 cm), of volume 278 cm3, was employed in
this study. It was enclosed in an aluminum bleck furnace
insulated by a one inch thickness of fibreglass wool. Two
2-mm thick quartz plates in aluminum casings were placed at
the open ends of the furnace to prevent cooling of cell
faces by air currents and thereby to maimtain uniform

\

temperature throughout the reaction vessel. The furnace was

heated by two 10-cm, 150-watt pen;il heaters, inserted
axially in the two halves of the block furnace. Tempera-
tures of study (25 - 150°C) were maintained by an API 2-mode
temperature controller, model 915B, and were monitored by
standard Fe-constantan thermocouples and a thermometer
placed in an axial hole located at the face of the block
furnace. fhe sample storage bulb (3 x 5 cm) was surrounded
by a small temperature-controlled metallic jacket and cooled
by tap water when sample was not in use. ‘

The entire photolytjc assembly, consisting of the photo-‘
lytic cell in a block fufnace, the sample storage bulb, a
.calibrated volume, a cold trap and Hoke valves, was fitted
inside a thermostattedybox (100 x 70 x 50 cm), constructed
of asbestos, 15 mm thick. The box was heated electrically
to constant temperatures (25 - 50°C) by two spiral‘heaters

located at the bottom of the box to facilitate gas trans-

fers from the reaction vessel to the analytical systen.
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Uniform temperature (+1°C) inside the bqx was achieved by
a fan, driven by an induction motor, to circulate the air.
2.3 S s_and Actinomet

For Hg-photosensitization experiments, the radiation
source was a Hanovia low-pressure Hg resonance lamp, Type
687A45, serial 500600, equipped with a 254 nm Baird Atomic
interference filter. The UV spectrum of the filter on the
Unicam SP 800 UV spectrophotometer showed the range of
transmittance to be 237 - 273 nm, with maximum transmittance
of 20% at 252 nm. The light intensity of the lamp was

determined by propane actinometry.143'144 Under low lamp

intensity conditions, the important processes are the

following:
Hg + he = Hg (3P;) (a)
Hg(3Py) + C3Hg = H + C3Hy + Hg (1sg) (b)
H + C3Hg » H, + C3Hy (n- and iso-) (c)
2 C3Hy -~ C3Hg + C3Hg (d)
~ Celyq (e)
H + C3Hg ~ C3Hy (f)

Back145 has shoﬁn that the quantum yield of H, production
decreases with irradiation time until the concentration of
C3Hg reaches a steady stéte, after which ¢(Hy) = 0.581 at
27°C and remains constant. In the present experiments,
irradiation of 60010 Torr C3Hg was carried out repeatedly
until the rate of H; production became constant. The lamp
intensity was then calculated to be 0.068 pEinstein min~1l.

This value was kept low in order to minimize radical-radical



reactions and to maintain a low concentration of H atoms.

For direct photolysis experiments, the radiation source
was a Hanovia medium-pressure mercury lamp, Type SH, model
45078, equipped with a 254 nm Baird Atomic interference
filter. A four-inch focal length plane convex gquartz lens
was placed between the lamp and the reaction vessel to
collimate the light.

The light intensity was determined also by chemical
actinometry on a separate set-up along an optical bench
(Figure 2.3). Here, the chemical actinometer used was
hydrogen sulfide which has hydrogen as the only product of

photolysis at 254 nm from the following processes:

HyS + hr = H + HS ' (g)
H + HS - Hy + HS (h)
2 SH -~ HyS + S (i)

The quantum yield of hydrogen has been well established by
previous authorsl46-149 o be unity within experimental
error. The oﬁtiéal train on the bencg consisted of the

same light source as the one used in the vacuum system, a
1-cm aperture, a 254 nm Baird Atomic interference filter,

a double convex quartz lens, a cy}indrical quartz reaction
vessel (10 x 5 cm), a cylindrical quartz actinometer vessel
(10 x 5 cm), a monochromater (Bausch & Lomb Catalog No. 33-
8601, serial 9637MB) and a photo-cell connecﬁed to an output
signal electronic meter (Phdtovolt Corporation model 501,

serial 6942) in this order.
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2.4 e a ic s

Quantitative analees of products and purity checks were
carried out by gas chromatography. The GC unit consisted
of a power supply (Gow-Mac model 24-500, serial 18312P) and
a custom-made micro volume cell detector fitted with a pair
of 8K thermistors (Gow-Mac 13-502) operated at 80°C with a
bridge current of 8 mA. The temperature of the detector
was kept constant inside a temperature-regulated cell
assembly (Gow-Mac model 24-170, serial 18212P). GC signals
were read out on a Hewlett-Packard model 5380A integrator.

Helium (Linde) was used as the cafrier gas. 1t was
dried and purified by passage through a 5 A molecular sieve
column. Flow rates were measured on a bubble flowmeter.

Pyrex or quartz glass GC columns were connected to the
vacuum apparatus by means of either rubber septa or Beckman
tei:“lon tube fittings No. 404. The GC columns were placed
in 212-v‘vatt heating columns constructed of aluminum and
Nichrqm; wires and insulated by fibreglass wool in order
to maintain constant temperatures. The GC columns used, the
operating conditions and the retention times for all the
analyses in this study are summarize‘ in Table 2.1.

Effluents from the GC inay be condénsed at -196°C either
in a waste trap and discarded in the fumehpod or in affcoig
trap and .sealed in vacuo .1n a sample tube for GC/MS analy- “
sis. Iﬂtial identification of products wﬁs made on the
basis of comparison of GC retentji t’ineljwit.h those of |

authentic samples. Subiequent prdduct idan::it@ation wvas

v IS
8,
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achieved by mass spectrometric analysis. Mass spectra

were obtained on an AEI MS-12 instrumenf with the ion

source operating at 70 eV and the ionization chamber temper-
ature being kept at about 50°C. All the gas phase samples
were analysed on an appropriate GC column'adapted to the
MS-12 chromatograph (Varian Aerograph series 1400). The
detector response was calibrated from authentic samples

and checked periodically for good reproducibility. Standard
alkane, alkene and hydrogen sulfide samples were introduced
into the system and measured by the gas buret. For the low
vapour pressure disulfides, standard solutions of the disul-
fide in alcohol were prepared in order to minimize injection
errors associated with small sample volume. syringe injec-
tions of constant 44yl volume solution samples were made
through a rubber septum into the system. The sample was
then transferred through the distillation train and'conden-
afed in the GC injection port. Peak.areas were integrated
directly by tﬂe Hewlett-Packard recording instrument. Due
to tailing of some of the disulfide peaks, the peak areas
of the disulfides were also measured with an Otto piani-
meter for correlation purposes. Linear responses were
obtained over the range of producé yields obtained from
eXperiments and thé-cal brations were repro@ucible to

~

within #5%. -

2.5 Materials and Purification £
= ‘ | 7
All the -three thiols studied in this work were routinely

4

pd§§fied by distillation. in vacuo. Purity tests by GC were

t
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carriéd out at each‘stage of the distillation. The final
purity test was performed by GC/MS? after which the sample
was stored and covered from light in the sample reservoir
in ghe photolytic assembly. Table 2.2 lists the sources and
distillation procedures used for ethanethiol, i-propanethiol
and t-butanethiol. “uv spectra of the thiol substrates were
taken using a cylindrical quartz‘UV cell (10 x 2 cm) and a
H;wlett—Packard 8480A Diode Array spectrophotometer prior
* to the start of photolysis study of each thiol.

The solvents used in the preparation of disulfide solu-
tions for calibration purposes were of reagent grade. The
remaining compounds used in this work were of research grade

and used without further purification. These compounds and

their sources are tabulated in Table 2.3.

2.6 Operatijonal Procedure

All experiments were carried out in the gas phése.
Warm-up time for the lamp prior to irradiation was at least
30 minutes. Control experiments were carried out at the
lowest and the pighest temperatures studied in order to
check for occurrences of dark reactions, if any. After
each experiment, reaction cell windows were flamed to
remove sulfur deposits there.

.For the Hg-photosensitization reactions, a small poolﬁu
of mercury had been introduced into the side finger of ihe
reaction vessel.',It'was subsequently removed prior to the

start of direct photolysis studies. The thiol substrate was

expanded from the sample reservoir to thexphotolytic region.

e

¥
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Its pressurg (< 60 Torr) was read off the digital multi-
meter. The reaction vessel was then isolated from the

rest of the photolytig assembly and the substrate was
qondensed into the cold finger of the reaction vessel.
Excess substrate was condensed back into the storage bulb.
Afterwards, with the substr;;e condensed at -196°C in the
cold finger, the reaction vessel was evacuated thoroughly
using high vacuum. Hydrogen (Linde), which had been
expanded from the cylinder into a storage bulb, was then
admitted into the reaction vessel. The H, pressure from

the cylinaer to the Storage bulb was measured by the Speedi-
Vac pfes;ure gauge while that from the storage bulb to the
reaction vessel was measured by the Bourdon gauge. Approxi-

-

mately 600 Torr of H, was used in each experiment. sxcess
H, was condensed in a 5A molecular sieve column kept at
-196°C and was transferred back into the storage bulb. The
reaction mixture was allowed to equilibrate for at least 30
minutes before irradiation. After phoéolysis; the cold
finger of the reaction vessel was keﬁt at -196°C. The H;
was removed‘by pumping it very-slowly through three cold
traps at -196°C and one at -210°C, while maintaining the
~ pressure reading on the digital multimeter at < 2 Torr.

From the condensable fraction, the alkane end hydrogen
sulfide preducés wete'eeparatea from the disulfide product

‘by distillation over two traps at -95°C. They were subse-
quently further separated and measured chromatographical**

. The remaining th101 and disulfide fraction was: analysed‘Sy

\ P . -L.
k"' I

4 *:rl h‘*‘ - ,}:

11‘ * ’ ’ .
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the GC.

For propane actinometry, the CjHg had been expanded
from the lecture bottle into another storage bulb. In the
same manner as that for H,, C3Hg was admitted into the reac-
tion vessel. After a 60 or 120 minute photolysis, the only
non-condensable product, H,, was passed over four cold traps
at -196°C and was measured in a gas buret with the aid of
a cathetometer (Guffin & George Ltd.) while all the rest of
the condensable products were kept at -196°C in the cold
finger of the reaction vessel. Afterwards, the unreacted
CyHg was transferred back into the storage bulb.

In the photolyses of pure thiols, the substrate (< 50
Torr) was expanded from the sample reservoir into the
reaction vessel as previously described. The substrate was
allowed to equilibrate at the temperature of study for at
least 30 minutes before irradiation. After a 60 minute
photolysis, the only non-condensable product, hydrecgen, was
passed over three cold traps at -196°C and one at -210°C and
was measured in a gas buret as before. The condensable pro-
ducts were-alternately thawed and refrozen to ensure
complete removal of hydrogen from the product mixture to
the gas buret for guantitative measurement. The minor
products of photolysis, which were alkane, alkene and
hydrogen sulfide were‘separated from the disulfide product
by distillation over two traps at -95°C and condensed in a
trap at -210°C. They were subsequeﬁtly further separated

and measured chromatographically. In the final stage of

L7 ¢

L 4
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apalysis, the thiols and disulfides were transferred into
the GC sampler and were aléo separated chromatographically.

for experiments carried out in the presence of quencher
gas, the substrate was condensed in the reaction vessel as
before. It was then transferred to another cold finger in
the photolytic assembly and isolated. The\quencher gas of
choice, which had been expanded from the lecture bottle
into a storage bulb, was admitted into the reaction vessel.
Excess quencher gas was condenseéfﬁack into the storage
bulb. Finally, with the quencher gas substrate (28 - 400
Torr) kept condensed at -196°C in the cold finger of the
reaction vessel, the thiol substrate (10 - 20 Torr) was
transferred back into it. ) e
The reaction mixture was equilibrated in the closed
thermostatted box overnight prior to irradiation. It was
found that equilibration time up to 24 hours did not
result in any decomposition of the substrate. After a:
photolysis- time of 60 minutes,‘hydrogen was measured in a
gas buret in the same manner‘asAbefore. The duencher gas
and minor products were sep?fgted by distillation at
appropriate temperatures, asxdescribe& below for fhe
photolyses of ethanethiol, iso§ropane£hiol and ¢
t-butanethiol:
1. C,HgSH: CO,, CHy, CaHg and H,S, distilled in two -
stages at -160°C; remaining CO, and CyHgSH,

distilled at -95°C.
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2. i-C3HySH: H,S, C3Hg and C3Hg, distilled in two stages
at -117°C; n-C4H;g, distilled at -95°C.
3. L-C4HgSH:r C,Hg, distilled in three stages at -160°C;
1-C4Hyo, H,S and ji-C4Hg, distilled at -95°C.
The fractions evolved from each distillation step were s
measured chromatographically. The remaining condensables,
consisting of the thiol substrate and disulfides, were
analysed by GC.

For chemical actinometric experiments along the optical
bench, warm-up time for the electronic readout meter was at
least two hours. The instrumental correlatiom factor
between light intensity and output signal at the photo-cell
along fhe optical train set-up was determined using 760
Torr HyS in both the reaction and the actinometry vessels.'
The.two vessels were attached to the vacuum system and

\vacuated overnight. The chemical actinometer, H,S, was .
expanded,from the lecture bottle to the vesselsf Excess
H,S was condensed into a étorage bulb. The vessels were
e@hguated under high vacuum, ;hile H,S was kept cbndenSed
in the cold fingers at -196°C. Both vessels were then
placq&,in ;ppropriate posit{ons along the optical train
for irradiation. After photolysis of 60 minutes, both
vesse p were reattached fo the vacuum system. The hydrdgeﬁ
produced from each vessel was coilected and measured

separ ely in the gas buret while unreacted H,S was ept
condeg@d at -196°C.

e

F the actinomet{zjaxperiments carried out to determine

68
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the light intensity absorbed in the photolytic cell, the
reaction vessel was first evacuated of H,S and then filled\
with the thiol, while the actinometry Vessel remained
unchanged with 760 Torr H,S. Thé thiol substrate was
expanded from fhe sample reservoir in the photolytic
assembly to the photolytic cell in the same manner as
before. It was then condensed into the cold finger of the
reaction vessel and theﬁvessel was evacuated thoroughly
once again. After irradiation of 60 minutes, the reaction
and actinometry vessels were reconnected to the vacuum
system. The products from the reaction vessel wére analysed
in the same manner as that in the main experiments with
pure thiols. Hydrogen produced in the actinometry vessel
was collected and measured in a gas buret while unrgacted

H,S was kept condensed at -196°C.



CHAPTER THREE
THE REACTIONS OF HYDROGEN ATOMS WITH ETHANETHIOL
3.1 Results
| The experiments to be described in this Chapter were
carried out with the sole aim of obtaining indeféndent,
unambigous evidence for the occur{?nce of the displacement
reaction:
~ .
& H + CyH5SH ~ HyS + CoHg
This was necessary in order to elucidate the mechanistic
details of the.photolysis of thiols ;Chapters 4, 5 and 6).
The Hg-photosensitization of H, in the presence of

C,H5SH gave CyHg, HpS and CHgSSCyHs as retrievableﬂpro—
ducts. ADue‘to polymer azposits on_the cell windows, éCtino—
metric measurements were carried out before and after eacﬁ\
experiment to dqtermine the average absorbed light intén-
sity. Quenching gf the excited Hg atoms by H, was estimated
to be at least 95%[ even at the highest concentration of
VC2HSSH ﬁsed; see Appendix A for the calculations.

3.1.1 Incident Light Absorption

‘ Because C,H5SH absorbs at 254 nm it was important to

endure- that all the incident *radiation was absorbed by Hg.

It hégibeenvregprtedlsotlsl that the absorption of the inci-

dent radiation varies witle gas pressure,.owing to Lorentz

broadening of ;pe Hg resonance line. De Mareée et al.150 used
‘a2 x5cm reactioa cell in‘the Hg-photosensitized decompo-

sition of cyclohexene vapdr and found that absorption of

[ 4 -
incident 1light is complete at > 100 Torr for cyclohexene .

’
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and > 150 Torr for propane. Strausz et Ql.151 carried out
the Hg-photosensitization of méno— and difluoroethylenes
using a 10x5 cm cylindrical quartz cell and obtained correc-
tion functioﬁs for the Lorentz broadening of the Hg reson-
ance line. The correction functions for CjHg, C,H3F, CoHF)
and C,HF3 had the form 1/f = A + B/P, where f is the ”
fraction of incident intensity radiation absorbed and P the
pressure in Torr. Thé values of A and B for all four gases
studied were 1.000 ¢ 0.004‘and 2.9 E 0.1 respectively. 1In
the present actin;metric measurements, 600 Torr CiHg was
Hg-sensitized in a 10 x 5 cm reaction vessel. The correc-
tion function predicts that over 99.5% of the incidenth
radiation was absorbed by Hg. |

In a separate experiment, the extent of light intensity
absorbed by Hg and a Hg-H, mixture was investigated. A
5 x 5 cm cell was saturated with Hg vapor by placing a
mercury droplet inside the cell. This was placed in the
incident light path between the lamp and the reaction vessel
containing C3§8-’ The reduction in H, yields ié?icated'that‘i
over 60% of the incidentwlight was absorbed.by the 5 x 5
cm Hg-saturated gell- Thexsahe exPerimJ;t was performed
with Sﬁe Hg-gatdrated celi filled with 760 fbrrfﬁz. The e

actinometric measurements indicated that over 95% of the

incident 1light had been absorbed by the Hg~H; cell. Thus,
complete absorption of the ‘incident 1ight would be obtained

in the 10 x ‘5;cm reaction vessel used in Hg-photésensiti—‘

- zation experiments with C,HgSH.

/
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The gas-phase UV absorption spectrum of CyHgSH obtained
is in agreement with that reported in the iitera—
ture.36,37,63 The maximum absorbance is located at about
230 nm. The éxtinction coefficient at 298K for C,HgSH at
254 nm is (3.1 * 0.1) x 10~3 Torr~1 cm_l, in good agreement
with the value (3.32 % 0.04) )(.10_3 Torr~1 cm™! reported
by Bridges et al.,®3 when background correction for reflec-
tion by quartz cell is taken into-raccount.’  Using the Hg‘

vapor pressure value of 2 x 1073 Torrl32 at 25°C and

‘complete absorbance by Hg in a 10-cm cell, the extinction

coefficient for Hg is calculated to be 50 Torr~1 cm™1 at

254 nm. This value is four orders of magnitude greater

‘than that for C,HgSH, thus concurrent absorption by C,HgSH

is negligible in this system.
3.1.2 Effects of Time and Ethanethiol Pressure on Product
Quantum Yields

The guantum yields of C,Hg, HpS and C,H5SSC,Hs were
determined at éS'C a?‘a function of e;posure time‘at a
constant C,HgSH pressure of 6.0 Torr. The results, listed
in Table 3.1 and plotted in Figure 3.1, show that the
quantum yields of C,Hg and H,S are 0.17 + 0.04 and 0.15 ¢
0.05, respecti'vely, and invariant with exposure time u‘to
120 minutes; thus C,Hg and H,S are primary pfoducté. The
small de?rease in the hlues of CyHg and HyS in runs lqnger
than 30 minutes was likely du? to the build-up of polymer

depogit on the cei} windows, thereby reducing the a@ount of

light transmitted into the reaction vessel. On the gthaé.-

[ 4
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o
hand,; -the largest decrease in the quantum yields with

exposure time is observed to be in the C;HgSSC;Hs product

L3

“¢Figure 3.1). This loss can be attributed to increased

absorptionhby C,HgSSCyHg and also to fhe reaction of H

atOm.s " C,H5SSCoHg, at higher conversion.
The'iiquid—phhse UV absorption spectrumls‘&"ls4 6f‘C2H58—

802H5 indicates that the maximum absorbance is located at

250 nm, with €(C,H5SSCoHs) '~ 300 M™1 cm™1 at' 25°C and 254

nm. At low Co,HgSH pressure and short exposure time, conver-

 sios’is low and the%efore, absorption by CyHgSSCoHg is mini-
§

~
mized. At longer exposure tlme, however, conversion becomes

higher, leading to an increase in the steady—gtate concen-
trationjof nggssczﬂs molecules and therefore, increased
abscrption.' Also at higher Czﬂsssczus concentration, the
H-atom reaction with CyH5SSCyHg m;ghtAoccur, |

. H + C,HgSSCyHg = CpH5SH + CpHsS . o (1)
for which ki has been determined to be (4.7 % 0;6) x 1013
exp [-(1710 t 70)/RT} cm3‘hol'1 s-1 relative to the rate.
constant of the H + CpHy = CoHs reaction.115 overall, due
to absorptlon and reaction with H atoms, it is necessary to
correct for the loss, in the yielq of czﬂsssczng by extrapo—

lating ¢(czg§SSC2H5) to zZero expoSure time. Thus, the rate

'of decrease of ¢(eznsssc2H5) with respect to .exposure tine,

t, has been determined by the least-square nethod to. be:
¢(cznsssc2115) - (o 5910.04) = (1 810. 1) x 10‘3 t
from which ¢(c2usss¢2n5, t - 0) = 0.5910. oa.

In the nex; set of experinents, ths quantun yields of .
. l
.

2

3
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" CoHg, HyS and CyHsSSCyHg were determined at 25°C as a func-
tion of C,HsSH pressure. The results, tabulated in Table
3.2, show that ¢(CyHg) and ¢(H,S) are almost constant at
low C,HgSH pressures (6 - 25 Torr) but increase when the
C,oHgSH pressure is higher than 25 Torr. On.the other hand,
@ (C,HgSSCyHg) increases with increasina CoHgSH pre%Sure in

thé range 6 - 60 Torr.

3.2 Discussion
The scatter in the results (Table 3.1) is'probably

caused by an unstable concentfstion of Hg vapor {n the
syste;. The appearancesvof a black filﬁ on thé'wall of
the reaction vessel and_of a red tinge on .the surface of
fhe mercury pLol inside the v;ssel were obser&ed to inten—
sify with time. These are due to the formation of the
known compounds, mercury ézhyl mercaptlde, Hg(SC2H5)2, and
mercuric éhlfide, HgS, in both a(red) and B(black) forms.
The reactions of Hg atoms with thiyl radicals may occu( in
the following manner: - .
2 CaHgS + Hg ~ Hg(SCyHs) ) LA
Hg(SCyHs) 5 ~ Hg + c2;255czns
Hg (SCoHg) 5 + HgS + CHsSCyHg
Digthylsulfide was not observed in the products, indicating
th@t its formation from each experimentai[run was relatively
minor. At high pressures, the rate gf‘production of CyHgS \
radlcals will increase and the radlcal “radical combinathp
reaction wiLl occur more readily than the radical-Hg atom

reaction. This is shown by the increase in ¢(C,HgSSCoHg)
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towards high C,H(SH pressures. &
. . ,
From the relative lfz/(‘zl{bﬁll concentrations used in this

-

study, 1t is os;timatod’\hat - 95% of the excited Hg atoms
are quenched by H,:
Hg + he (254 nm). + Hg(’Py)
Hg(*Py) + H, = HgH + H
MgH - Hg + H
D&*‘to the short lifetime of HgH, the ove;all kKinetics ot
HgH, for which ¢ (HgH) = ().67,155_158 are indistinguishable
trom those of H atoms, for which ¢(H) = 2.0.159
From the products observed and their it:variance with
‘

exposaure time, which indicates that they are primary

products, the following reaction mechanism would seem to

apply: N
H + CoHgSH - H, + CoHgS ()
~ H,S + C,Hg (2)
CoHg + CoHegSH - CpHg + CoHeS (3)
] 2 CoHgS ~ CoH5SSCoHs (4)
- CoHgSH + CyHyS (5)

Although H,, produced in step (1), could not be measured in
our systenm, the abstraction of sulfhydryl hydrogen by ther-
malized H atoms in the photochemical decompositioh of

Igas—phase alkylthiols has'been well documented in the

\1iterature.55r56'58'61163‘67r75r}60 However, the molecular
displacement by thermalized H atoms, reaction step (2), was
not considered by earlier workers. 1In contrast; Pryor and

Olse$29 studied the photolyses of t-butanethiol, cycleo-



hexanethlol and t,piopl;er;ol in the ligquid phase where H atoms
are ;apidly thermalized, and trom the strong etfect of the
presence ot hydrogen donors on the H,S yield, they concluded
that the displacement reaction 1s an important.step in the
mechanlism. Although this conclusion was in apparenty
disagreement with the earlier results of Carlson and
Kniqht69 who did not detect H,S from the liquid phase photo-
lysis of C,H.SH, 1t was supported by the photolysis results
of Wu and Kuntz? obtained for cysteine and penicillamine.
The impo}tance of the %olecular displacement reaction to
yield H,S was further substantiated by the results ot

Severs et Ql.,Bl Tung and Kuntz!9 and Armstrong and cowor-
kersl1-13,15-17 obtained in the radiolysis of butanethiols
and di;terent thiols of biological sSignificance. Recently,

both reactions (1) and (2) were included in the mechanism

proposed by Amano and coworkers’7.80 for the H-atom reac-
-~

tiom®d with CH3SH and 1-C4HgSHp The detection of C,Hg as a *

major p}oduct in the present work is clear evidence for the
occurrence of the dispiacement step (2), since no others
reaction can lead to the fo}mation of CyHg. B
Ethylthiyl radicals ¢an recombine in rgaction step (4)
to form C,HgSSC,yHg, for which ¢(C2HSSSC2A5) would be unity
if this were the only pathway for the loss of C;HgS radi-
cals. However, the fact that ¢(EZHSSSC2H5) is less than
unity (Table 3.2) indicates that there are one or more

additional pathways for the loss of C,HgS radicals. One

is through reaction step (5) whiéh is the disproportionation
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of CQHSS ggglcals to give the\ thiol substrate and thio-.
acetaldehyde Thlaacetaldehyde was not detected amongst
the products. It is inQerently unstable and disappears
most likely b; a polymerie@tion reaction similar to that
for thioformaldehyde which trimerizes reaéily in the gas
'phase.losr134 %he disproportionation/combination ratio
for CH3S radiaals, ky/kg, ip believed to be 0.05 -
0.11,108'110r134 although a value of 0.4 has also been
reported.161 For C,HgS radicals, Smith and Knight111
oPptained an upper limit of 0.13 for ks/kg from the study of
the ﬁg-photosensitized*decompésition 0f£-C,HgSCYHg vapor at
25°C. Unfortunately, a numerical value for kg/k4 cannot be
computed from the present results,'in part due to the loss
of CyHgS radicals through other reactions involving Hg atoms
as discussed earlier. ’

The quan?um yield exéressions obtained from the reaction
mechanism for product formation are given by the following:

¢ (Hp) = 2kq/(ky+kp) ' .

¢ (CoHg) = @ (H3S) = 2ky/ (ky+k))

(czhsssczns) = k4/ (kg+ks)
These expressions predict that the ¢'s of the three major
products should be pressure-independent, yet the reiults
(Table 3.2) suggest otherwise. <The increase in the ¢'s at
SN ‘

higher C,HgSH pressures may be due to seyeral~causes:

' )
- direct absorption by C;HgSH, which would lead to S-H

cleavage;

80
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- a small amount of quenching by C,HgSH, which also

Eroduces H + C2H5S;162 A

- for the case of ¢(C2H5SSC2H5), more quantitative recovery.

‘Taken individually, these factors are very smail, vet
collectively may heip to explain the observed trends.

In any case, the observation that C,Hg is a major
product at low C,HgSH pressures, where direct absorption
and competitive qguenching by C,;HgSH can be neglected,
constitutes additional unequivocal proof of the occurrence
of the displacement reaction (2) because in this system,
there are no other ré;ctions which could’lead to qﬁe
formation of CyHg. It was necessary to éstaplish fhis, in

order to fully account for the kinetic behavioir of the

photolysis of thiols.

LU
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CHAPTER FOUR -
PHOTOLYSIS QF, AND THE REACTIONS OF HYDROGEN ATOMS WITH,
ETHANETHIOL .

4.1 Results
v

The products of photolysis are H,, C,H4, CyHg, HyS and
C,HgSSCyHg. Total product conversion was kept low, 4-8%,
throughout.the pressure and temperature studies .in order
to avoid secondary absorption by -H,;S and C,HgSSCyHg.
Thus, over 95% of the incident light was absorbed by the
thiol substraﬁe. |
4l1.1r H,S AéLinometry

H,S was employed as the chemical actinometer in this
study. The absorbed light intensity in the actinometer
vessel, I,, is equal to the raté of H, production since
¢(Hy) = 1.00 in the photolysis of H,S.146-149 Tne absorbed

, ‘I, 1s calculated

{ight intensity in the reaction vessel
N - N

#rom its relationship to I, in the actinometric set-up by

\

the equation, .
I5(Einstein min’l) = [W1Sp = (Sg/wWaw3wWy)]o = Ip/WowW3
where the-wi's ;re the transmittances of vessgl &indows,
aefermined directly using the empty vessels. 56 and Sg
are the output gignals of the photocell when there is no
vessel and when the vessels in thé'train are killed with
CoHgSH and H5S, reépectively. o is the instrumental
correlafﬁon factor between iight intensity and output
signal of the photofcell; see Appendix B for thé derivation.

The values of the extinction coefficients for H;S and
. 4

82 ) . -~
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CoHgSH were determined frqm the experimental measurements

of Sy, Sg @gnd wi's, and were found to be 1.09 x 1074 and

3.39 x 1073 Torr lem™1 respectively. These extinction

coefficients agreed well with the literature values.63§b

The results of actinometric’funs arezsummarizgd in
Table 4.1. R(H,) and R(CHg) are the rates of H, and C)Hyg,
respectively, obtained from the reaction:vessell The
raverage value for [R(Hy) + R(C2H6)]}ia wés.fahndrto be
0.9940.09. Therefore, the absorbed light intensity in the

reaction vessel is equal to 1.01[R(H;) + R(GQpHg)]. A

s1ight increase in the values of [R(H,) + R(CpHg)1/I4

towards higher pressures of C,HgSH Was observed. This may

~3 N

be caused by the non-axial light due to the compromlse¥

taken between perfect collimation and experlmentally

)

practical light intensity.

All the quantum-yields were calculatéd by the relation

¢; = Rj/I,, where Rj (i = Hyp, CpH4, C¥g, H,S and
C2H5SS§2H5) is the rate of product formation and I5 =

1. Ol[R(H2)+R(C2H6)] as determined from actlnometrlc experl—

~
-

ments. ' .
4.1.2 Photolysis of Pure\Etpanethiol

The major products weré found to be H, and CZHSSSC2H5

> L}

while the minor products were CZHé, HpS and CyH4, in
agreement with the results reported by Steer: and Knight67

(SK) and Bridges, Hemphill and White®3 ¢BHW). The dark

«

reaction runs at 25° and 150°C did not produce ahy measur-

able products, indicating that C;HgSH is thermally stable

-
A4 4
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within this temperature range. The gquantum yields of

. ) ,
these products are tabulated in Table 4.2 and are plotted
against the pressurc of CoHgSH in Figlire 4.1. Reaction .

times up to two hours did not alter t?e guantum yields.
Tge quantum yields of Hy, CyHg and CyHy dre nearly indepen-
dent of CpHgSH pressu;e in the pressure rangei5 - 48 Torr.
The quantum yields of- C;HgSSC,Hg and H,S are more scattered
at low CoHgSH pressures but are—less so at pressures ové}\
") Torr. This scatter is probabiy caus;d by fluctuatiogs 7
in the concentration of residual Hg vapour in the system and
also by the difficulty in %easuring gquarrtitatively .small
"amounts of these éroducts. he poidgg for ¢(Hy), @(CrHg),

~N
®(HyS), @(CoHy) and ¢(C2HSSSCéﬁ5) were averaged séparately-

over the entire pressure rarige studied and found to be

0.77 + 0.03, 0.22 * 0.03, 0.24 # 0./,06’, 0.030 * 0.008eand

~

0.92 * 0.14, respectively, at .25°C. These product quantumf

-

y}eid values are consistent with those of SK and BHW, as
shown ih Table 4.3.

#4.1.3 Photolysis of Ethanethiol witﬁ’ﬂﬁded.Thermalgker¢ 602
Photolyses of C,H5SH with added‘therﬁalizer, CO,, were
performed in order tb observe the effect of tnermaiizef pres--

: v
sufe on the product quantum yielas.‘ The pressure of CZHSSH‘
waé‘kept coﬁstant at 10 Torr throughout this‘serfes o;
experiments and the”ﬁréssure of éQZ was varied between 20

“ -

- 40§'Torr. While the rates of product formation decreased
* - \

with respect to increasing thermalizer pressure, the sum

of R(H;) and R(CyHg) remained invariant at 47.4t0.5)xlo‘2
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umoles min~!. This is shown in Table 4.4, where the
experimental prodlgt guantum yield results are also listell.
The product gquantum yicids are pl%tted against CO, pressure
in the range 0-400 Torr in Figure 4.2. With increas%ng
CO, pressure, ¢>‘(H2) and ¢ (C,HgSSC,Hg) increased gradually
while there was a parallel decrease’in ¢(CrHg), ¢(HpS) and
¢ (CyHg) . All the quanfum yieldé reach limiting values at °
a CO, pressure of 2200 Torr, which is approximately a
tenfold increase of the total pressures. These tren'ds in
t:,he ¢'s with respect to the pressure of inert gas are
almost identical to tRose reported by SK and BHW, who
found that the increase in ¢(H2)_J compensated for the
decrease in ¢(C,Hg), and that ¢(H,S) seemed to be the same
as or slightly higher than, ¢(CyHg).
4.1.4 Effects of Temperature on Product Yields
The photolysis of C,HsSH with added ’thermalizer CO, was
investigated at ele&ated temperatures, 80°, 120° and 150°C. -
The variation of product quantum yields with increasing
Co, pressure at each temperature was the same as that
observed at 25°C. On the other hand, different values of
product quantum yields in the absence of CC, and at the
high CO, pressure limit were observed with increasing
~ ‘
temperature. /As shown in Tables 4.5 to 4.8, ¢(Hy) and
@ (CaH5SSCoH5) decreased while ¢(CyHg), ¢(HpS) and ¢(CyHy)
incr€ased, and the sum of R(H,) and R(C,Hg) remained

. . . . . X
~invariant with respect to temperature increases.
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4.2. Discussion -
4.2.1 Reaction Mechanism

The following feaction mechanism is used to account
for the products observed and to adeguately explain our
experimental results in quantitative terms. It ;onsists
of threé sets of elementary reactions,‘namely, a set of
primary photochemical steps, a set of hot reactions, and a
set of thermal reactions. \>

The primaryfphotochemical reactions are identical to

those proposed by BHW. They are as follows:

C,HgSH + hr(254nm) -~ H* + CpHsS (1) I,
. . ! _
\
~ HyS + CyHg (3) I,

The first and seconq primary photocheﬁical steps are
simply the c;eavagé of S-H and C-S bonds respectivély,
while the third primary phbtochemical step is the concerted
1,2-elimination of H,S fea&tion, involving a four-membered

transition state,

‘W,
c ‘,
. % H
44 .‘s(// N
HC. . ~
H

- The enthalpies ‘of reaction for 1, 2 and ‘3 are 88, 71 and

18 kcal moi‘l, respectively, using thermochemicai data

from Table 1.2. While the elimination step (3) is favoured
thermodynamically, the activation barrier has been ;aicu-

lated, using ab ini;iQ‘SCF-HO calculations,so to be much

-~
Pl
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hzgher at -77 kcal mol~ 1. From the available photon energy
at 254 nm, Ejg = 113 Kkcal Einstein™l, the excess energies fér
(1) and. (2) are calculated from Eg - [D(S-H) or D(C-S)], to
pe 24.and 41 kcal mol~1, respectively. White and cowor-
kers65,167,168 haye examined the energy distribution in the
first primary step at several wavelengths (155 - 254 nm) and
have shown that the excess energy resides chiefly in the
translational motion of the H atom produced rather than in
the internal modes of the CyHgS radical. rThe energy distri-
~
bution for the second primary step has not been studied.
However, photolyses of alkyl halides169.170 are generally
considered to be suitable sources for hot alkyl radicals,
presumably formed from the primary dissociation. The
qguestion of excess energy distribution in steps (1) and (2)
can only be explained when more information concerning tpé
nature and the energy hypersurface(s) of the electronically
excited state(s) become known. It may be that two different
states are pqpulated, one of whi¢h dissociates immediately
to CyHgS + H; with the energy being carried away by the H
atom, while the other has a longer lifetime and undergoes
redistribution of excess energy before decomposing; alterna-
tively, perhaps only one state is available and the dissocia-
tion (2) takes place from vibrationally and rotationally
relaxed flevels of the excited state.
The hot reactions are as fpllows;
CoHE = CoHy + H () k3

A Y
CoH5 +°CaHsSH = CyHg + CyHgS : (5)* 3



CoHg + M - (6)

CoHE + M - kg

* ’ : . 7 *
* *

H* + M - H + M (?* K

The unimoleculér decompbsition of czng to give the C,Hy

product from (4)* is different fnmnghe step proposed by BHW,
CoHE + CoHgSH ~ CoHg + ¢,Hg + SH (i)

The ‘average excess energy in ége ethyl radicals is the sum
of 42 kcallmol‘l, step (2), and 5 - 8 kcal mol~1, the
intetﬁal energy in CpHg, which is calculated from
O.S(SART),163 where s is the number of oscillapprs estimated
from 3N - 6 degrees of freedom. Thus, the total excess
energy of 47 - 50 kcal mol~1 is greater than the critical

-y

"1, from the

energy for (4)*, estimated to be 38 kcal mg
results of Trenwith,171 obtained in the rolysis of .ethane
at the limiting high-pressure. The difference of about 9

- 12 kcal mol~d is the active energy available to the CjHj
radicals. Rabinovitch, and Setserl4? ha determined thé
variation of the rate constant for (4)* with) the amount of
‘active energy residing in the C,Hg radicals. They estimated
thgt"for an active energy content of 9 - 12 kcal -mol171, kz

8§ 102 s~1, which is about four orders of magnitude greater
than the k} value of6.8 x 10% s~1, obtained with no active
energy. Therefore, it is reasonable to assume that séme of'
the C,Hg radicals dissociate readily into H + CpH4 before
losing the excess energy by collisional quenching proéesses.

@ s
This source reaction for C,H, formation is more attractive

| :
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than the esoteric reaption step (i) proposed by BHW which
requires the rearrangement of many bonds. Reaction (i) is
unlikely.to occur when we consider the four possiblé.
attacking sites in C,HgSH by CZHg

: (4) (3)  (2) (1)
N CHy - CH, - S - H

The abstraction of H from SH pfoduces CoHg and C2H;S
radicals which do not have sufficient energy in order to
further dissociate into CpH4 and SH,
CoHgS ~ CpHy + SH

This reaqtion is endothermic with an enthalpy of reaction,
61 kcal mol~}. Another possible attack at S in CHgSH Qy
C2H§ éould éa;se cleavage of the S-H bond or the C-S bond.
The former leads to the formation of H and .C;HgSC,Hg which
was not found in the reaction products. The }atter exchangeé
CoHg and is equivalent to the quenching step. Neither mode
of reaction leads to the formati%n of CpHg. The last two
possible cases, where Czﬂg‘attacks an H in the C,Hg group,
both cause the cleavage of a C-H bond which leads to the
formation of EZHG and HpCCHpSH or H3CCHSH. Again, these
radicals cannot decompose sdbsgqgently into CoHy andOHS,
since there is no enérgy transfer. Finally, the equivalent
reaction by H* must occur if this mode of reaction by ézﬂg
is taking place. This, however, is not considered by earlier
investigator558163'67 to be impoftant. .

The possibility of ¢2H4 and CpHg being formed from the .
disproportionation reaction of CoHg radicals :

2 C2H5 - C2H4 + C2H6 : (li)

.-
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was also considered, for which the cpnstant for the dispro-
portionation to the combination reaction,

2 CyHg — n-C4Hjo . | (iii)
kji/Kjii. has been detérmined to be 0.14t0.02.164;171
However, since no p-C4H;y was observed in the photglysis
products, disproportionation is not considered to be an
alternative pathway for’the formation CyH4 and CyHg.

Quenching of hot H and C,Hg radicals by collisional
deactivation is indicated by reactions steps (6)* and (9)*.
The collisional deactivating molecule may be either the
substrate C,Hg5SH or the thermalizer CO, molecules. The
possibility of H-atom reacting with CO, was rejected on
the basis of the endothermicity of the reaction, -

H + C02 - CO + OH
which requires a thresholdrenergy of 24.4 kocal mol~1,172
At low total pressures, quenching by C,HsSH predominates
over that by CO,. However, quenching by CO, becomes more
efficient at abozt a twentyfold increase in the CO; pres-
sure, with the percentage quenching by coé increasing from
63% aivP(COZ) = 20 Torr to 97% at P(CO3) = 400 Torr; see
;ppendix C ‘for the calculation. Complete quenchi;g'occurs.
at P(COy) 2 200 Torf, as shown by the flat portion of the
piot in Figure 4.2. _

The‘corrgsponding thermal reactions for H and CjHg
radicals, and the fates of thiyl radicals are as follows;

Y

CyHs + CoHgSH = CHg + CoHsS (5) ks



4

H + C2H55H Hz + C2H55 ) (7) k7

g st + C2H5 (8) k8
HS + Czﬁss ind C2H5SSH (10) klo
2C2H555H - 2C2H58H + Sz(wall) (11) kll
CZHSS + C2H55 Ing C2H535C2H5 (12) kiz
R .
nd C2H4S + C2H55H (13) k13

The occurrence of all of these thermal reactign steps, with
the exception of (10) and (11), have been confirmed in the
Hg-photosensitization study of the H + C,;HgSH system
(Chapter 3). |

Both SK and BHW postulated the isoenergetizjléaction
of HS radicals with C,HgSH for the formation o% H>S in the
gas phase, ,' ;

HS + C,H5SH - H,S + C,HgS

The rate constant for this reaction-is not known. If it
is slow, then HS radicais will be consumed faster by C2H55
radicals in Reaction (10), leading to the formation of the
unstable alkly—hydrodisulfide,173 C,HgSSH, which decomposés

subsequently via Reaction (11) and contributes to the depos

101

it

of solid material on the walls of the reaction vessel. The

scatter in the quantum yielW of H,S and C;Hg6SC,Hg at low
total pressures, as seen in Fijure 4.1, is caused by the

. presence of Hg atoms in our system. The reactions of C,HsS

radicals with Hg atoms have already been discussed in Chapter

3. The reactions of HS radicals with Hg atoms occur in a

~

similar manner:

HS + Hg - HgSH
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HS + HgSH - H,S + HgS
These second-order reactioqﬁ may occur at low total pres- -
sures since a relatively heavy deposit of solid materiaf“
was observed on the wglls of the reaction vessel. However,
almost no deposit could be seen at high total pressﬁres.
This is likely due to the faster diffusion of Hg vapour to
the walls at low preséures than at high pressures. Also,
at high substrage pressures, the production of HS and CoHgS
radicals wilP"increase,‘and thus radical-radical reactions
(10) - (13) will occur more readiiy than raaical—Hg atom .
reactions. .
A steady-state treatment of the propoéed mechanism

yields the following expressions for the quantum yields of

products; see Appéndix D for the complete derivation.

K3 @2
®(CpHy) = o3 + " " R (1]
kg + kg[E] + kg(M]

<

« )

| - k7 ¢q (k7k§ - kjkg) ¢1 [E]
®(Hp) = x - B —
k7 +4Kg . (k7 + kg) { (kK5 + k3)[E] + kg[M])

ki k7 92 :
+ . ) (2]
(ky + k§) (kj + K&[E] + kg[M]) '

kg ¢1 ; (k7kg - k7kg) ¢1 [E]
@(CoHg) = ——— + ¢ + :
k7 + kg , (k7 + kg) { (k% + k§) [E] & k§[M))
ki k7 ¢2 : "

- : : | (3]
(kg + kg) (ki + K3[E) + kg(M]) \



, ®(CyH,) decreases very rapidly with increasing CO, pressure

kg 1  (kykg - kjkg) @1 [E]
@¢(HpS) = ——— + ¢35 + " . R
“ ko + k8 (k7 + k8)((k7 + kg) [E] + Kg(M]}

: k3 kg ¢2 .
+ (4]
(k7 + kg) (kj + K5[E] + kg(M]) -

kiz2 ¢
@ (CoHgSSCyHg) = —————— (5]
kiz + ki3

$1., ¢o and ¢3 are the quantum yields associatéd with the
three primary photochemical feactions,.(l) - (3). M is a
collisional deactivating molecule and may be either the
sugstrate C,HgSH or the thermalizer CO; molecules. The
expressions for kgM and kgM are kgE[E]+kEC[C] and

k;E[E]+ k;C[C], respecti?ely. [ﬁ] is the concentration or
pressure of C,HgSH and (C] is“that of added CO,.

4.2.2 Quantdm Efficiemcies of Primary Photochemicalksteps:

Quantum Yield of CyH,

103

The quantum yield of CpH, was plotted against the ratio 4

PYCO,) /P(CoHgSH) in Figure 4.3 in order to show detailed
changes of ¢(CHs) as a function of CO, pressure at 25, 80,

120 ang)150°C, Tables 4.4 - 4.7. At each temperature,

r'd

and becomes approximately constant at high pressures of CO,.

.4
This indicates. that there are two different sources of CyH4.

One pathway does not depend on CO, pressure, while the other

/

is completely suppressed at high pressureé'bf €O0,. The first

Cérresponds to the primary photochemical step (3) and the

, .
second, to Reaction (4)*, where the hot ethyl radicals- decom-

pose to H and CoH4. This is clearly shown in Equation [1]

*
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P(CO,) /P(C,HSSH)  « -

' F_igixre 4.3. Plots of quantum yield of CoH, as a function
of P(CO,)/P(C5HgSH). ~ O, 25°C; M, 80°C; A, 120°C;

®, 150°C.:

v
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N

. which consists of a constant term and a pressure-dependent

<

-‘sgrm. In order to find the value of ¢j, Equation [1] 1is

Sﬁoditied as follows;

L {e(CHg) = ey T = (1 4 abg) /e, v BPe/d) (6]
el w?
oL _ f * *x - * * _ ._l s

a linear function of P~ at constant Pg.

In the first approximation, the linear correlation
coetticient for Equation [6)] was calculated for ten values
ot ¢;, ranging from 0.0095% to 0.0105. The result, Figure
4.4, shows tha{ the highest coefticient is obtainea with ¢3
= 0.010, which corresponds closely to thé average experi-
mental vélue ¢ (CoHy) = 0.011 in the high (200 - 400 Torr)
CQ, pressure region at 25°C (see Figure 4.3).

Equation [6)] predicts that for P- = 0, ¢(CpH,) becomes
a linear function of Pg:

(¢(CoHy) - ¢3];i = 1/¢o + aPg/¢> (7]
Although the plot of @(C,oH,) versus P(C,HgSH), Figure 4.1,
does not appear to exhibit any pressure de pdence, the
results in Table 4.2 indicate that ¢(CoHy) q§és in fact very
marginally Aecrease with increasing C,HgSH pressure. This
is clearly shown in Figure 4.5, where the ordinate scale is
much expanded. As does Figure 4.3, Figure 4.5 clearly
indicates that there are two sources of CyHy formation as
postulated in the mechanism.

The values for [¢(CyHy) - ¢3]1"1 at Pc = 0 were calcu-
lated using ¢3 = 0.010 and were plotted against C;HgSH

preéspre in Figure 4.6. The following linear relation was

.
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0.998 .

Correlation Coefficient

0.996 |- —~
0.994 - ! .
0.90 0.95 1.00 1.05
: . 2
10 ¢3

Figure 4.4. Relation between ¢3 and the correlation
coefficient in the LMS treatment of [¢(CoHg) - @3]71

against CO, pressure. °

110
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Figure 4.5. Quantum yield of C,H,; versus CpHgSH pressure.
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70 T T T

[0 (C,Hy)- 0,17

40 1 1 1 ]
0 10 20 30 40 50
- P(CZHSSH), Torr

Figure 4.6. (¢ (CHy) - @311 yversus C,HsSH pressure. The

best fitted value of ¢3 = 0.010 was used.
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derived by the IMS method! for the condition Pc = 0;

[@(CoHy) — @33 1 = (44.0 2 0.9) + (0.38 * 0.03)Pp (8]
Combining this equaﬁion with Equatlon [7), ¢ and a werew
determined to be 0.023 *+ 0.002 and (8.7 *+ 0.8) x 1073 Torr™ 1},
respectively, at room temperature.

The values of ¢ may\now be obt;ined from the intercepts
of Equation \6]. Figure 4.7 shows the Q‘Pts of [¢(CoHy) -
¢3]_1 versus P(CO,)/P(C,HgSH) (Table 4.9), from which the
derived intercepts are listed in Table 4.10. It is assumed
that any temperature variations in a and ¢5; are minor and
can be n;glected. This assumption possibly may not be
strictly valid for the case of ¢3, nevertheless the experir
mental results (Table 4.8)_indicate that the changes in ¢;
up to 150°C are almost within experimental error. The
deriyed values of ¢, are listed in Table 4.11, along with
those of ¢; (¢; + @, + @3 = 1.0). The results of BHW and
SK are also included for the sake of vomparison. A slight
increase in ¢, (0.023 - 0.036) and :Lnsequently a decrease
in ¢ (0.97 - 0.95) is observed with increasing tempera-
ture. However, this variation is small when compared with
the experimental lipitations. As a result, the gquantum
effibiencies of the primary photochemical reactions can be
considered to be independent of temperature up 20 150°C,
within an experimental error éf *3%. The average values
for ¢;, ¢, and ¢3 from this work are then 0.96 1:0.01,
‘0.029 * 0.006 and 0.010 * 0.001, respectively. ' The differ-

ences between these Qalués and those of SK and BHW (Table

L4
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Figure 4.7. Pl’f (¢(CoHy) - ¢3)”1 as a function of

P(CO,)/P(CoHgSH) . The best fitted value of ¢3 = 0.010 was
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4.11) are dug to mechanistic considerations. SK postulated
only one primary step (1), from the observation that ¢(H;)
is near unity. The formation of C,H,, CoHg and HZS;and their
pressure dependence were accounted for by a sequence of
sensitized reactions involving excited disulfide molecules
formed from the recombination of C,HgS radicals;

2 C,HgS —+ C,HgSSC,H3 q
C,H5SSC,oHE + CoHgSH - CyH5SSCpHg + CpHg + HoS

- C2H555C2H5 + C2H5 + SH

_However, the hypothetical C2H558C2H§ + CoHgSH reaction was

later rejected by BHW, who observed that no H,S, C2H4 or

AQ2H6 was formed when C,Hg5SSC,Hg was photolysed in’ the

presence of CyHgSH in the gas phase.63 In turn, BHW proposed
the three.primary steps, (1) - (3). The vélues for ¢, and
¢, were estimated from ¢(H,) and ¢(CyHg) respectively,
obtained at the high n-C4H;y thermalizer pressure of about
250 Torr. = ¢4 was determined by difference and is the same
as that obtained from this work. The difference in the
values of ¢, and ¢, between BHW's and the present w0£k
arises from kfhetic interpretations. BHW postulated the
reactions
‘czng + CoHgSH -+ CoHg + CpHy + SH

SH (or SH*) + C,HgSH = H,S + CyHsS
to partially account for the formaéion of C2H4, CoHg and
H,S. The uncertainties surrounding these reaction steps
were discussed earlier. At the same time, BHW neg;ected

i

the thermalized molecular displacement reaction (8) which,

%
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from Chapter 3, has been shown to be significant. Thus, @5

¥

was overestimated, and ¢1 underestimated, by BHW.

4.2.3 H-Atom Reactions with Ethanethiol: Quantum Yields

of H, and H,S

Information about the hot and thermalized H-atom

reactions with CoHgSH; § .

*

H* + C,HgSH = Hy,  + CoHsS -~ (7)
H + C,HgSH = H, + CpHgS (7)
H* + C,HgSH = H,S + CyoHg (8)*
" H + CyHgSH ~ HpS + CyHs (8)
P

can be obtained from the variations of the H, and H,S yields
with pressure and témperature. The tota1_¢(H25)‘is provided
by both (8)* and (8), the cleavage of the C-S bond, and by
the molecular primary step (3), ' °
CoHsSH + hr = HpS + CpHy
Since the H,S yield contributed by (3) is ¢3, which was
determined above, the H,S yield contributed by both (8)*
and (8) is [¢(HS) - ¢3]. The total ¢(H,) is the sum of
the two abstraction steps (7)* and (7). However, it is v
necessary to correct for the H-atom contribution from the
pnimolecular decomposition step,
CoHE = H + CyH, (4)*
This contribution is determined from the difference between v
the total C,H4 yield and that from the molecular primary
.step (3). Thus, the Hz‘yield from steps (7)* and (7) is

given by [¢(Hy;) - 6], where & is the correction faétor,

(®#(CoHq) - ¢3].
{ ;
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The variations of the ratio [(¢(Hy) - 6]/([¢®(H2S) - ¢3)
with respect to CO, pressure and temperature, tabulated in
Table 4.12, provide insight into the relative Eifference of
the react;on rates with hot and thermalized H atoms. Af
low pressures, reactions with hot H* atoms are important,
while increasing the thermaiizer pressure decreases the
population of the energized H* atoms and consequenfly incre-
ases that of the thermé%ized H atoms. At high CO, pressure,
most of the H, and H,S is produced with thermalized H atoms
from reaction steps (7) and'(é), respectively. If the rates
of H, ané H,S production, change similarly with the thermali-
zation of the H atoms, then the rati¥o (¢ (Hy) - 8)/[¢(H,S)

- ¢3) would remain invariant with changes in the thermalizer
pressure. However, it is observed from Table 4.12 and also
illugtrated in Figure 4.8, that in the temperaturé:féfge of
stud}; (¢(Hy) - 61/(¢(H2S) - ¢3] increases with increasing
thermalizer pressure, indicatiné that thermalization of the
H atoms favours the H-abstraction reaction. The decrease

of [¢(H2) - §)/(¢(HyS) - ¢3]) for hot H* atom reactions
indicates that the displacement reaction (8) has a hi@her

-

activation energy than tpe H—abstrac?ion r?action (7).
Increasing tﬁe temperature results in % higher Boltzmann

dis%?ibution of the energized H*ratomé, thereby altering the

relative ratio of hot and thermalized H atoms. It is seen

from Figure 4.8 thgt at higher temperatures, [¢(Hp) =61/

(¢ (HS) - ¢3]»éecreases, that is, the rate of the displaée-

ment reaction increases faster than the H-abstraction —

*
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reaction, indicating a higher activation energy tor the
toxper .

4.2.4 Kelati1ve Rate Parameters tor the H-atom Reaction::
Quantum Yields ot H, and C,Hg
The relative rate parameters for the thermalized
H-atom 1eactions
H o+ CoHoSH + H, + C,H.S (/)
-~ H>8 + CpHg (8)
are obtained from the H, and O,He ylelds.  One lmportant
é\‘i%mple relation emerges trom the quantum .yi(:ld expressions
tor H, and C,H¢, Eyuations [2] and [J3], i.e. their sum 1s
7
independent ot pressure:
@(H,) + @(CoHg) = @1 + @) .

Eqlations (2} and [3] contain the same pressure dependent
terms,

(kykg - kikg) @3 (E)

S - b and
(k; + Kg) ((K) + K)[E) + k§(M]) N
kg k7 @ . | .
(k7 + kg) (K} + K3(E] P kG
but with opposite signs. Thus, they are mirror image

functions of each other with respect to [¢(Hy) + ¢(CyHg) /2.
The sgrmetries of the‘¢(H2) and ¢ (CyHg) functions are
demonstrated in Figures 4.9 and 4.10 where they ‘are plotted

against inverse CO, concentration at each temperature, from

/

N . R
the data in Tables 4.4 - 4.7. When [CO,] is relatively

large, deactivation of hot radicals by C;HgSH can be

neglectéd. ‘After substituting for k;[M] and kg[M] by

v
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kSC[C] and kgC[C], respectively, Equations (2] and (3]

L]
thus become:

ky @1 (kykg - kjkg) @ [E)
¢ (Hz) = L - ' . A o a
(kg + kg) (ky + kg) ((k7 + kg)[E] + kgclC))
ki k7 @
! o * * o N (9]
(k) + kg) (kg *+ kg[E] + Kkge[C))
* k3 -
Kg ®) (k7kg - kkg) ¢, (E)
? (CoHg) R e
(k7 + Kkg) (k7 + kg) ((kg + kg)[E}) * kgcl[C]))
ki k) o2

ST T (10]
(ks + k8)(k4 + k5[E) + k6C[C])

When P- » Pp, the terms ((kj + kg)[E]) and (k3 + ki[(E]) in
Equations (9] and [10] may be neglected. The resulting

linear relations are obtained;

kK7 @) (k7k§ - kikg)kc ®1[E) - kikyke o
@(Hy) = — = —— (11)
(k7 + kg) (k7 + kg) Kec koclC])
kg @1
$(CoHg) = — ————— + ¢
(k7 + Kg) ‘
(k7k§ - kikg)kgco1(E) - kikokgeoo
+ ' [12]

(k7 + kg) Kgc kaclC}

The linear behavi/our of ¢(Hp) and ¢(CyHg) at high CO,
pressures is iliustrated in Figures 4.9 and 4.10 for P¢
> 50 Torr, or [c021‘1 < 0.04 M1, The intercepts of the
linear portions of these plots are defined by [11] and
[12] to be,

k7 @1

¢(Hy, Po = ®©) = — (13]
k7\+ k8



> kg 1
@(CoHe, Po ~ @) = -~ ————— + ¢ (14)
k; + kg

Their values are listed in Table 4.13. The rate constant
ratio for H-atom reactions, steps (7) and (8), may‘then be
calculated from the intercept values and the derived values
ot ¢, and ¢, (Table 4.11). The results are listed in Table
4.14.

Values of ky/kg can also be obtained directly from the
experimental data at higb total pressure. Under this
condition, quenching of hot H* and Czﬁg is complete and
therefore the hot reaction steps (4)* - (9)* do not occur
in the reaction mechanism. Steady—state‘treatment of this
simplified mechanism gives directly Equations [13] and
(14). Substituting the values of ¢(Hy) and @ (CpHg) at 200
- 400 Torr (Table 4.8) into Equations (13] and [14] we
obtain another set of values for k7/kg, also listed in
Table 4.14. The results from both methods of determining
k9/kg agree within $3%.

The Arrhenius plot for the H-atom reactions (7) and
(8), shown in Figure 4.11, is constructed from the average
values of k;/kg (Table 4.14). The Arrhenius expression,
obtained by the IMS method, is as follows;

ln k;/kg = (-0.25 * 0.04) + (660 * 10)/T {15]
From Equation [15], the activation energy difference, (E,
- Eg), of -‘.31{: 0.03 kcal mol~l and the ratio of pre-
exponential faétors, A7/Ag, of 0.78%0.01 have been N

determined. Thus, the prediction that Eg > E;, obtained

(g
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from H,/H,S yields as functions of pressure and tempera-
ture, is verified by Equation [15].

An attempt is made here to determine the absolute rate
parameters for reactions (7) and (8) by utilizing the -data
available in the literature. The C,HgSH-C,H; system has
been investigated by SK®7 to determine Arrhenius parameters
for the H-atam reaction steps (7) and (iv);

H + CpHy ~ CyHg (iv)
from the photolysis of equimolar mixtures (25 Torr) of
CoHgSH and CyHy,, in the presence of 760 Torr added CO,;.
Although the data were scattered, values of -1.0 # 0;3 kcal
mol~™l and 0.18 t 0.06 were reported for E; - Ej, and A7/Ai;,
respectively. Lee et al.’® measured kjy as a function of
temperature from 198 to 320 K using the flash photolysis-
resonance fluorescence technique and op}ained, under a high
pressure limit of 760 Torr Ar, éhe foliowing Arrhenius
expression for the H + C,Hy, reéction,

Kiv (cl‘f13-?1101'1 s~ 1)

= (2.2 *+ 0.4) x 1013 exp [(-2070 * 80)/RT] . [16)
Combining the results of SK and of Lee et al., theéabsolute
rate constarnt for the‘ﬁ—abstractdon step (7) is |
k4 (cm3 mo1~1 s71)

= (4.0 +.0.7) x 1012 exp [(-1070 % 40)/RT) [17]
“gubstitutiné Equation [17]-into [15], the absolute rate
constaut for the SH displacement step (8) is then given by,
kg «cm? mol“l_s‘l) |

= (5.1 % 0.9) x 1012 exp [(-2380 * 70)/RT] (18]
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The Arrhenius parameters for the H-atom reaction steps
(7)., (8) and (iv) are summarized in Table 4.15.

The experimental entropy of acti;ation calculated from
the A fActor of (8) is -26.5 eu., for the standard state
of 1 atm. This value is similar to those obtained for
other displacement reactions by H atoms: H + CH3SCH3,131
~-24.1 eu., anle + C2H55C2H5,165 -22.1 eu., suggesting
t;ansition states with similar structures. Using Benson's
methodl4l for a transition state which involves an initial
intergction between the H atom and the non-bonding 3p

orbital of the sulfur atom:

H + CoHg - S — H = [CpHg*+-"S “"uyF « CoHg + HS
H
we will ‘obtain: i
ast = s§ - so(CyHgSH) - Sg(H) .
= So(CyHsSH) -+ RIn2 + x - So (CoHgSH) - SodH)
= 1.4 + x - 27.4 = -26.0

x = -0.5 eu. X

This low Qalue for the vibrational contribution to AS*
indicates a very tight structure for the activated complex. .
The experimental entropy of activadion calculated from the
A factor of (7) is -26.9 eu. for the standard state«ofwl
atm. The ;rénsition state involves the initial interac-
tion between the two H atoms:

o+ CoHgS -75 - [czﬂss----n----ﬂ]* ~ CoHgS + Hy
The low value of —0 9 eu. for the v1brationa1 contribution

to AS* indicates also a tight structure for the activated
L .

A
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complex. ~

4
Equations [2] and [3] can be simplified for the case of

the photolysis of pure C,H5SH as follows;

k7 1 (k7kg - k7kg) @3
$(Hy) = ————— - _ ——
(}(7 + k8) (k—/ + )(8)()(7 + k8 + kgE)
k7 @2
+ {19]
(k—] + k8) (1 + QPE)
i kg @1 (k7kg - kjkg) @)
@(CoHg) = ————— + ¢y * * *
(k7 + k8) (k7 + k8)(k7 + k8 + kgE)
k7 @2

- - [20)
(k7 + kg) (1 + aPg)

where a has been previously defined as‘kkg + kgE)/kz.
According to [19] and (20], ¢(H,, Pe=0) and ¢(CHg, Pc=0)
are inverse functions of Pgp. However, the predicted pressure
dependence (Figuxél4.L) is not apparent and ¢(H;) and

¢ (C,Hg) are approximately constant at 0.77 + 0.03 and 0.22

t 0.03, at 25°C, in the C,HgSH pressure range 5 - 48 Torr.
This result suggests that the dependence of ¢(H;) and
®(CyHg) on CpHgSH pressure is relatively small in this
pressure ra;ge; which can be verified by evaluating the
magnitude of thekpressure—dependent term in Equations [i9]
and [20], using the already derived values of ¢, a and
k7fk8. As seen in Table 4.16, this pressure term decreases
with increasing C,HgSH pressure, the net change being only
0.006 on going from 5 to 48 Torr, which is much smaller .
than the magnitude of the experimental error. Thergfore,
C,HgSH pressure has neglig}ple effects on ¢(Hy) and ¢(CyHg).

4

\
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4.2.5 Disproportionation-Combination of Thiyl Radicals:
Quantum Yield of C,HgSSC,Hg

The quantum yield of C,HESSC,Hg, a major product, is

given by Equation [5], v ™~
) K12 1 ’
@ (CpHgSSCyHg) = — (5]
‘ Ki2 + Ki3
If the recombination reaction (12) were the only mode for
the loss of C,HgS radicals, |
2 CyHgS -+ C,HgSSCyHg (12)
‘then ¢ (CoH5SSCoHg) woulg have the same value as ¢;, as | ﬁf
predicted by Equation [5]. /Although this may be true at
25°C, where ¢(CyHsSSCyHg) is found to be equal to ¢,,
within experimental error, ¢(C,H5SSC;H5S) is observed to
be less than 0.96 at higher temperatures (Tables Q.S’to ) '
4.7). Therefore, it iSfeyident that the disproportionation
reaction, | ‘4‘ | »
2 C,HgS ~ CoH4S + CoHgSH - C(13) v

is another pathway for thé loss of C,HgS radicals at higher
temperatures. The observed high gquantum yield for C;HgS-.
SC,Hg and the fact that thioacetaldehyde was.not’obserVed
in the products indicate that‘reaction.klz),is the major
pathway for tne fate of "CyHgS radical, while reacFion (13)
is a relatively minor one. Although thioaldehydes are’
considered to be unstable speciesl74, they hhve beén ‘
generated by the_thermolysis of alkyl thiosulphinates and
trappeq,with aromatic and aliphatic ‘1,3-dienes.166 1In the

present’study, it is likely that thioacétaldéhyde is lost .

i



4
on the wall through a polymerization reaction similar to

that tor thiotormaldehyde which trimerizes readily in the
gas phase. 108,134

Equation [9) does ndg predict any pressure dependence
tor ¢ (CLHSSC,Hg ), In agreement with the results obtained

(see Tables—4 .4 to 4.8). The disproportionation to combilna -

tion ratio, k;,;/k;,, can be determined trom Equation [%9)

to be,
k13 ®)
-1 [~ 1]
Ko @ (CoHSSCH )

and the results are listed in Table 4.17. At 257C, Kyg/ky
1s estimated to be ir; the range 0.03 - 0.0%. Thils value 1«
smaller than the limiting value of 0.13 reported by sSmith
and Kniqhtlll, obtained from the Hg-photosensitized decompo-
sition of C,HgSC,oHg vapor at 25°C. The higher literature
value may be due to the further loss of C,HgS radicals
through reactions with Hg atoms in the Hg-phote@sensitized
system. The values of kjj3/k;o increase with temperature,
but even at 150°C, the disproportionation reaction is

indeed a minor one,‘compared to combination. At elevated
temperatures, the valuesaof ¢ (C>HgSSC,Hg) obtained in the
photolysis of pure C,HgSH are slightly lower than thosé
measured'at high CO, pressure (Tébles 4.4 to 4.7), although
the experimental errors are such that this apparent pressure
dependence must be viewed with caution. The formation of

Co,HgSSCyHg molecules from reaction (12) yields an excess

energy of 69 - 74 kcal mol~l, which is the energy for the
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$-S bond. This causes the C;HgSSCyH¢ molecules to be
slightly energized. At low total pressures, the probability
of C,HySSCoHy being stabilized by collisional deactivation |
is lower and therefore some loss will occur through the
decomposition of the energized C2H5SSC2Hg molecules and
this loss progressively increases with increasing tempera-
ture. This loss is minimized at high total pressures
where collisional deactivation of C2H5SSC2Hg molecules is
faster. The form of Equation [21] is such that very large
errors are associated with the calculated values of kj3/k;yp,
Table 4.17. Although the values obtained at high CO,
pressure probably are more representative of the pressure-
independent rate ratio, the rates of:.increase of kj3/kKj>
with temperature, i.e. E;3 - Ej,, are the same for both
cases.

Froﬁ the high pressure values of the disproportionation
-combination steps (13) and (12), respectively, t?; Arrhen-

L4

ius plot is shown in Figure 4.12, from which the #ollowing

!

rate expressfbn is derived:
In (ky3/ky2) = (2.0 * 1.0) - (1.6 t 0.4) x 103/T [22]
from which (Ey3 - Ejy) = 3.1 * 0.7 kcal mol-1 and A13/A15
= 7.3 ¢ 3.1 . Since the recombination of radicals requires
negligible activation energy, j.e. Ej5, = 0, the activation
energy for the disproportjonation reaction, Ejj, is esti-

-

mated to be 3.1 t+ 0.7 kcal mol~1l,
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CHAPTER FIVE
PHOTOLYSIS OF, AND THE REACTIONS OF HYDROGEN ATOMS WITH,
1SOPROPANETHIOL
5.1 Results \\

The gas-phase UV absorption spectrum of i-C4qH;SH 1is

similar to that for C,HgSH. The maximum absorbance in the

v
\

220 - 260 nm range is located near 225 nm. The extinttion
coefficient at 298K for i-CyH7SH at 254 nm is about 4.17‘x
1073 Torr~1 cm™ ), after background for absorption by quartz
cell 1is taken 1nto account.

The products of photolysis are H,, C3Hg, H,S, CiHg and
(i-C3H7)5>S,. Total product conversion was maintained low at
2 - 6% 1in order to minimize secondary absorption by H,S and
(1-C3H5),S,. As a result, over 95% of the incident light
was absorbed by i-C3H;SH. |
5.1.1 HyS Actinometry

The absorbed light intensity in the reaction vessel,
I5, is calculated in the actinometric set-up gs described in
Chapter 4. The values of the extinction coefficients for
HyS and i-C3H;SH were determined from the experimental
measureggnts of S5, S¢ and wj's. At 254 nm, €(H,S) was
found to be 1.05 x 10™4 Torr~1 cm'l, in good agreement with

‘ /
the literature values.®%3,142 € (i-C3H7SH) was found to be
3.98 x 1073 Torr™! cm™1, in accordance with that obtained by
spectral means.

The results of actinometric runs are summarized in

* Table 5.1. The average value for [R(H,) + R(C3Hg)]/I, was

137 * *
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found to be 1.01 * 0.04. Thepefore, the absorbed light inten-
sity in the reaction vessgl, Ii, is equal to 0.99[R(H,) +
_R(C3Hg)]. All the quantum yields obtained from the photolysis
of 1-C4H,SH were calculated by the reléfion ¢i = Ri/I,,
where Rj; (1 = H,, C3Hg, HS, C3Hg and (1i-C3H5)5S,) is the
rate of product formatioﬁ and I = 0.99([R(H,) + R(C3Hg)] as
determined from actinometric experiments.
5.1.2 Photolysis of Pure Isopropanethiol

The major photolysis products were H, and (1i-C3Hy)5S,,
- with small amounts of CqHg, H,S and C3Hg. The dark reaction
runs at 25°C and 145°C did not produce any measuqable pro-
ducts, thus, i-C3H7SH is thermally stable within this tempera-
ture range. The product quantum yields are tabulated in
Table 5.2 and are plotted against 1—C3H75prressure in
Figure 5.1. It was observed that reaction times up to 120
minutes did not affect the quantum yields and that these
gquantum yields seem to be independent of ;-C3H7SH pressure
in,the range 5 - 50 Torr. The points for ¢(H2), ¢ (C3Hg),
@ (H,S), @(C3Hg) and ¢[(i-C3Hy7),S,] were averaged separately
over the entire pressure range studied and found to be 0.81
+ 0.03, 0.21 * 0.02, 0.24 + 0.02, 0.042 * 0.004 and 0.87 *
0.07, respectively, at 25°C.
5.1.3 Photolysis of Isopropanethiol with Added Thermalizer,
n-CgqHjo

The effects of added n-C4H;g thermalizer pressure on
the product quantum yields were investigated in this series

of experiments. The pressure of i-~CiH,SH was kept constéhc
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at 20 Torr while the pressure of p-C4H;y was varied beftween
28 and 4OONTorr. It was obse*ved that the rates of prgduct
formation decrease with incregsing thermalizer pressure, but
the sum of R(H,) and R(C3Hg) remained invariant at (8.6 % 0.5)
x 1078 moles min~). This is illustrated in Table 5.3, along
with the experimental product quantum yield results. The
product guantum yields are plotted against n-C4H;y pressure
in the range 0 ; 400 Torr in Figure 5.2. With increasing
n-Cy4H;o pressure, ¢(Hy) and ¢( (i-C3Hy) 35,]) increased gradually
while there was a parallel decrease in ¢(CqHg), ¢(H;S) apd
¢(C4yHg). Also, it was observed that the increase in ¢ (Hy)
compensated for the decrease in ¢(C3Hg), and that ¢(H,S)
seemed to be slightly higher than ¢(C3Hg). All the guantum
yields reach limiting values at approximately a fifteenfold ™™
increase of n-C4Hjpg preséures over i-C3H4SH, which is at a
n-C4H) o pressure of 2 300 Torr.
5.1.4 Effect of Temperature on Product Yields
The photolysis of i-C;H;SH with added thermalizer,
n-C4Hypqo, was carried out at higher temperatures, 65°C, 105°C
and 145°C. Although different product gquantum yields were
observed with increasing temperature, the variation of these
yields with increasing n-C4H,o pressure at each temperature
was the same as that observed at 25°C. fhe product quantum
yields obtained as a function of n-C4Hj;g bressures and at
\
the high n-Cy4Hjq prqssure-limit, 300 - 466 Torr, are sum-
|

marized in Tables 5.4 to 5.7, respectively. With tempera-

ture increases, ¢(Hy) and ¢[(i-C3H7)2S;] decrease while
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¢ (CyHg) , ¢(H2$)~and @ (CyH() increase, and the sum ot R(H,;
and R(¢3Hg) remains invariantr
.2 Discussion
5.2.1 Reaction Mechanism

Because the photolysis results for i1i-Cj;H;SH are quite
similar to those obtained for CpHgSH (Chapter 4), a reaction
mechanism analogous to that proposed for C,HgSH can also be
empléyed for 1-C3H;SH to account for the products observed
and to adequately explain our experimental results 1in a
quantitative manner.

The set of primary photochemical reactions 1is:

*

i-C3H7SH + h: (254 nm) - H® + 1-C3H5S (1) 14
- HS + 1-CyH) (2) 1,
~ H,S + C3Hg (3) 1

The enthalplies of reaction for 1, 2 and 3 are the same as
those tor C;HgSH; namely, 88, 70 and 18 kcalmoi'ly respec-
tively, from Table 1.2. Thus, from the available photon
energy at 254 nm, 113 kcal Einstein~1, the excess energies
residing in the H and i-C3jH; radicals are 25 and 43 Kkcal
mol’l, respectively. The thermal énergy for the latter
radicals is estimated from O.S(SRT)f163 to be 8 - 11 ﬁcal
mol™l, in the temperature range 25-145°C, thus the total
excess energy carried over to the i-C4H; radicals is 51 - 54
kcal mol~1l.

The set of hot reactions for H and i~C3H5S radicals is
as follows:

i-C3H3 =~ C3Hg + H (4)* K2



. x - . -
i-C3H% 4+ i-C3HySH - CyHg + 1-C3HyS (9) K<
i-C3H7 + M~ i-C3Hy + M (6)* K
H* + i-C3H,SH  « Hy + i-CyHyS (7)* K5
=~ HoS + i-CyH, (8)* kg
~
H* + M - H + M (9)* Ko
The unimolecular decomposition of l—C3H$ to give the
C3Hg product from (4)* has an enthalpy of reaction of 36 - 39

kcal mol™ !, estimated from available thermochemical data in

50,51 The critical energy for (4)* is given

the literature.
by Benson and O'Neall7’> to,be about 41 kcal mol™1.  This is
about 10 - 13 kcal mol~l less than the amount of the excess
energy whichbwas carried over to the i-C3jH; radicals from the
primary step (2) and the thermal energy. Unfoptunately, no
computations of the experimental rate.constants and their
energy dependence were carried out for j-CyH; radicals.
However, Rabigovitch and Setserl4? have found that for
n-propyl radicals carrying an active energy content of -10

kcal mol’l, kz

~ 108 s71. Thus, it is postulated that the
rate constant for Reaction (4)* will also be < 108 s™1 for

isopropyl radicals.

The addition reaction, whisi\ii/fpé reverse of Reaction
*

(4) ",

H + C3Hg — i-C3HJ : (1)
is known to have an activation energy of -1.6 kcal
mol~1,176,177 The alternative competitive reaction, which is
the addition of H af the non-terminal carbbn,

- 5
H + C3Hg ~ n-C3H

(ii)
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"is relatively minor at 531787181 4p4 also requires a higher
activation energy of aﬁout 4 kcal mol™1.177 cvetanovic and
coworkers!/78-180 haye reported that over 95% of the 1—C3H;
radicals tormed from (i) invariably dissociate back to the
reactants. This is in contrast to.hot n-C3yH,; radicals,

which dissociate predominantly into a methyl radical and
éthylene,142

n-C3H} = CHy + CyHy (iii)
Overall, Reaction (4)* is the major source reaction for CsH
formation. Also, no C3jHg is lost by steps (ii) and (iii),
since the rate of step (ii) is very small under condition of
low conversion, and C,H; was not observed in the products.
The other source reaction for C3Hg and CyHg is the dispropor-
tionation reaction of i1-C3H; radicals,

2 ;—C3Hﬁ ~ C3Hg + C3Hg (iv)
for which the rate constant ratio for the dispro?ortionation
to combination reaction,

2 i-C3Hy -~ CgHyg, (v)
kijv/Ky, héé been determined to be 0.6010.01.182  However,

(iv) is viewed to be unimportant, since no 2,3—dimethylbdt?ne
was observed- in the products. |

The collisional deactivating molecules for the quenching
of hot H and j-C3H; radicals in Reactions (6)* and (9)%, may
be either j-C3H;SH or n-C4H;g. The possibility of extra H,
béing produced by the hot H-atom reactions with D-C4H o was

ruled out by Bridges et g;.,63 based on the results that a

blank photolysis run at 254 nm using 200 Torr n—C4H10 gave

- .
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no products, and that ¢(H,) obtained in the photolysis of a
5:1 mixture of n-C4Hyp ard HI was not different from the
¢ (H,) obtained for the photolysis of pure HI. However,
these results are predictable since it was already known at
the time that alkanes absorb in the vacuum UV region, below
200 nm.1%% In a similar manner as for CoHgSH and CO,,
quenching by 1-C3H;SH is more significant at low total
pressures. However, quenching by n-C4H;o becomes more
efficient as its pressure is increased from 28 to 400 Torr.
Quenching is complete at P(n-C4H;5) 2 300 Torr, as indicated
by the flat portion of the plot in Figure 5.2.

The set of thermal reactions is as follows, in parallel

with that proposed for C,HgSH:

i-C3H; + i-C3H5SH - C3Hg + 1-C3HyS (5) ks
H + i-C3H5SH - Hp + i-C3H5S (7) k7

- HyS + i-C3Hy (8) kg

HS + i-C3H,S - i-C3H,SSH (10) K10

2 i-C3H,SSH » 2 i-C3H5SH + S,(wall)  (11) K11

2 i-C3H9S - (i-C3H7),S5, (12) K12

~ i-C3H7SH + (CHs),CS (13) K13

The scatter in ¢[(i-C3H;),S,;) is observed to be more
than that in ¢(H,S). This may be due to the incrgased
difficulty in measuring the heavier isopropyldisulfide product
gquantitatively, and also 'to the reactions of thiyl radicals
with Hg,183 as described in the previous Chapters,

2 i-C3HyS + Hg ~ (4i-C3H7S) Hg

(i-C3H7S)2Hg i (i-C3H7)252 + Hg



(i-C3H5S) oHg ~ (i-C3Hy) S + Hgs
The following quantum yield expressions have been
derived from the steady*stgte treatment of the proposed
mechanism.
ki @2

@ (CyHg) = @3 + - - B —— (1)
’ ki + k&[i] + kg(M)

k7 ¢, (kykg - kikg) &) (1]
@(Hy) = ———— i — T T
k7 + kg (k7 + kg){(ky + kg)[1] + kg[M])
ki k7 @2
+ e [2)
(kg + kg) (k3 + k&[(i] + kg[(M])
kg @1 (k7kg - kikg) @1 [i)
@(C3Hg) = ————— 4+ ¢ + —— —— R . T
k; + kg (k7 + kg)((k7 + kg)[1] + k§(M])
ki k7 @2
- o ~7'k * . * [3]
(k7 + k8)(k4 + k5[1] + kg(M])
kg ¢1 (k7kg - k7kg) @1 (i)
®(HpS) = ———— + @3 + " P
k; + kg (k7 + kg){(ky + kg)([1] + Kkg[M])
®
kg kg @2
——— (4]
(k7 + kg) (ki + ka[(i] + kg[M])
_ ki2 #1
@[ (1-C3Hy)252) = —— (5]
kK12 * k13
¢1. ¢ and ¢3 are the quantum yields associated with the
three primary photochemical reactions, (1) - (3). M is the

collisional deactivating molecule for hot H* and i-C3HJ
radicals and may be either j-C4{H;SH or n-C4H;o molecules.

The expressions for kg[M] and k;[M] are kgi[i]+kgn[n] and



kgi[i]+k§n1n], respectively. [i] is the concentration or
pressure of i-C3jH5;SH and [n] is that of added n-C4H;g .
5.2.2 Quantum Efficiencies of Primary Photochemical Steps:
Quantum Yield of C3Hg

-Detailed changes of ¢ (CqHg) as a function of p-Cg4Hjg
pressure at 25, 65, 105 and 145°C are illustrated in Figure
5.3. Two different sources of C3Hg are evident in this plot,
since ¢(CyHg) decreases very rapidly with increasing n-C4Hy
pressure and approaches a constant value at high pressures
of n-C4Hyp. The former corresponds to the unimolecular
decomposition step where hot isopropyl radicals decompose 'to
H and CjHg, while the latter corresponds to the molecular
primary photochemical step (3), which does not depend on
n-Cy4H,o pressure.

In a kinetic treatment similar to that derived for the
case of C,Hy from the photolysis of C,HgSH (Chapter 4), ¢3 is
determined from the modified form of Equation [1]:

[#(C3Hg) - ¢3171 = (1 + aPj)/¢; + BPR/¢) (6]
where o = (k3+kgi)/ki, B = xgn/x"z and [¢(C3Hg) - ¢3]7 1 is a
linear function of P, at constant Pj.

The linear correlation coefficient for Equation [6] was

1
calculated, in the first approximation, for ten values of

¢3, ranging from 0.0081 to 0.0093. The results, shown in
Figure 5.4, show that the coefficients are close to each -
other, with the highest value located at ¢3 = 0.0083, which
corresponds closely to the ;Vgrage experimental value ¢(C3Hg)

= 0.009 in the high (300 - 400 Torr) n-C4H;o pressure region

—



0.0

Figure 5.3.

7
of P(n-CqHyg)/P(i-C3H,SH) .

A,\ltﬁ'/C: @ 145°cC.
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!

O, 25°c; B, 65°C;

| 1 1
0.0 10.0 15.0 20.0 25.0
P(n-C,H,,) / P(i-C;H,SH)
Plots of quantum yield of C3Hg as a function
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at 25°C (see Figure 5.3).

Equation [6}] becomes a linear function of Pj in the
absence of thermalizer, ji.e. P, = O,

[¢(C3Hg) = ¢3)171 = 1/¢, + aPj/¢; (7)
The plot of ¢(CiHg) versus P(i-C3jH,SH) using a much expanded
ordinate scale, Figure 5.5, illustrates the marginal pressure
dependence of ¢(C3Hg) on P(i-C3H7SH). The values for [¢(CjHg)
- ¢3]"1 at P, = 0 were calculated using ¢3 = 0.009 and were
plotted against j-C3HySH pressure in Figure 5.6. The fol-
lowing linear relation was derived by the IMS method, for
the condition P, = 0;

[@(C3Hg) - @311 = (23.5 + 0.9) + (0.24 * 0.03)P;  [8]
Combining this equation with Equation (7], ¢, and a were
determined to be (;.043 + 0.002 and (1.0 * 0.1) x 10”2 Torr~?,
respectively.

The values of ¢, at higher temperatures may now be
determined from the intercepts of Equation [6]. The varias
tions of [&(C3H6) - ¢3]—1 with pressure and temperature are
tabulated in Table 5.8 and plotted in Figure 5.7, from which
the derived intercept‘s a& listed in Table 5.9. Tfme values
of a and ¢35 are again assumed to be little affectedrby
temperatures up to 145°C. This assumption for ¢3 appears to
be valid, from the experimental observatfon'(Table 5.7) that
changes in ¢3 up to 145°C are within experimental error.

The derived values of ¢, and subsequiently ¢; (¢; + ¢ + @3 =
1.0), are listed in Table 5.10. A slight increase in ¢;.

(0.043 - 0.074) and consequently a decrease in ¢; (0.95 -
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40 — 1 T I I ]

20 1 'J ] 1 1
0 10 20 30 40 50
P(i-C;H,SH), Torr

Figure 5.6: [¢(C3Hg) - ¢3]'1 versus i-C;H;SH pressure.

The best fitted value of ¢35 = 0.009 was used.
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P(0-C,4H,) / P(-C3H,SH) \

4

*

Figure 5.7.. Plots of [¢(C3H6)_"Q3]‘1 as a function of

P(n-C4H1q)/P(i-C3H,SH). The best fitted value of
' {

@3 = 0.009 was used.
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0.92) are observed Qith increasing temperature. This varia-
tion is slightly larger than for the case of the photolysis
of CoHgSH but still within the experimental error. As a
result, the quantum eificiencies of the primary photochemical
reactions can be considered to be independent of tempera-
tures within an experimental error of *3%. The average
values for ¢4, ¢ and ®3 from this work are then 0.93 t 0.02,
0.05%7 + 0.024 and 0.009 * 0.001, respectively. When compared
with the values obtained for C;HgSH, ¢; is slightly lower
and ¢, is higher, while ¢3 is almost the same, within experi-
mental error. The similar ¢-values are due to the same
(S-H) and (C-S) bond energies for both C,HgSH and 1-CyHSH.
$.2.3 Hydrogen Atom Reactions with Isopropanethiol: Quantum
Yields of H, and H,S

As discussed in Chapter 4, the variations of the H, and
H,S yields with pressure and temperature shed light on the
relative rates of the hot and thermaliZed H-atom reactions

with i‘C}H—/SH;

H* + i-C3H,SH — Hp + i-C3HyS (7 * 13
H + i-C3HySH - H, + i-C3H78 (7) k7
H* + 1-C37sH ' HyS + i-C3Hy (8)*  x}
H + i-C3H7SH = H,S + i—C:,H-, » (8) kg

The variations of the ratio [¢(H3) - 6)1/[¢(H3S) - ¢3]
with p-C4H;o pressure and temperature are tabulated in Table
5.11 and are plotted in Figure 5.11. The resulting trends are

observed tc be the same as those for the H-atom reactions.



166

8.0 I y — ]
25°C
O
70 | - -
o
S 60 | -
— ()
2" 65°C
~ 50 | ¥ . -
©- o n 105°C
= Q 7
= A
s 4-0 145°C -
’?\‘ ()
T :
S 30 f . —
)
2.0 & -
1.0al 1 1 ! |
0 o 10 15 20

P(2-CHyg) / P(-C3H,SH)

Figure 5.8. Plots ofA[¢(H2) - 6)/(¢(HpS) - ¢3) as a

function of the ratio P(n-C4Hiq)/P(i-C3H7SH).
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with Co,H(SH. It is found that at each temperature
[¢(Hp) - 6)/(e(HS) - ¢3) increases with increasing therma-
lizer pressure, indicating that thermalization of the H atoms
favours the H-abstraction reaction, i.e. the displacement
reaction (8) has ; higher activation energy than the H-abs-
traction reaction (7). Also, [@(Hy) ~ §1/(fp(HyS) - 93]
decreases with increasing teqeerature, indicating that the
rate of the displacement reaction increases faster than the
H-abst;action reaction at higher temperatures, as expected.

5.2.4 Relative Rate Parameters for the H-atom Reactions:

Quantum Yields of H, and CjHg

The relative rate parameters for the thermalized H-atom

reactions .
L 4
H + i~C3H7SH = H, + i-C3HyS (7)
g st + _i_—C3H7 (8)

are determiped from the H, and C3Hg yields. The quantum
yield expressﬁons for H, and C3Hg, given by Equations [2] «
and (3], respectively, are identical to those formulated for
H, énd CoHg in the photolysis’of CoHgSH. Thus, the kinetic
treatment 1s carried out in the same manner, as described
below. . )

The -plots of ¢(Hp) and ¢(C3Hg) against inverse n-CgHjg
concentration at each temperature are shown in Figures 5.9

and 5.10. The trends®observed in these plots can be corre-

lated with the pressure-dependent terms in Equations (2] and

(31, ‘
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(k7kg - kjkg) @1 (i)
and

(k7 + kg) ((KJ + kg)[i] + k§{M))

ki k7 @2

(k7 + kg) (k3 + k5[1]) + kg(M])
When [n-C4H;g] is large, deactivation of hot radicals by
1-C4HySH can be neglected and kg[M] and kg[M] become kgn[n]
and kgn[n], respectively. Also, for the condition Py >> Py,

A * e * * .
the terms ((k7 + kg)[i]) and (kg + Kg[i]) may be neglected :
from the pressure-dependent terms. "After substituting for

kg[M] and kg[M] and rearranging, the resulting linear relat-

ions are obtained for the high n-C4H,y pressure condition;

*

k7 @1 (k7k§ - kikg)kgn @101) - Kzkskgn @
¢(Hy) = -~ - . R (9]
kg @1 >
¢(C3Hg) = ——— + ¢,
(k7 + k8)

(k7k§ - k7kg)kgn@1(i] - kKzk7kgnes
o — [10]
(k7 + ka) k6n kgn[n]

The linear behaviour of ¢(H;) and ¢(CiHg) at high p-CyHjg
pressures is illustrated in Figures 5.9 and 5.10 for P, > 100
. 4 4 -

Torr, or [Q-C4H10]“1 ¥ 0.02 M1, - The intercepts of the linear

~

portions- of theseé plots are listed.in Table 5.12 and are

defined by [9]) and [10] to be,

k7 : .
¢(Hy, Pp =+ ©) = ——— ' (11]
k7 + ke ' ’
| kg ¢1 '
¢ (C3Hg, Py =+ o) = - + @5 : (12)
. . ’ k-] + k8 3 .

From the intercepts and the derived values of ¢; and'%>’
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(Table 5.10), the rate constant ratio, k;/kg, may be calcu-
ot ¢
lated at each temperature. Their values are listed in Table

5.13, along with another set of values for k5/kg which were

§

derived directly from the experimental Hy and C3Hg yields at

high.gotal pressures (Table 5.7). It is observed that the .
9 - o :

la“ set of. ky/kg values are 18wer than the former. This .

3

difference may be due to the fact that the experimental H%

and C3H8\vaiues have not yet reached the true limiting

\
yields.

The Arrhenius plot for the thermalized F-atom reactions
b, ‘
 (7) and (8), Eﬁown in Figure 5.11, is constructed %sing the

kinetically-derived values of k;/Kkg- Th% Arrhenius éxpressiqn
is given by, ' i A ( \
In ko7kg = (0.35 t 0.10) + (770 % 40)/T (13)
. From Eduation [13]), the activation energy difference,' (E; -

e -1 . .
Eg) = -1.53 ¢ 0.07 kcal mol™ %, is slightly higher than that
obtained for the H-atom reactions-with C,HgSH, where (E; =

Eg) = -1.31 ¢ 0.63 kcal mol™1l. The ratio of the pre-expon-
ential factors, A7/A8: is alSo.derived from I13] to be
1.43 ¢ 6.06. - Absolute rate pdrameters for k; and kg cannot
‘be derived at this time due to the lack of availabie datg in
the literéture. wHowever, since the (S-H) bond sgreggthsv;n
Czﬂgsﬂ é&nd i-C3H,8H are the same; the 'k ,expression_ for
- 1-C3H4SH shohld'be the same as, or close-to fhe one derivid.
for C;HgSH in Chapter 4: . ‘
k7 (cm3 mol-1 s-1) |

= (4Lo + 0.7) x 1012 exp [(-1070 £ 40) /RT] " [14)
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the kg expression for i-C3H;SH is then determined
-1 g1, .

+ 0.6) x W02 exp [(-2600 t 100)/RT) (1%)
perimental entropy of activation, AS*, Calculatea
factor of (8) is -27.6 eu. for the standard state
Using Benson's methodl4l for a transition state
ves an initial interaction between the H atom and

. <
ding 3p orbital of the sulfur.dton:

i-CyHySH + [1-C3Hy-++-S - H)t - i-C3Hy + H,S
H
A
ain: -
st - Sp(irC3H5SH) =~ Sg(H) , P

Sp(i-C3H7SH) + R 1n 2 + x - Sg(i-C3HySH) - Sq(H)
= 1.4 + X -v27.4 = -26.0 |

-1.6 eu.

lue for the vibrational contribution to ASJf
very tight structure for the activated complex.
photolysis of pure i-C3H5SH, i.e. P, = 0, the

xpressions for H, and C3Hg yields a}e simplified

from [2] and [3] as follows:

k

¢(Hy) =
K7

7 ®1 (k7kg - kikg) @1

+ kg (k7 + kg) (k] + k§ + K3j)

k7 @2

(16}
(k7 + ks)(l + Qpi) .. *
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kg @) ' (kykg - kikg) @)

PLC3Hg) = - voe2 N *
k7 + Kg (ks + kg) (k5 + kg *+ kgj)

|
R (17)

Ky @2
(k7 + kg) (1 + aPj)e

where a 1is the rate cgnstant ratio, earlier derived to be
(k& + Kej)/ka = 1.0 x 1072 Torr™1. The last term in both of
the H, &and CyHg exprebtsions indicates that ¢(H,, P, = 0) and
¢(C3yHg, P = 0) are inverse functions of P;. However, the
predicteq’pressure dependence 1s not apé%rent iﬁ Figure 5.1
and ¢(H,) and ¢(C3yHg) are approximately constant at 0.80 *
0.0l\énd 0.231 ¢ 0.01, aé 25°C, in the .1-C4H;SH pressure range
5 .~ 50 Torr. Thus, the magnitudes of any changes in the
pressure term in [16) and [17] is likely to be relatively
;mgée and should fall w%thin?the ranée of the experimental
error. This prediction is again verified by evaluating the
pressure term using tHe already derived values of ¢,, ¢ and
k7/Kkg. .As shown in Table %.1§, this pressure term decreases
with increasing i-C4H;SH pressure, and the net change is
indeed small, being only 0.002 on going¥from 5 to 50 Torr.
Therefore, increasing the i-C;H9SH pressure has negligible
effects on ¢(Hy;) and ¢(C3Hg), and the pressure terms in [16]
and [17) can be considered‘to be constant.

5.2.5 Disproportionation-Combination of fhiyl Radicals:
Quantum Yield of (i-C3H;),S;

The quantum yield expression for the formation of

(1-C3Hy) 2S;,
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Ki2 @1 ' \ .
_ (5]

@[ (i-C3Hy)2S;)
kKi2 * ki3

predicts that ¢[(1-C3H7)ZS§] and ¢ are’equal to each other
if no disproportionation of i-C3H;S radicals occurs,

2 i-C3H7S - i-C3H5SH + C3HgS (13)
However, the observation that ¢[(i-C3H7),S,) is less than ¢

-

indicates that Reaction (13) oqéurs in competition with the

/ (12)

i

-

combination reaction,

~

2 _i“C3H7S i (_i‘C3H7)252

lion are the_;hiol subs- -

«

trate, j-Cs;H5SH, and the aliphatic thioketone, thioacetone.
387 .

~+

The products of disproportiona

The latter is known to be unstable, although it’can be
isoléted in the monéme;ic thiqne fo{y as well as iﬁhthe'
tautomeric enethiol form.184 Since, however, ¢(1—63H7)252
is only slightly less than ¢(ﬁ2), the disproportionation of
i-C3H;S radicals s#ould be a relatively minor reaction, in ¢
comparison with ﬁhe tombination reaction.

Equation [5) p;edicts no pressure dependeﬁce for
(1-C3H7) 2S5 This is verified by the ¢[ (i-C3H7),S,] values
obtained both in the absence and presence of n-C4H;g (see
Tables 5 to 5.6). 'The disproportionation-combinatfbn
rafio, k197/k12, is derived from [5] to be;

K13 ¢1 .
= - =1 . (18]
K12 ¢ (i-C3H7)252] \

Their values, calculated from Tables‘5.3 to 5.7, are listed

> ~

in Table 5.15 and increase with temperatm'wme. However, this

&

increase must be viewed with caution since large errors are
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associated with the calculated kjj3/kj, values due to the

scatter in the measured yields of (i-C3H7),S,. The Arrhenius

plot, Figure 5;12, is constructeg‘using'the high pressure
values_of theéaﬁSproportionation—combination steps (13) and'
(12), respectively. The following rate expression is derived:
\ In ky3/kyz = (1.3 % 0.7) - (1300 * 300)/T [19]
from which (Eyj3 - Ej5) = 2.7 t 0.5 kcal mol—l and Ay13/Ayp =
3.6 1.1. Since the recombinatjon step (12) requires negli-
gible activation energy, E;3 is therefore estimated to be

-2.7 kcal mol;l ahd is smaller than that determine® for the
disproportionation of C,HgS radicals, 3.1 kcal mol‘l.g //

a -
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CHAPTER SIX

»

. -~
PHOTOLYSIS OF, AND THE REACTIONS OF HYDROGEN ATOMS WITH,
) \

t -BUTANETHIOL

6.1 Results
The recorded gaé—phase UV absorption spectrum of ~
t-C4HgSH 1is similar to that found 'in the literature3® and -

also to that obtained for CoHgSH and i-C3HySH. The max imun
absarbance is located nedr\230 nm. At 298K, the extinction
coefficient at 254 nm is 4.48 x 1073 ;brr’l cm~ 1, corrected

for background reflection by th&- quartz cell.

-

The products of the photolysis are Hp, i-C4H;jg, His,

i-C4Hg and (t-C4Hg),S,. The overall conversion was low,

- ™

N
< -

< 5%, in order to minimize secoﬁdary absorption by H,S and

(t-C4Hg) 2S,. Thus, no less than 95% of the incident light

was aﬁsorbed‘by t-C4HgSH.

@.1.1 HyS Actinometry -\ ; ,
[ .4

The actinometric set-up as described ‘in Chapters 4
and 5 was used to determine the intensity of 1light absorbed

. 13 £3 * ) 4 .
in the reaction vessel, I,, from that in the actlnometrkc

vessWl, fb."The values of the extinction coefficients for

ld

HyS and t-C4HoSH were calculated from the experimental
meagurements of Sp, Sg and wj's. At 254 nm, €(H3S) was
found to be 0.99 x 10™4 Torr~1 cm™1, and e(;;C4H§SH), 4.50

X 103 'I‘er'1 cm~1, in accordance with literature®3,142

-

values.

From the results of actinometric runs which are, sum-

-

marized in Table 6.1: the average value for [R(Hy) +
o R

182 N . .
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R(i-C4H10)]/I, was found to be 1.00 * 0.06. From this, the
absorbed 1igh€ intensity in the reaction vessel, I,, is
equal to [R(Hp) + R(i-Cg4Hjg)]- All the quantum yields’
reported ih the photolysis of ﬁ—C4H98H were calculated by
the relation ¢; = Rj/I,, where Rj [i = Hp, i-C4H;o, H3S,
i-C4Hg and (t-C4Hg)2S,] is the rate of product formation
and I, = [R(Hy) + R(i-C4H;)], as determined from actino-
metric experiments. \o —
6.1.2 Photolysis of Pure t-Butanethiol

Photolysis of pure ;-C4H9§h‘yields H, and (;—C4H9)£fz
as major products, with small amounts of i-C4Hjgq, st'and
i-C4Hg. The dark reaction runs at 25°C and 140°C did not
produce any measuFable products, indicating that t-C4HgSH
is thermally stable within this temperature range. This
agrees with the work of Martin and Barroeta?l who ?ound
that t-C4HgSH is extremely stable at a higher temperature

. . ‘

of 323°C. It was observed that reaction fimes_up to 120
minutes did not affect tge quantum yields and that these

seem to be independent of t-C4HgSH pressure in the range

‘10—50 Torr. The product quantum yields are tabulated in

: Tabpe 6.2 and are plotted against ;-C4H98H'bressure in

Figure 6.1. Tﬁe points for ¢(Hjy), ¢(1-C4Hio{, ¢ (HyS),

@ (i-C4Hg) ana ¢[(t-C4Hg) 2S3] were averaged separately over . |,
the entire pressure range stuéied and found to be 0.61 ¢
0.03, 0.39 # 0.02, 0.37 1'0.03, 0.069 t 0.006 and'bu68_i

0.06, respectively, at 25°C.
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6.1.3 Photolysis of t-Butanethiol with Added Thermalizef,
C2Hg j -

Phitolysis of 20° Torr t-C4HgSH with added thermaliZer,
28 - 46 Torr CyHg, was carried out in the next set of
experiments. The variation of prodpct yields Qlth-increaf
sing thermalizer pressure is tabulated in Table 6.3 and a%so
plotted in Figure 6.2. With increasing C,Hg pressure, ¢ (Ho)
1ncreases while ¢(i-C4Hqq), ¢(HQS) and ¢ (i-C4Hg) decrease,
all reaching 11m1t1ng values at about a fifteenfold 1ncrease
of C,Hg pressures over that of the substrate, which is at
a C?H6 pressure of 2 250 Torr. ¢[(§-C4H9)282] appears to
be Gnaffected by.thermalizer pressure. °It was also observed
that theé increase in ¢(ﬁ2) compensated for the decrease in
o(;—C4H10), and that ¢ (H,S) seemed to{be lower than ‘

¢(i-C4Hyp)- On the other hand, tbe absorbed light inten-
sity, I, ="[R(Hy) + R(i-C4H;0)1, was invariant with tﬂerma’!
lizer pressure, as showil iri Table 6.3 by the constant

value of (7.8.% 0.3) x 1072 umoles hin~l, obtained for

[R(H*-" R(_L-C4H10) ]. ,
» v
6.1. Effect of Temperature on ?roduct Yields

Photolysid of t-C4HgSH with added thermallzer, CoHg,

‘was carrled out at hlgher temperatures, 65°C, 95°C and

140°C. leferent product quanﬁhm yields were observed w1th

L
increasing temperature. However, tqf variation of these -

ylelds w1th 1ncreasing c2H5 pressure at each temperature

. was the, same as that observed at 25°C. The product quantum

yields obtained as.a function of CoHg pressure are
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summarized in Tables 6.4 to 6.7, respectively. In all
cases, as temperature increases trom 25" to 140°C, @ (Hy) and
P (t-C4Hy) S, ) decrease while @(1-C4H ), @(HyS) and
@(i-C4Hg) increase, and the sum ot R(H,) and R(1-C4Hy()

remains lnvariant .

6.2.1 Reaction Mechanism

The nature ot products arising from H,, alkane, H,5,
alkene and alkyldisultide observed in the photolysis of
t-C4HgSH is quite similar to those from the photolyses of
CyHegSH and 1-CyHySH (Chapters 4 and 5). This finding
suggests that a reaction mechanism similar to that proﬁosed
in the previous Chapters may also be operative here as
well. Thus, in order to account for the product formation
in quantitative terms an analogous set of elementary
reactions can be considered as in the previous cases.

The primary photochemical reactions are as follows:

t-CqHgSH + h: (254nm) - H* + t-C4HgS (1) Ip
- HS + t-C4H§ (2) 1,
g st + _i_“C4H8 (3) 13

The enthalpies ofrfeaction for 1, 2 and 3 are 89, 66 - 69
and 17 kcal mol'l,/respectively, calculated from thermo-
chemical data in Table 1.2. Although (3) is thermodynami-
cally the most favourable reaction, its activation energy
is much higher at 55 kcal mol~1.89 From the availablé

photon energy at 254 nm, Eg = 113 Kkcal Einstein'l, the

excess enérgy residing in the H atoms in step (1) is -
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24 kca} mol’l, calculated from Ej - D(S -H). The total
excess energy residing in the t-C4Hg radicals is 56 - 65
kcal mol“i, the sum of444 - 46 kcal mol~1, from Eg - -
D(C -S)Nin step (2), and 12 - 16,kcalqﬁol—1, from the
thermal energy contribution of <;S(SRT),163 in the tempera—i
ture range 25 -140°C. |

3

The sequence of hot reactions for H and t-C4Hg radicals
' \
is as follows:

‘x

t-C4Hg = H o+ i-C4Hg T (8) K}
.
t-€4H5 + t-C4HgSH ~» i-Cg4Hjg + t—C4HgS (5)* kg
t-C4H3 + M - t-C4Hg + M (6)* ™ ki
H* + t-C4HgSH - H, + t-CuHg (7* X3
- H,S + t-C4Hg (8)* . 13
H* + M - H + M | (9™ 3

The unimolecular decomposition of t-C4Hg , Reaction

* has an enthalpy of reaction, 38 - 42 kcal mol~1,

(4)
estimated from recent enthalpy of formation values %ﬁ the
litérature51r52 for t-C4Hg and i-C4Hg. The critical energy
for (4)* has also been determined‘by Canosa and Marshall,®3
from a study of the azgmeth;ne sensitized pyrolysis of
isobutane, to be 39.4 kcal mol~l. A higher value of 43.1 -
kcal mél"1 was reported earlier by Bénson and O'Neal.185
From the difference between the excess eneféy‘pf 56 - 62‘
kcal mol~l carried over‘to the t-C4Hg radicals and the
ériticai energy of 39.4 k?al mol~1, the active enerdy is -
-17‘7 22 kcal mol'i. Unfortunately, no computations of

the experimental rate constants and their active energy

——
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dependence were carried out for the t-CyHg radicals.
However, the sec-butyl radical decomposition has been

thoroughly studied;gy Rabinovitch and coworkers186,187

gec-C4Hg — CHy + C3Hg : * )
and the model for this radical system may be used to ade-
quately represent the similar t-butyl radical system.142
It was foﬁnd that for an active energy of -17 - 22 kcal .
mol~1 k(i) = 108 s—l,_thus, it is reasonable to postulate

]

that kz would be of the same order of magpitude.
‘The possibility of i-C4Hg and i-C4H;o being formed
from the disproportionation of t-C4Hg radicals,

2 t-C4Hg - i-C4Hjg + 1-C4Hg v (ii)
was considered along with the combination reaction,

2 t-C4Hg — CgHjg ‘ _ (iii)
for which the ratio of dispgoportionation to combination,
kij/Kjii. was determined Fo be 2.5 --2.9 at 25'C.113"1.88'189

té{_However, since the combination, product, 2,2,3,3-tetra-
methylbutane, was not observed in the photolysis prod%Fts,
it is unlikely that L—C4H10 and i-C4Hg are formed from -
step (ii).

The-collisional deactivating molecules for the quen-
ching of hot t-C4Hg and H'radicals in Reactions (6)* and
(9)*, respectively, may be either t-C4HgSH or é2H6. The
poséibility of extra Hp being pfoduced from

H + CaHg = Hp + CHs o (iv)

was rejected on the basis of the relative rate determi-

nations for reactions (iv) and»(7), -
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H + t-C4HgSH = H, + t-C4HgS - | (7)
cao and Backl99 have reported the rate constant e*pression
for (iv) to be, ' A
Kiv (cm3 mo1~1 s71)

= (5.3 %+ 0.3) x 1014 exp[-(1410 * 100)/T)

The rate constant expréssion for (7) is not known. Herver,
that for a similar H-abstraction reaction with CH3SH,

H + CH3SH - H, + CH3S (v)
has been determined by Wine et gl.59 to be,
k;, (cm3 mol1~1 s71) = (2.{ + 0.1) x 1013 exp(-(850 t 10)/T)
and this k, can be uSed'%ﬁJthe calculation of the relgtive
rates of (iv) and (7). ggr_the highest total concentration
used, which is a 20:1 mixture of C2H6:;—C4H98H, Rate(iv)/
Raﬁejvi =% 0.71. Thus, H, is formed from (7) and not from
(iv). The puritygof CpHg was established on the basis
that a blank‘photolysis~run at 254 nm using 50 Torr CjyHg
gave no products, and that ¢(H;) obtained in the photolysisv
of a 3:1 mixture of C2H6‘and HyS was not different from
the ¢(Hy) oblained for the photolysis of pure st.’ Complete
quenching of hot radicals by collisional deactivation
occurs at P(CyHg) 2 250 Torr, as showﬁ.by the flat portion
of the plot in Figure 6.2.

The sequence of thermal reactions is described below:

t-C4Hg + £-C4HgSH ~ i-C4B10 + £-C4HgS (5) ks
. H + £-C4HgSH - Hy + £-C4HgS (7) k7
-+ HpS + t-C4Hg ' (8) kg

HS + £-C4HgS = £-C4HgSSH , (10) 10
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2 £-C4Hg3SH = 2 t-C4HgSH + Sy (wall) (11) K11

2 L-C4H95 - (E—C4H9)252 . R (12) k12
‘4 j-CsHg + t-CyHoSSH 13 Kqn
. > 1-C4Hg + 'L-C4Hg (13) 13

Overali; the reaction mechanism is analogous to that pro-
posed for C,HgSH and i-C3H5SH in Chapters 4 and 5. The only
exception is the disproportionation of t-C4HgS radicals,
Reaction (13), to giYe the alkene photolysis product,
i-C4Hg, and the unstable hydrodisulfide, t-C4HgSSH.

Although the disproportionation of t-C4HgS radicals has

not been reported, it is prorosed to account for the
significant increase in the i-C3Hg yield and the corres-
ponding decrease in the_(;-C4H9)252‘yield at elevated
tempe&atures, 95° and 140°C (Tables 6.5 and 6.6). The
recombination of thiyl radicals leads to the formation of
slightly energized disulfide molecules which, unless
stabilized by collisional deactivation, will dispropor-
tionate. 1In the photolyses of C,HgSH and .i-C3H;SH (Chapters
4 and 5), the disproportionation of thiy1 radicals proceedsi
via the transfer of a H atom‘% the carbon a to sulfur and
the simultaneous formation o é C-S double bond. However, ’
' the situation. is different for the case of t-C4Hg$ radicals
in the pﬁoﬁoiysis of t-C4HgSH since there is no H atom on
the a carbon. The formation of the disproportionation
product, ji-C4Hg, from step (13), is postﬁlated to proceed

via the following transition state:
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CH;

| 5

H3C — @C +.--- 5 —— SC(CHj3)3

P

HzﬁC ceee H
from which the C-S and ﬁ(C—H) ?onds are broken and the S-H
and C=C bonds are simultaneously formed. Tﬁe idea of the
C-S, and not the S-S bond cleavage is surprising, since it
is generally known thatrthe photolysis of disulfides leads
solely to the cleavage of the S-S bond. However, Céllear
andgéfcksohgg have reported that in the flash photolysis of
CH458SCH3, both S-S and C-S scissions occur. Also, Byers
et al. 191 have shown -by product analysis that the C-S bond
- cleavage is predominant in the photodecomposition of di-t-
butyl and dibenzl disulfide. Recently, Joshi and Yang192
used a spin-trapping téchnihue‘to detect radicals formed 3
in the photodecomposi£ion of CH3SSCH3, dibutyldisulfides
and dibenzldisulfide in ordanic solvents. From product
analysis u51ng ESR spectroscopy, they observed that di-
methyl, d1 n-butyl and d1-__g-buty1 disulfides gave spln
adddcts consisting of only the $-S bond fragments, while
di-t-butyl and dlbenzl dlsulflde spin adducts 1ndlcaﬁfd
the trapping of both S-S and Cc-S bond scission products.
Thus, the idea of C-S hond cleavage in the dlsprop?r—

A Y

‘tionation reaction (13) 'is a plausible one for the case of

t-C4HgS radicals, in order to account adequately for the

increased alkene proauct, i-é4H8. o
-Alternatively, the disprogortionation of £-C4HgS

radicals can also take place with S-S scission. 1In this
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case, the H atom from one of the methyl groups on the a-
carbon is transferred over to the sulfur atom and the Pc-s

bond is formed; the following transition state is then

formed:
CH3
-
Hzﬁc'.... H'

“~
The ensuing dispropértionation products are the substrate,
t-C4HgSH, and the’ isobutené episulfide, C4HgS. Although
the latter 1is energetically more stable than the other
saturated 3-membered {ings involving heteroatoms such as o
and N atoms,193 it was not specifically searched for iﬁ
the products. 'However, if the episulfide were formed from
reaétion (13), it would have been detected, according to
the work of O'Callagha‘n,&ig4 who used the same g.c. column
and simiﬁgf g.c. conditions to chromatograph the iscbutene
episulfide product; In thbe present study, the possibility

’

of C4HgS as product is not considered to be important,

based on the fact that no mew products were formed in the

photolysis of t-C4HgSH and that reactions (12) and (13)

can be substantiated by material balance. ‘

) Steady-state treatment of the proposed mechanism
A .

results in the following quantum yield expressions:

o ki @2 ki3 ¢ "
¢(1-C4Hg) = ¢35 + " " . +. ' [1]
k4 + ks[t] + ks[M] R kii\* k13
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k7 ¢ (k;kg - kikg) @1 [t]’
e(H2) = ‘ - * * *
ARM k7 + kg (k7 + kg) { (kK7 + kg)[t) + kg[M]) .
j ki k7 @2 )
+ : ' (2] ®
. (k7 + kg) (k3 + k&[t] + kg[M))
* X
. kg ¢, (k7kg = kykg) ¢1 (t])
@(i-C4Hyp) = ——— + ¢, + * * %
ks + khy (k7 + kg) ((k7 + kg)(t] + Kg[M])

- , 4 [3)
(k7 + kg) (kg + k5{t] + kg(M])

kg @, "(k7kg - kikg) @1 [t) :
@(HpS) = ————— + ¢ + - - -

-

ki kg @2

+

\ : (4)
(k7 + kg) (kj + k&[(t] + kg[M])

K12 ¢
@[ (t-C4Hg) S22} = ——— [5]

ki2 + ki3

.

’ ¢1f ¢, and ¢3 are the quantum yields associated with the

three primary photochémical reactions, (1) - (3). M is

the collisional deactivgting»mclecule for hot H* and L-C4H3

radicals and may be either the substrate t-C4HgSH or .the -
thermalizer C,Hg molecules. The expressions for kg[M] and -hi-
k5([M] ‘are kitl[tl+kgele] and k;t[t]+y§e[é], respectivelyl :

[t}vis the concentration:or preséure of ;-C4ﬁgsﬂ,énd)[e} is

that of added.CyHg. . . |

"6.2.2 Quantum Efficienciesfpf Primary Photochemical Stépé:
. . 2 & )

Quantum Yield of i-C4Hg

The variations in ¢(i-C4Hg) as a function of CyH¢g pres-

" .
sure at 25, 65, 95 and 140°C are plotted in Figure 6.3,
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which sugqeéts the different sources of i-CaHyg. With
increasing C,H¢ pressure, ¢(i-C4Hg) decreases very rapidly
and approaches a constant value at high C,H, pressures. The
tormer corresponds to the unimolecular decomposition step
(4)*, while the latter(gg}responds to both the molecular
primary photochemical step (3) and the disproportionatipn
step (13).

The value ot ¢; may be determined from the modified

torm of Equation (1],

. - (1 + aby) BPp ki3
(¢(1-CxHg) - @3] R e S (6]
@2 ) K1z * K13
where a = (kotkee)/ka, B = Kee/Ks, and [@(i-CuaHg) - @317}
is a linear function of P, at constant Py. It has been

previously shown for the cases of the C;H, and the C3H6’

\

products from the photolyses of C,HgSH and i-C3H;SH \

(Chapters 4 and 5) that the optimum value of ¢4 fitted
from the kinetjc treatmgnt matches the value of the alkene
yield obtained at the high thermalizer pressure limit.
Thus . at 25"?, the value of ¢3 is 0.021 (Table 6.7).
Equation (6] becomes a linear function of Py in the
absence of CyHg, i.e. Pe = O,
1 aPy ki3 €

[@(i-C4Hg) - @311 = + + ‘ (7}
®> ®> ki2 *+ K13

The very marginal effect of £-C4HgSH pressure on ¢(i-C4Hg)
(Tablé 6.1) is shown in Figure 674 using a much expanded
ordinate scale. Using ¢35 = 0.021, the values for [¢(i-C4Hg)

- ¢3]'1 at P = 0 were calculated and were plotted against
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t-C4HgSH pressure in Figure 6.5. The linear relation
derived by the.IMS method for the condition Pg = 0 is
given by,
(¢(i-CaqHg) - @317 1 = (17.0 * 0.3) :\(0.135 + 0.008)Py [8]
"Combining_this with Equation [7] and neglecting the small
contribution at 25°C from the term k;3 ¢;/(kyp + Ky3). the
values for ¢, and a were then determined to be 0.059 t 0.001
and (8.6 + 0.5) x 1073 Torr™ 1, respectively.
The values of ¢, and ¢35 at higher temperatdres cannot
be determined precisely from the intercepts of Equation\
(6] due to the increased contribution from the term
k13 ¢1/(kyo + kj3), for which th;’rate constant rati® for
the disproportionation to combination of t-C4HgS radicals,
ki13/kqy2, is not known. However, the value of ¢3 may be
estimated from the values of ¢(Hy), ¢(i-CsHg) and
@[ (£-C4Hg) 2551 at\' the high total pressure’Ximit (Table 6.7).
It will be recalled that for the photolyses of C;HgSH
and i-C3H4SH (Chapters 4 and 5), the disulfide yields are
equal to or slightly higher than the hydrogen yields.
Although this appea}s to be the case in the photolysis of
L-C4HgSH at 25 and 65°C, it is observed that at 95 and 140°C
the (t-C4Hg),S, yield is&significantly.lowef than the Hj
yield, and that the loss in ¢[(t-C4Hg)2S,] appears to
correspond to the gain in ¢(i-C4Hg) (see Taqles 6.5 and
6.6). Thus, at high total pressures, there‘ar; ;bo distinct

sources of j-C4Hg, one from the primary step (3) and the .— ___

other from the disproportionatf&n step (13). Since the.
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The value of ¢3 ="0.021 was used.
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latter can be determined from the difference between ¢ (Hj)
and ¢[ (£t-C4Hg)2S,), the value of ¢3 can be obtained fromi
the expression, ®3 ?,¢(l‘c4ﬂ8) - {@¢(Hy) - @[ (£-CgqHg)2S3]}.
After ¢4 is optained, ¢, can then be estimated from the H,
and H,S yields at the high pressure limit. Under this
condition, quenching of hot H pnd t-C4Hg is complete and
tﬁerefore the hot reaction steps (4)* - (9)* do not occur
in the reaction mechanism. Steady-state treatment of the

simplified mechanism give!the following expressions for

N
¢ Hz) anq ¢(H25): ’
k7 ¢
@(Hy, Pg = ©) = —— (9]
k7 + k
‘ 7 8 -
kg ¢1
¢(HpS, Pg = ®©) = ——— + @3 (10]
- k7 + k8

.
from'which ¢(H,) + ¢(HS) = ¢; + @3. The derived values
of ¢35, ¢; and subsequenltly ¢ (@1 + ¢ + @93 = 1.6), are
summarized in Table 6.8. The value of ¢, (at 25'CL, from
Equatlogs (9] ;nd [10) is calculated to be 0.060, in
excellent agreement with the value 0. 059 derived frOm
Equations [7] and [8]. It i3 therefore assumed thmgfkhe
values of ¢ and ¢3 are in equally good correspondence,
within'experix‘ error.

' It appears from Table 6 8 that ¢;, ¢, and ¢;3 are
temperature aépendent in the photolysxs of t- C4H98H in
contrast to the C;HsSH and j-C3;H;SH cases, where this was

not as obvious (see Table 4.11 and Table’'5.10). However,

"this temperature dependence cannot %e'ascertained since
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the errors associated with the determination of ¢,, ¢, and

¢3 are higher for the t-C4HgSH case.

The possible tempera-

ture dependence is most likely due to the lower (C-S) bond

energy in t-C4HgSH, which affects step (2), and also to

209

the lower activation energy associated w1th the HZS ellmlna—

tion step (3), both of which are reflected in higher ¢, and

¢3 values, respectively, and tonsequently a lower ¢1 value

at each temperature.

6.2.3 Hydrpgen Atom Reactions with tert-Butanethiol:

Quantum Yields of H, and Hj3S

The relative rates of the hot and thermalized H-atom

reactions with t-C4HgSH,
H* + t-C4HgSH -~

H + t-C4HgSH -

*

i

H* + t-CiHgSH

H + £-C4HgSH -

are obtained from the variations
with pressure and temperature.

analogous to that dlscussed in chapter 4, the values of

Hz + §~C4H98
Hy + t-C4Hg
st + L-C4H9

st + L-C4H9

*

(7)
(7)
(8)
(8)

*

in a kinetic treatment

k7
k7
kg

kg

f the H, and H;S yields

the ratio [¢(H2) - 8§1/[¢(HS) - ¢3] as a functlon of C2H6

pressure and temperature are summarized in Table 6.9 and

age plotted in Figure 6.6.

The resulting trends are

observed to be the same as those for the H-atom reactions

o —

with CpHgSH and i-C3H4SH,

respectively.

Thus at each

temperature, [¢(H3) —»6]/[¢(H2$) - ¢3] increasLs with

increasing thermalizer pressure, indicating that the

- ¥ R
H~abstraction reaction (7) &s favoured and thus has a

7
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Figure 6.6. Plots of [¢(Hy) - §)1/(®(HS) - ¢3] as a

function of the ratio P(CyHg) /P (£-C4HgSH) .

4



212
lower activation energy than the displacement reaction
(8), as expected. Also, (¢(Hy) - 8)1/[e(HpS) - ¢3] decrea-
ses with increasing temperature, but the rate of decrease
is smaller than that found ip the C,HgSH and 1-C3H7SH
cases. These observed trends §ug;est that although the
acﬁivation‘energy for the displacement reaction is higher

than the abstraction reaction, the difference is small.

6.2.4 Relative Rate Parameters for the H-atom Reactions:

Quantum Yields of H, and 1-C4Hjg o
The relative rate parameters for the ggermaliied
H-atom reactions
H + t-C4HgSH — Hy + t-C4HgS ' (7)p
= HpS + £-CyHg (8)

~

are determined from the hydrogen and alkane yields in a

manner anpalogous to that formulated in Chapter 4. The

modified forms of Equations [2) and [3], under the condition

of high CjHg pfessure, are given by: ) '
k; 01 (k7k§ - kikgrkge @1[t] - kik7kse ¢2

?(Hp) = - — [11]
(k7 + )(8) (k7 + )(8) k6e kge[e].

-

_ kg @1
@(1-C4Hqyg) = — + ¢
(k'] + k8)

W
(k7k§ - kikg)kged1(t) - kik7Kes>
+ —-12]

(k7 + kg) kge Kgele]

Equations (11] and (12] predict that ¢(Hy) and ¢(1—/C4H10)
are linear functions of inverse CyHg concentration. This
is evident in the plots of cﬂHz) and ¢(i-C4Hyg) versus

inverse C,Hg concentration, shown in Figures 6.7 and 6.8,

P r

¢
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Figure 6.8. Plots of ®(i-C4H o) as a function of the

reciprocal of C,Hg concentration at [t-C4HgSH)

= 1.04 x 103 M.
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respective}y, at [C2H6]‘1 <.0.04 M~1, or Pe > 50 Torr. - The
intercepts\of the linear portions of these plots are
listed in TablenG.lo and are defined by (11) aod [12]) to be,

. k7 ¢ J
¢(Hy, Pg = ®) = ———— 19)
k7 + kg
kg @1
@(i-C4Hy1g, Pe * ©) = ——— + ¢ (13)
k3 + kg
The rate constant fatio, k;7/kg, may then be calculated at
each temperature from the intercepts and the derived
velues*of ¢1 and ¢, (Table 6.8). Their values are listed
in Table 6.11 and are found to agree withvanother set of
values for k;/kg which were derived directly from the
exoerimental ﬁz and i-C4Hjo yields at high C2H6°preésures
(Table 6.7). The average value of kj/kg at 25°C, 2.7, is
higher than the value of 9.86; estimated from the radiolysis
. -

results of Severs'et al.8l . _
/ﬂ'\z

1Y

The Afrhenius plot (Figure 6.9) is constructed from
the everag; values of k7/kg (Table 6.11). "The fesulting
rate expression for the thermalized H-atom reactions (7) and
(8), is given Dby, ,
1n ky/kg = (0.3 # 0.1) + (210 % 40)/T - (14)
from which (E9 - Eg) = -0.42 % 0.08 kcal mol~1l-and A5/Ag =
1.32 + 0.07. The difference in activation energy‘is indeed
small, as predicted Although the absolute rate parameters
oannot be determined at this time, they can be estimated
'fromathe results obtained for the analogous H-atom reactions
with CZHSSH (Cchapter 4) gince the (S-H) bond ‘strengths in.
!
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CoHsSH and g—CaH;SH are the same. Thus, 1f k3 for t-CuHgSH
is equal to that for C,HgSH, l.e.
-1 -1y

= (4.0 ¢+ 0.7) X 1012 exp [(-1070 t 40)/RT) (15]
then kg can be determined from Equations [14] and [15] to
be,

Kg (Cm3 mol~1 s_l)

= (3.07% 0.7) x 1012 exp [(-1500 * 100)/RT) [16)
At 25°C, k45 and kg are calculated from (15) and (16] to be
(7 + 1) x 1041 and (2.5 * 0.6) x 1011 cm3 molfl s_l, respec-
tively. The value for k3 is found to be about a twofoId
higher than that reported by Pryor and olsen’0, 3.2 x 1011
cm? mol™ Lt s71. ‘\\

The experimental entropy of activation, AS*, calculated
from the A factor of (8), is -27.5»eu. for the standard
state of 1 atm. Using Benson's methd141 for a transition
state which involves an initial interaction between the H
atom and the non-bonding 3p orbital of the sulfur atom:

H + ;—(:4“98}“1/‘Z [E—C4H9""S - H]+ i _t,_“C4H9 +° st

)2

H
the calculated entropy of activation is -26.0 eu. The
small differerice of -1.5 eu., which is the vibrational
contribution to AS+, ind;cates a tight structure for the
activated’complé;. g \
The expressions for the H, and j-C4H;g yields, Equa-
2 ‘

tions [2) and (3], are simplifikd for the condition, Pg =

0, as follows:



k7 ¢ (k7kg - k7kg) @)
GHy) = o
k7 @2
Yoo e - (17)
(k7 + kg) (1 + aPy)
x *
_ kg ¢ (k7kg - kykg) @3
@(i-CqHyg) = ———— + @, 4 - e n
ky + kg (k7 + kg) (k7 + kg + Kgt)
k7 ¢

- - — ' (18)
(k7 + kg) (1 + aPy)

The last term in both Equations [17] and [18] predicts that
@ (Hy) and ¢(i-C4H ) are an inverse function of t-C4HgSH
pressure, Py. This pressure dependence can be calculatedm
using the already derived values of a, ¢, and k;/kg. The
results, shown in Table 6.12, indicate that the magnitude
of the change in’the pressure-dependent term is small,
being.opdy 0.009 on going from 10‘to SO‘Torr. Thus, the
dependence of H, and i-C4H;o ylelds on t-C4HgSH pressure

is marginal and falls within the range of experimental
error. This is in agreement with the experimental observa-
tion (Table 6.1 and Figure 6.1) that ¢(H,) and ¢(i-C4Hjq)
are appa;ently constant at 0.61 * 0.03 and 0.39 * 0.02,
respectively.

6.2.5 Disproportionation-Combination of Thiyl Radicals:
Quantum Yield‘ of « (t-C4Hg) 25> : ‘ ‘

ik

The quantum yield expression for the major condensabfe
{ .
product, (t-C4Hg)>S,, is given by,

kiz2 @1
@[ (£-C4Hg)3S3)] = —— (5]
: ki2 + ki3



o

L

]
3]
L

[-1I0L ¢ 0T X 0°8 = D ‘090°0 = %o ‘Lz = A®(By/Ly) ‘D.s¢

¥1€0°0 0S .
£€€€0°0 .0y
¥S€0°0 0€ =«
6L€0°0 - oz ,
LOYO"O 0T
(za01)

(3do + 1) (8Y + Nxv

(Hs®uY>-3) 4
NG \.X

(3do + 1) (8Y + Ly)

&

JO SoniBA PeoATIad ¢l 9 o1del
e NG \.X



A

\

™~

-

222

From the observation that ¢[(t-CaHg)2S2] is less than ¢;.,
ané\that the i—C4H8"yield increases with temperature, the
disproportionation reactibn does in fact occur,

2 t-C4HgS — 1-C4Hg + t-C4HgSSH (13)
with’the hydrodisulfide formed from (13) being ldst via
Reaction (11). Since @[ (t-C4Hg)2S,] is almost egual to
¢(H,) at 25 and 65°C, the disproportionatjon of t-CgHgS
radicals should be a relatively minor ;eaction at'Iow
temperatures. However, ‘@[ (£t-C4Hg)252] is sigéificantly
less than ¢(Hp) at 95 and 140°C (see Table 6.7), indicatipg
that the disproportionation reaction (13) is more important
at elevated—temperétures.

The disproportionation-combination ratio, kj3/kjz, is
derived from {5] to be;

ki3 5 .
- -1 . [19)

ki @[ (£-C4Hg) 2S2])

"Their' values, tabulated in Table 6.13, are calcu}éted at

each temperature from the values of @[ (£-C4Hg) 2S3] obtained

in the absence of C,Hg and also from those obtained in the
»

high C2H6 pressure region (Tables 6.3 to 6.6).” The values

.

of kj3/kyp derived for t-C4HgS radicals are at least

. threefold higher than those derived for both C,H5S and

i-C3H9s radicafs in Chapters 4 and 5, respectively. The
Arrhenius plot, shown in Figure 6.10, is constructed using
the high presswre values of kj3/kjz. The following rate
expfession is obtained: | |

1n ky3/kyp = (1.7 % 0.2) - (850 * 70)/T [20)
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/
from which E13 - E12 = 1.7 ¢ 0.1 kcal mol—l and A13/A12 =

5.6 * 0.5. Since the recombination of radicals reéquires
negligible activation energy, ji.e. Ej5, = 0, E;3 is therefore
~-1.7 kcal mol‘l, smaller than the values determined for

the disproportionation of C,HgS and i-C3H4S radicals, 3.1

and 2.7 kcal mol 1}, respectively.



CHAPTER SEVEN
SUMMARY AND CON‘CLUS TIONS

Direct photolyses of ethanethiol,‘isopropanethiol and
t-butanethiol in the gas phase have géen investiéated at
254 nm in the presence and absence of the thermalizers,
carbon dioxide, n-butane and ethane, respectively. In ai}
cases, the major products are H, and dialkyldisulfides
while the minor products include the corresponding-alkanes
and alkenesi.ﬁaahﬂ The product dlstrlbutlons depend on
the structure of the thiol. The proposed overall mechanism
explaiﬁs satisfacto}ify not only the formation and distri-
butio; of the products but also the observed pressure and
temperature effects.

With increasing thermalizer pressure, the guantum
yields of H, and dialkyldisulfide increase gradually,
along with a concomitant decline in the yields of minor

‘ N
prodgcts. All the quanfum yields attain limiting values
at approximately a tenfold eidéss of the the;malizer
pressure o;er that of the substrate. These results are

interpreted in terms of both hot and thermal radicals

generated in the following three primary photochemical

steps:
N > ™
RSH + hr = RS + H* : (1)
-+ R + SH (2)
8 -~
- HyS + alkene (3)

©

(R = CoHg, 1-C3H5, £-C4Hg), the quantum yieldsléf thch

have been determined and are listed in Table 7.1. The

226
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results show that the most important primary step in the
photolysis of thiols is the cleavage of the S-H bond, ¢;,
forming hot H atoms with high qguantum yields (Table 7.1). .~"
Subsequently, the H atoms react with the substrate either

via H-atom abstraction

H + RSH - (R - S+--H---H)T = H, + RS (7)
or via a SH-displacement reactign
H + RSH - (R+--S - mt - HyS + R S (8)
é
The results from the experiments on‘the Hg(3P1) sensiti-
zation of H, in the presence of C;HgSH have shown conclu-
sively that both the H-atom abstraction\and theﬁSH-displace—

ment occur with thermalized H atoms. The‘yariaiion of the
A

rate constant ratio, k;/kg, with temperature\for.the

different thiols is summarized in Table 7.2. The rate
) kY

constant ratios k7458)indicate that H atom abstraction

X

increases while SH¥élsplacement decreases as branching at
the carbon atom a to sulfur increases from CoHgSH to

i-C3H,SH. On the other hand, the low ky/kg value for the
LN

» l‘\
case of t-C4HgSH would indicate that steric effects are

# -

countered by weaker C-S bond which facilitates
SH-displacement.

Relative Arrhenius parameters for (7) and (8) have

-

been determined and summarized in Table 7.3, aloﬁg with the
exothermicities of the reactions, using thermochemical
data from Table 1.2: If the rate parameters for H-abstrac-

tion are equal for simple ;}kanethiols from the same S-H
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bond energles, ji.e,.
k- (cm3 mol ™1 s_l)

= (4.0 t 0.7) x 1012 exp [(-1070 t 40)/RT)
then the absolute parameters for SH-displacement may then
be calculated. The rate Constants; pre-exponential f;ctors,
activation energies, enthalpies of reaction and entropies
of activatioﬁ\for some of the displacement reactions by H
atoms are listed in Taﬁle 7.4.

Over the years, various attempts were Tade to
interrelate the acfivation energy, E,, and the enthalpy of
reaction, AH, in order to determine the E, of another
reaction in a common class of compounds. For example, ¢
Evans and Polany1195 developed an empirical relationship of
the form

Eq = C + a AH (1)
for the exothermic reactions of Na atoms and CHj radicais
with a homologous series of molecules. In [1], AH is
negative and ¢ and a are empirical constants which vary
from one series of reactions to another. Equation [1] is
sometimes also known as the Polanyi-Semenov relationl96
since Semenov had later shown that the reactions of H; D
and OH with selected classes of compounds also follgw this
trend. Recently, the correlation between E, and AH for
the H-atom reactions with COS, CH3SCH;3 and CyH4S was
obtained by Yokota and Strauszl3l to be,

E, = 0.489 - 35.1 / AH kcal mol~! | (2]
The plot of E, versus AH for other displacement reactions

—
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4
by H atoms, Figure 7.1, clearly indicates two homologous
series of compounds. For alkylsulfides and disulfides,
Ekwenchil97 has derived a linear relationship of the torm

E, = 19.36 + 0.9 AH kcal mol~! (3)
Oon the other hand, the alkanethiols follow another linear
relationship of the form

Eq = #5.08 - 0.37 AH kgal mol~1 (4)
The E, value for CH4SH is ignored in the determination of
(4] since it appears to be questionable (Figure 7.1). From
[4), the E5 for othef H-atom reactions with alkanethiols
can be predicted, e.g. for H + n-C3H;SH (AH = -18.1 kcal
mol_l), Ey = 1.62cha1 mo}_l.

The entropiés of activation derived for the standard
state of 1 atm from the experimental A factors (Table 7.4)
are high and negative, suggesting a tight transition state.
Good agreement is obtained between the experimental and the
calculated entropies.pf activation if the assumed structure
for the activated complex is a rigid complex in which the

H atom interacts.with the non-bonding 3p orbital of the

sulfur atom:

O
R—1s 7

The experimental entropies of activation derived for the
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Figure 7.1. Empirical correlation between Ea and AH for

the displacement reactions by H atoms.
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H + thiol reactions are similar to those obtained for H +
sulfides, suggesting transition states with similar
structures. - ' B N
The activation energies associated with the H +
C,HgSH, 1-C3H5SH and t-C4HgSH reactions are similar to
those required for H + CH3SCH3 and C,HgSC,Hg reactions and
this can be explained by similar C-S bond strengths. 1In
contrast, the E,'s associated with the above reactions are
somewhat higher than those derived for the corresponding H
+ disulfide reactions and this is undoubtedly due to the
energy differenqe between the C-S and S-S bonds.
Relative Arrhenius parameters for the dispropor-
tionation/combination reactions of thiyl radical,
2 RS - RSSR (12)
- dispr. products (13)
are tabulated in Table 7.5. If the activation energy
required for the combination of thiyl radicals is negli-
gible, j.e. Ej = 0 kcal mol'l, then the difference in the
activation energy, E;3 - Ejp, is simply equal to E;3 and
also, the rate constant for (12) has the same yalue as the
pre-exponential factor, j.e. kjp = Ajp. The rate constant
for the recombination of CH3S radicals, kj; = 2.4 X 101%
cem3 mol-1 s'l,109 has been found to be ¢lose to that fo£
the recombination of CHj radicals, 2.5 x 1013 cnf3 mol-1
s-1.113 Thys, from the values of the rate constants for
the combinatidh of alkyl radicals, the pre-exponential

factors for the disproportionation of thiyl radical
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reactions, Ajj, can bqfestimated (Table 7.5). The experi-
mehta? entropies of activation derived from the A factors

e .
of the disproporti&nation reactions, also listed in Table
. /

7.5, are negative énd slightly lower than those predicted
for the displacement reactipns (Table 7.4). The transition
state for the former reaétion is therefore a somewhat
"looser" complex than that proposed for the 1atter. For

C,HgS and i-C3H5S radicals, the activated complex has the

following assumed structure:

H,C /s |
N, A4 “S— R
R

> .

| (or CH3) -

which leads to the cleavage of S-S and ®C-H and the forma-
tion of C=S and S-H bonds. For t-C4HgS radicals, however,
product analysis and kinetic treatment of experimental

results suggest the following structure for the activated

complex:

a

(CH,)ZC............. S _
\ /C(CHJ )3
N
H

Hz c (A XXX XN R TN NN N
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in which the cleavage of C-S and Bc-H and the formation of

w
C=C and S-H bonds occur.

The entropies of activation increase with increasing
alkyl substitution on the carbon a to sulfur atom, i.e. from
CoHgS to t-C4HgS radicals and this is due to hindered
internal rotations which give rise to additional contri-
butions to the entropy. 4

The lower activation energy associated with the

disproportionation of t-C4HgS radical, relative to that ot

’

-

C,HgS and i-C3H;S radicals, is again aftributed to>the
weaker C-S bond. |

Results from the present investigation provide further
insights into the industrially and biologically important
processes involving organosulfur compounds. The mechanism
of the photolysis of thiols has b?en reconciled from a
complete kinetic treatfment of the);xperimental results.
Furthermore, reactions of H atoms with thjols are now better
understood and thus provide a rationale for the observation
that in the hydrodesulfurization of pétroleums, large
quantities of volatile, sulfur-containing material are
produced, leaving NWydrocarbon products. The rate constants
obtained in the elementary reactions in the H + tPiol
systems serve to reduce the gap towards the basic‘unde;-
standing of the biological sygtems where the thiols and
disulfides co-exist. .It is hoped that the elucidation of

\
the reactions of H atoms with relatively simple alkane

thiols will provide an impetus for future studies towards
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elucidating the effects of increasing the electron density
on the sulfur atom, e.g. thiophenic and benzylic subs-
trates. The ultimate aiﬁ would be to establish a suitable
reference data base for this vital yet little understood
process and, for the cases where data ére not readily
available for other molecules, to generage reasonable

rates from computer simulation.
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APPENDIX A

«

COMPETITIVE QUENCHING BETWEEN H2 AND C2HSSH

When Hg-photosensitization experiments are carried out
in the presence of more than one substrate, the amount of'
quenchihg of ﬁg* by each substrate can be readily
calculated, as shown for the H,-C,HgSH case.

From simple collision theory, the bimglecular quenching
rate constant is given by:
:

(1)

Q Q M. M

M + M
K = g2 [BHRT [__Eﬂa__JL}
Hg Q

where 02 1is the collisional cross-section, M the molecular
. .

weight, Q may be either H, or C,HgSH, and the other terms

have their usual significance.

Consider the following reactions:

* kH
Hg + H, —2> "'Hg + H (1)
kczﬁﬁsn

Hg" + C;HgSH — — Hg + C,HeSH (2)
The rate expressions for reactions (1) and (2) are:
Rate (Hg + Hz) = ky [Hg][Hz] . (ii)
Rate (Hg'+ C,Hg SH) - kczﬂssn[ﬂgjftzﬂssﬂ] o Ziii)_

Dividing (ii) by (iii), we have:

Rate (Hg + Hj) Ky, (Hz]
Rat + C SH k aulC
q ate i (Hg .» 2H5 ) CZ,E;IGSH[ 2

(iv)

HeSH)

Substituting for kH and k in Equation (i), Equation
2

C,Hg SH

(iv) becomes: . “

¥
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_ ) N !
Ky, (Hz) _ 9n, Me,HosH| Mag * M, 2
k [C2H¢SH] 2 M M,
C2H6 SH OCZHGSH Hz Hg Cz H5 SH
H
[CoH.SH) (V)

. : ., 198 _ . 199 .
Since of = 10 2z, 0% . sH 2932, My o= 2, Mooy ooy
62, MHg = 200, and in the present study, {[H,] = 600 Torr
and [C,HgSH] = 60 Torr, Equation (v) bécomes:

1
kHZ[HZ] _ 10 62[ 202 ] 2 ._600 _ Lo
Ko . sy(CzHs SH] 29 2 229 60 :
2 6

Therefore, the percentage quenching by H, is given by:

Ky, [Hz ) (H9)

X 100

— 1 —_
= —Tosg X 100 94.7%



APPENDIX B
DETERMINATION OF Id FROM CHEMICAL ACTINOMETRY

When the incident light basses through an absorbing
sample placed along its path, its intensity will be altered.
For monochromatic light, the Beer-Lambert law defines the
intensity of the light transmitted through a sgkple, i, to
be:

I = 1510 1€ (1)
where I, is the intensity of the indident light; e, the
extinction coefficient or4the absorbance of the sample} 1,
the path length of light; and c, the concentration of the
sample. iThe t{izii}ttance of a sample is given by the
ratio, I/Io. Also, the intensity ogilight absorbed by the
sample is given by the difference, (1, %bl).

From the actinometric set-up, two quartz vessels are
plaéed in the ogiical train. The light intensity is
decreased due to absorpyion by the two vessels and the four
vessel windows. This is shown schematically below: .

(1) (2) (3) (4)

Io 1, I 1, I, Is Is o

Y 3 > — >
— > -» > > 14 4

The transmittances of light through the four vessel windows
are represented by the following relations: LY ='Il/Io, v,
o= I3/12, W, = I4/I3, and W, = 16/15, respectively.

The intensity of light absorbed by the first vessel, Ia'
and that by the second vessel, I,. is given by:

Ia =1

1 =1

2
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= - 111
1b 14 Ib_ ( )
To relate Ia to Ib' Fquations (11) and (iii) are transformed

using the light transmittances through the vessel window<,

w., to W, as follows:

1
Ia = wllo - l}/w2 (1v)
1b = w)l3 - 16/w4 (v)
Rearranging (v) 1n terms of I},'we have: ' )

-

(1), * do/¥,))

1, = - v (v
3 3
Substituting for I3 in (iv) glves an expression reiating I3
C
and Ib:
N\
(T + (A /w,)) N
Ia = wllo T v (vil)
23

I,0 and 16 are the lightAintensities when there aré no

vessels in the optical train, and when both are present,

respectively. Their values are determined frcom the output

signals, SO and Ser oM the readout meter by.the following

expressions:
I = 0S8 (viii)

I_ = oS (ix)

where.o is the correlation factor between light intensity

and output signal cf the photocell. Using (viii) ahd (ix)
to sdsstitute for IO and 16 %P (vii), we have the final

derived expression relating I_ to I ¢
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Id - [wlou - (”6/w2w3w4)]u - Ib/wzw}

The values ot v, to w, are obtained directly from the ratio

S /% at the beginning ot each experiment using empty

O N}
o

vessels. Finally, o is determined from HZS photolysis

experiments using 760 Torr HZS in both yessels.



APPENDIX C

COMPETITIVE QUENCHING BETWEEN THIOL AND ADDED THERMALIZER

In the photolysis of thiol with added thermalizer,
quenching of hot H atoms and hot alkyl radicals may be
eftected by either the thiol molecule or the thermalizer
molecule. In the case of H atoms, the excess energy is
kinetic while in the case of alkyl radicals it is probably
vibrational. The cooling of hot atoms has been discussed
extensively by WOlfgang73 and that of ,vibrationally excited
radicals has been treated by Rabinovitch and Setser142 in
terms of strong and weak collision models. In both cases,
these processes have been shown to be multi-collisional
rather than a single collision process, however, single
collision equations can be applied, and are an acceptable
approximation. Thus, the amount of quenching by each can be
readily calculated using simple collision theory model, as
shown in the following examgle for the C,HgSH - CO, case.

From simple collision tﬁeory, the bimolecular gquenching

rate constant is given by:

1
M « 1 M 2
k. = 02 |8¥RT _R* Q N (1)
Q Q MR*MQ

where o0? is the collisional cross-section, M the molecular
. . * - *
weight, Q may be either C,HgSH or CO,, R may be either H

*
or C,Hs, and the other terms have their usual significance.



Consider the following reactions:

K
*
R + C,H,SH C2Hg SH

R + C,HqSH (1)

K
* .
R + CO, S

+ R + CO, (2)
The rate expressions for reactions (1) and (2) aré:

®x JE
Rate (R + C2HeSH) = K.y o [R ) [CzHeSH) (ii)

k.. (R][CO;] (i)

Rate (R + CO,) co
2

Dividing (ii) by (i1i), we have:

*
Rate (R . + C_zHgSH) _ kCZHhSH[CZHSSH] (iv)
*
Rate (R + CO,) kcoz[COZ]
. . . . . . .
Substituting for kCzHSSH and kCO2 in Equation (i), Equation

(iv) becomes:

Ke, y s C2Ho SH)

kCOé[COZ]

o +
C,Hg SH R*

9co, T 9Ra

P

3

[ Mco, [ Mpe * Mo HosH

NI
e}
oo
w
o
<

M HesH| Mre Y Meo, )] (COz)
Since o =4.5 R 1%9 we can estimate o ~ 4.9 R.
C,Hg OH : ! C,Hg SH
_ 199 - - =
Also, 0., = 3.9 3, Mo posn = 620 Mco, = 44, [CaHeSH]
[ ]
10 Torr, [CO,) = variable at 20 - 400 Torr, and for R =
* o o 142 - :
C.Hs, aCzH; ~ oC2H6 X 4.9 X, MCsz 29, Equation(v)
becomes:
1 A
ke Hgsu(CaHsSH) o 44[ 91] 2 .10 - AT G
e, [CO2 ) 77 62| 13 [CO2 ) [CO2 ]
2 -

*
Therefore, the percentage quenching of C;Hs by CO, is given

261
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by:

3 *
Koo, (€02 1(CaHe )
* *
kC02 [COZ ] [CZ}lﬁ ] + kCz H65}i [CZ HGSH] [CZH() ]
- (COz ]
(co,) + 11,7 X 100

]
Similarly, for R

*

I
fosl

/
/
|

X

100

(vii)

X o X 0.75 X,ZOO we have, from

© THx H,
Equation (v):
kCZHQSH[CzﬂﬁsH] _ 32 [ 44[ 63 ]]
>
Ko, 1€02] 22 62| 45
_ _1a.5
(COz ]

10

[CO2 ]

(viii)

*
Therefore, the percentage quenching of H by CO, is Q;iven

by:

k

co,

(co,)(H)

* *
kCDz[Coz][H ] + kC2H5$H [C2HeSH][H ]

[COz]

(CO2

) + 14.7 %

X

100

100

(ix)

Finally, the percdentage quenching of C2H; and H* by CO,, as$

given by (vii) and (ix) respectively, is tabulated as a

¥ function of [CO,] below:

;
4
¥

f

[CO, ] £ quenching by CO,
* *

(Torr) C,Hsg H
20 63 58
50 81 77
100 90 87
200 94 93
300 96 95
400 97 96
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APPENDIX D

'

PRODUCT QUANTUM YIELD EXPRESSIONS DERIVED IN THE PHOTOLYSIS

OF ALKANE THIOLS

v

[

-
[«

[
-

-
N

D.1. Reaction Mechanism
RSH + hv (254 nm) - RS + H (1) I,
+ R+ SH (2) I
-
- st + alkene (3) I‘3
x - *x *
R -+ H + alkene (4) k4
* * *
R + RSH - RH + RS (5) ke
* * *
R +M - R+ M (6) kg
* * *
H + RSH - H, + RS A (7) k.
- * k*
- H2S + R - (8) ) 8
x x *
H + M - H+ M (9) k9
R + RSH -+ RH + RS- (5) kg
H+ RSH - H, + RS (7) k.
» H,S + R (8) kg
® H4s + RS - RSSH ~ (10) X
RSSH - 2 RSH + s, (wall) (11) k
/ 2 RS - RSSR . (12) 'k
- K ‘ )
- dispr. products ) (13) k

[
(9%

where R, RH, alkene and disproportionaﬁioﬁ products are

defined in the following table :

1 .
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RSH
C,HSSH 1—C3H7SH L—C4H95H
R C,H, i-c,H, f t-C, Hy
RH CH, \. C,Hg i-C H o
alkene C2H4 C3H6 1—C4}{8
dispr. CZHSSH ;—C3H7SH t-C4H988H
product + +
CH CHS (CH;) ,CS i-c, Hg
D.2. Steady-state Expressions for Intermediates
*
o( ) * * * * *
= 1. - (k. + k_)[H J[RSH] - k_{H ][M] =
1 7 8 9
ot s
* o, 8 RS .
= [H ] = * X X (1)
«(k; + kg) [RSH] + X [M] .
6 }i* * * - *
[(RJ -1 - (x¥ + x)(RSH] + k. [M]) [R'] =0
2 4 5 6 ¢
o6t
]
* Iz ..
— [R ] = % I X (11)
Sk, + kS[RS}i] + kg [M]
’ ' l
5[H] kv ok *x  x - ]
——— = k,[R ] + kg[H J[M] - (k, + k.) [H]}[RSH] 0
ot » v 7 8 :
* % * % )
, K [R7] + kg[H 1[M] N
= [H] = (iii)

(k, + RB)IRSHJ
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5 (R
ét] = kg[R*][M] + (k;[ﬂ*] - K [R) + kg[H])) [RSH) = 0
* * * *
k [RJ[M) + (kg[H ] + kg[H]) [RSH]
—=> [R] = (1v)
k [RSH]
6(HS] _ K -
bl Sl R - [RS)[HS] = 0
5t 2 10 K
I
—> ([HS] = — % ; (v)
k,o(RS] !
b
_£§§l -1, (x;[R*] + k;[H*] + K [R) + k,(H)) (RSH]
.
- ko [RSJ[HS] = 2(k , + k ;) [RS]7 = 0
1 N
o I, 2
—=" [RS] = (vi)
Kiz * K3
D.3. Rate Expressions for the Photolysis Products
) * * , E 3
Rate (alkene) = I3 + k-4[R ] . ‘
= I3 + I 4* 2 += I (vii)
k4‘+ kg [RSH] ~+ kG[Ml
Ny o= (xXrut Kk
Rate (Hz? = (k,[H") + k,[H])[RSH)]
X K. K: - kokg)
_ % h (kykg = Kykg) I,(RSH)
* * * .
k, ,+ kg (k, + kg) {(k7 + kg) [RSH] + kg[Mj‘}
» * . ‘
k,k, I
i + *4 z *2 * (Viii)
* (k; + kg) (kg + Kg[RSH) + k¢ [M]) L

.js‘é' .

* B . . o &

LI . . -

..
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Rate (alkane) = (k;[R*] + kS[R])[RSH]
* * I
kg 1) ! (k kg = k kg) I [RSH]
= o2t * * *
k, + kg (k, + kg) {(k7 + kg) [RSH) + kg[M]}
Kk
a5y 1 .
- : ) * * * (1x)
(k, + kg)(k, + K [RSH] + Kk _[M]) {
~ —_ * * -
Rate (H,S) = I, + (kg[H ] + kg[H])[RSH)
X x> *x
g 11 1 (k;kg = k;kg) I,(RSH]
=t 34 * * *
K, + kg (ky + kg) {(k7 + kg) [RSH) + kg[M]}
Kk T
478 "2
* * * * (x)
(k, + kg) (k, + k [RSH]) + Kk [M])
Rate (disulfide) = klz[RS]z
’ k
1
| _ 1271 - X z (xi)
v Kig * Ky3

D.4. Quantum Yield Expressions for Photolysis Products

.

The following quantum yield expressions are obtained by

[

dividing the rate expressions (vii) - (xi) by theTabsorbed

light intensity, 3, i.e.

¢ (products) 'Ratefépr?égcts)

s " ’ . a .
For the three primary photochemical steps: ¢i = Iilé Ia'
) . [ 3

where i = 1, 2, 3.



Ky 9,
¢ (alkene) = ¢3 + 5 . . . (xiiy
i k, + K [RSH] + Kk [M] )
* *
b i) - k. ¢1 ) (K kg = koKg) ¢1[RSH]
2 kK, + kg (k3 + k) {(k; + k;)[RSH] + k;{M]} :
¢ Kk
kK k. ¢ |
+ 27 2 . (xiii)
(k, + kg) (k, + K_[RSH] + k_[M])
k, ¢
¢ (alkane) = 8 l + ¢2
k, + kg
v
ok * .
X (k kg = kjkg) ¢1[RSH]
‘. * * *
(k, + kg) {(k7 + kg) [RSH] + kg[M]}
. * N
- - k4k7 ¢2 - (xiv)
(k, + kg) (Ky + k;[RSH] + k;[M])
' k. ¢ . é‘ RS
¢>(HS).=——-——L-8 + O + ‘ (K2¥g 7%g) 3 [RSH)
2 3 . i * * *
ky + kg (k, + ks){(k7 + kg) [RSH) + kg[M]} .
L 4 .
x
K.k, ¢ ‘
4 , .
| + A T ; ()
| (k7’+ kg) (K, + k$[RSH] + kg[M])
| k,, ¢
¢ (disulfide) = 12 . 1 N )
| Ky * Ky, '
|

o

i
!
i

‘\
'l
i
|
l
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D.5 The Effect of Thermalizer Pressure on the Product

Quantum Yield Expressins .

~ * Tk
M = collisional deactivating molecule for hot H and R

radicals and may be either substrate [RSH] or thkermzalizer

* x
(TH] molecule. Thus, the expressions for kG[M] and k;[M]
are as follows; .
k*[(M] = k. _[RS k>~ [TH ‘
6[ ] - GR[R H] + 6T[ ] -
kX (M), = k' [(RSH] + ki (TH]
All the product quantum yield expressions, except the ones \
for the disulfide product, are affected by thermalizer
p:essures.‘ For [TH]) = 0, the product quantum yield i
expressions, (xii) - (xv), for the photolysis of pure thiols
become:
*
& x, b,
$(alkene) = ¢3 + - - - : “(xvii)
k4 + (k5 + k6R) [RSH] .
FE
" : >
. * *
_ X, ¢,1 (k kg = K;kg) <I>1
¢(H2) Ky * kg ) (k, +k K> + k» + k.
r“” 7 8) ( 7 8 9R)
b PO
, e
\;i ya . ,k4k7 ¢2 s
" * re * - (xvi1il)
(k7 + 8) {k4 + (ks + k6R)[RSH]} ,

. L]
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) (ko = K3g) O,
b(alkane) = = ¢ b, ¢ . I
. .. ’ 8 (ky + kg) (K, + kg + Kgp)
L .o -
- < K+ K k* R o N SH (x{x)
- ( 7 8’ 4 (kg + 6R)[R ]
.
x
d(H,S) = g5 *+ &, ¢+ _ _
e ’ ,VSB (k, + kg) (k, + kg * kgp)
NG . \
k. k. ¢
+ 478 Y2 N ()

: * * *~
(k7 + k8) {k4 + (k5 + k6R)[RSH;}

‘ . * ) * * : *

At high (TH), ko [TH) >> K, [RSH) a?d Kgp(TH) >> keRF SH].
Thus, deactivation by the thiol substrate can be neglected.
consedquently, the product quantum-yield expressions (xii)_-

(xv), for the photolysis of tbiol with added thermalizer

k]

become: ) L -

] x* ¢, A
s 9 .
k* + k*[RSH] + k.. [TH (o)
g ¥ Kg[RSH] + keq(TH] o
) & i -

«¢$(alkene) = ¢3 +

* * .
(k kg = k,kg) ¢1[Rsu]

Oy = e - ,
2! kg + kg (k, + k) {(k; + ky) [RSH] + R;T[TH]} .

* ‘ .

k,k; &,

(k7;¥fk8)(kz + kj[RSH] + Kgp[TH])

"(xxii)

" a

-



$(alkane) = ———— + ¢

* *k' ¢. [RSH
Xg = Xy g) ¥ 0 ]

(k) + kg) {(k; + k7) [RSH] + k;T[TH&}.

(k_Kk

+

*
k. k. ¢
- 472 _ (xxiii)
(k, + kg) (k, + kg[RSH] + ke [TH]) .
N ™~ Y] N
* *
: Kg ¢1 (K, kg = K Kg) ¢1[RSH]
‘5(“25)‘}’(’—;‘}‘;'+¢3*_ ' * *
7 8 (k, + kg) {(k7 + kg) [RSH] + kgT[TH]}
\ B S
s _48 2 . (xxiv)
(k, + kg) (k, + kg[RSH] + Kk ,[TH])



