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- ABSTRACT - -

' The reactlons of hydrogen atoms, generated by the _.
; Hg( Pl) photosen31t1zatlon of Hz,,w1th dlmethyldmsulflde,;
"tdlethyldlsulflde, ethylmethyldlsulflde,'bls(trlfluoro—
methyl)dlsulflde and\dlethylsulflde, have been 1nvest1gated
'Ldln detall Wlth the’ exceptlon of the fluorlnated dlsulflde_~ K
bﬁfrom whlch no retrlevable products could be detected,.f
ithe sole prlmary products are the correspondlng hlols,b
i formed in quantum ylelds ranglng from 2 1 to 2 gj at room y_
’temperature. From the effects of exposure tlme, substrate
"npressure, 11ght 1nten51ty, temperature and added gases, 1t

'_1s concluded that the sole prlmary reactlon 1s attack by

l_nthe H atom on the non bondlng orbltals of sulfur, e. g.,l

= ""fﬁk\ e R *
. . / 7 ) : RATS ) .

‘, S8 : _'*17j¢.'
0 i T e E—
For'the H + CFSSSCF3 reaction polymerization is the"

observable reactlon but experlments carrled out in the
-presence of ethylene conclus1vely demonstrated“that CF3S
. radlcals wet’ﬂbresent. It is belleved that the expected

prlmary product, CF SH, reacts with the substrate CF3SSCF

'3 te 3
. vto form. some unldentlfled product(s) ' ' N



‘dp;};from alkanes, 901nts to a 1ow methylenlc C H bond strength ‘ﬂ:fv'

5

‘“yf'the estlmated actlvatlon energy belng only 3 6 kcal mol

"._reactlons of C2 5S and cﬂ3s radlcals.. The quantum ylelds:uﬂf"*'

.tlonatfon, metathetlcal dlsplacement, i. e.,‘RS + RSSR' *1j:¢:~ o i
‘RSSR + R S,‘and for the case of CZHSS radlcals, abstraceyg
",_tlon from the substrate. | cznss + c2H SSCoH. -+ CZHSSH +

"thls reactlon, ~6 9 kcal mol l,‘as compared to abstractlon

B to the occurrence of a chaln sequence 1nvolv1ng metathetlcals‘

£ of the symmetrlcal dlsulfldes thus. produced are 1n1t1ally

5 ' B . 7
o | .

oL

Secondary reactlons of the thlyl radlcals generated k3

“~in the prlmary step con51st of comblnatlon and dlspropor-' e [_’§

L B ?
. 5

1\\ |

25_,

48502 5.“ The latter reactlon is relatlvely effic:.ent,t

C2H5 radlcals were shown/to ahstract hydrogen from ? ¥

C2H55C2H5 and the relatlvely/low actlvatlon energy for

T
: ¥

' /

aef le.e

The H +: CH3SSC2H5 system 1s complex ow1ng |

T very‘ﬁign, '92, and decrease w1th 1ncrea51ng exposure t1me

;éto a steady state value. Computer modellng of a reactlon

and C. H SC2H reactlons were determlned 1n competltlon '{,u

”"‘w1th the H + C2H4 reactlon and for the H Es CF3SSCF3

_ actlvatlon energles are all 1ow ranglng from 0 1 to 4.

kcalrmol'; in thls sequence,'and were shown to be dlrectly

sequence con51st1ng of flfteen elementary steps adequately

+
L : ; RN A
|

’reproduces the experlmentally observed trends

te parameters for the H + CH3SSCH3, C2 5SSC2 5 :1 . .ﬂ'__]f

275°¢2"s €

8

‘f reactlon.y’The*>v' L

case, in competltlon w1th the.ﬂf,

Cowvie o




.. '
4 u

‘related tc»the”overallhexcthermicitiesYCf thé;primary;y
.'reactithZ'i‘ : | ’_ " ": v h
| . On thls ba51s, the actlvatlon energy for the H +

l::‘}r N . [ "

CH SSC2 5 reactlon *s/éstlmated to be 0 9-& ﬁ l 4 kcal

3 Aa
l

experrmental entroples of actlvatlon can be reproduced
theoretlcally on the ba51s of a rlgld tran51tlon state
featurlng H atom attack on the sulfur 3p orbltals. f? »'4“k

. L B e o . . . . o
. . e . . R Sl X ‘A

o . M
- K
= - o
. , 5! .
o .
v M
. . v
° AR P :
v -
; o ¢
v .
w .
i3 S
v -
! .

mol 7 The/A factors are ;n the ldiCLlO range and the'j-'ir
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" CHAPTER I

) INTRODUCTION‘

r& N . .- . ‘
Knowledge concernlng the mechanlsm of the reactlons

.of atoms and radlcals w1th the sulfur m01ety of alkyl

: dlsulfldes and sulfldes has many practlcal 1mpllcatlons.
'For example, it mlght aid in 1nterpret1ng some of the B
complex klnetlc behav1our of certaln blologlcal systems\

"\v

"51nce dlsulflde and sulflde brldges occur frequently 1n'f

| n,the structures 0f many protelns and enzymes,;these are f

'prlmarlly responsxble for malntalnlng the tertlary structure

qof many protelns.llZ, The sulfur atoms 1n these compounds‘

h,rare very susceptlble to radlcal attack and radlatlon

' damage to enzymes and other proteln materlal could occur

-vza attack on the dlsulflde m01ety Studles on hydrogen N

-“_fatom reactlons w1th dlsulfldes and sulfldes are also of

Qpartlcular 51gn1f1cance to the petroleum 1ndustry,3_5
| where hydrOdeSulfurlzatlon constltutes a major process ;{,,"“

in the upgradlng of crudes In partlcular, the sulfur v .

‘ 'content of Alberta 011 sand bltumens 1s unusually hlgh

of the order of 5%, and thls creates serlous problems
iln catalyst p01son1ng and removal of volatlle sulfur-
: contalnlng components from the effluent gases Anothere."
area of practlcal 1mportanCe is the polymer 1ndustry,_u
hwhere dlsulfldes have been shown to be effextlve polymer—h:

6,7

4lzat10n 1n1t1ators.



-"‘ (a) Dlsulfldes ﬂ ', . fp C\_ff7

N
T

~Before. reviewing recent developments“in’atomic‘and

radlcal reactlons w1th dlsulfldes and sulfldes, let us

turn our attentlon to the. phy51cal and chemlcal propertles..r

of sulfldes and dlsulfldes.nn

i-'l:.."‘Physical.and;CI’iem:'Lc_al Properties of Disulfides'and‘_

‘Sulfides*

Y

(1) Molecular Parameters of Dlsulfldes o

The S S bond 1n dlsulfldes is" apprecxably stronger

( 67 74 kcal mol ) than the O 0 bond 1n perox1des ( 40-

45 kcal mol ) and thlS accounts, 1n‘part ﬁor the

greater relatlve stablllty of dlsulfldes, RSSR, compared

to ROOR comﬁounds. The covalent radlus of the sulfur ,‘l‘

| atom 1s also apprec1ably larger!than that of the oxygen

.

v\'

or carbon atom, the bond lengths8 are, C C l 53 A,»C O

1.45 A, and c-s 1. 82 A. Slmllarly, dJ.sulflde bond lengthsvv'ﬁ_’:'{-';i

(d(S S) ~2 0 -2. l A) are about O 5 0 6 A greater than_hf'

those of C 0 or. C c bonds Hence sterlc acceSSlblllty of fg;-“

the S -5 m01ety to reagent attack should be qulte favour_ o

able, and thls 1s 1ndeed observed experlmentally.?.nn'b

Furthermore, sulfur can accommodate more than elght

outer valence electrons via valence shell éxpan51on S

3'1nvolv1ng d orbltals, however, the p0551ble consequences=‘

| 'W1th regard to the react1v1ty of dlsulfldes 1s not well.

| establlshed



' angle ~90° " The molecular parameters found for CH3SSCH3

-

Organlc dlsulfldes, RSSR have, in general, a geometry

| - correspondlng to that. of. CH3SSCH3 It has been shown

by electron dlffractlon10 ‘and mlcrowave spectroscopy11 that

' . CH3SSCH has the structure shown below *~. 1

;3; " | dr ‘v.d
:'h,iv ;?.: ' lj.-’““(:Flj*iit?:/h';;d"ﬁ.h l
L '_‘ /-\\» . o

‘ ‘

The molecular orbltals fllled by the valence electrons 1n N

C S S C skeleton are constructed malnly from the atomlc

,”i orbltals, S3S S3p o Spr(‘S3p ,_and sp3 orbltal of C atom'W'

Varlous MO calculatlons consrstently predlct theftwo hlghest.f‘ i

occupled molecular orbltals to be of lone-palr character ’f,;f%*57'

formed 1arge1y by out—of—plane 3p atomlc orbltals on each

12 15

sulfur, 1 e r n (p type) Due to the appre01able 51ze

\of these orbltals 1n the S-S m01ety, the palrs of the

non-bonded electrons on the adjacent atoms are con51dered

o , P ;
L to repel one another ‘SO that 1n order to mlnlmlze thls

repu151on, the CH3 groups of CH3SSCH3 assume a dlhedral

are as. follows- d(s s> = 2 03 A, d(C 5). # 1. 81 A d(C-H)

1. 10 A, a(CSS) 103°,'and T(dlhedral angle) 84° ) Eig;;/,
general, alkyl dlsulfldes have d(S S), a and T values h,,,;-

whlch are dependent on the nature of R. The barrler to ’

12 e



'i_on CH.SSC.H. and C

_-rotatlon around the S—S bond has been clalmed to. vary »
} from 2.7 kcal ‘mo1”t (H,yS,) to 14. 2 Kcal mol” s, ),.»"he,"

‘,~ ‘ - : ~4 -
:uvalues for CH. sscni3 and CZHSSSC He belng 9;5-and,13,2 LV
,jkcal molr}-respectlvely 4 ‘f' { |

(11) Structural Conformatlons of Dlsulfldes
Con51derab1e attentlon has been devoted recently to

the struetures and conformatlonal preferences of 51mple \:

’Qalkyl dlsulfldes‘.ls_16 CH3SSCH3 has been assumed to ; ';“ o

~1ex1st only in one conformatlon, the gauche conformer
: However, results from a gas phase electron dlffractlon

15"

study 1nd1cate that CH3SSC2H5 ex1sts as ‘a mlxture of

gat least two conformatlons From Raman spectral studleslé =

| 355G, s 2H5
{fand 1nten51t1es of the fundamentals in the spectra of

SSC2 5,vthe varlatlon in. the pOSltlons:?

&

‘5fthese compounds as-a functlon of‘Eémperature from ~77 to

%z

:’;h7320°K are clalmed to be con51stent w1th the presence of

“,three rotatlonal 1somers, dlfferlng 1n thelr conformatlons o

btfabout thelr C~S bonds In CzHSSSCQHsr the gauche gauchefﬁf;5f5 -

"Vfconformatlon is apparently the most stable of the three L

w
i‘v . o

frotamers in the gas phase.__T"Yf-if\'5°;f“- . f'=l}¥“'”

(1;1) Spectral Propertles of Dlsulfldes [}‘}f;

The UV spectra of most allphatlc dlsulfldes show asz,;,s,rh

"'rather broad max1mum at 250 nm. whlch is. assoc1ated w1th‘~v:""'“

RN SN

»{an electronlc tran51tlon from the ‘non- bondlng n orbltal

(P tYpe) to the antlbondlng 0* orbltals The absorptlonp.'



o maxlmum was. shown to be dlsplaced to progre551vely shorter'

:wavelengths 1n the serles (CH3)282 ey ai = 254 5 nm),
'(czns)zs2 Q = 251 5 nm) and (i-C,H )252 (A ax =
4.245 0 nm) MO calculatlons on varlous dlsulflde bond

*contalnlng molecules have shown that, 1n general the

ifurther the dihedral angle from 90°; the more red shifted

'the lowest energy trans1t10n 17

In the PE spectra of organlc dlsulfldeslsfa'splittingh;

' of the flrst band is observed, correspondlng to 1onlzat10n.v

: from-onevof‘the'Bp orbltals. Theseftwo-molecular ‘

'orbltals thus formed are a&ways the hlghest occupled

o orbltals in the molecule. n51nce the flrst band in- the o

5 -

b'»?spectrum of RSR 1s always unspllt the cause of the spllte‘ri

"‘tlng 1n RSSR spec1es has been attrlbuted to p 9 1nter- f

‘-factlons whereby the 3d orbltals of the sulfur atom glve

R—§—5—R! «<—» R—S==S—R' <—» R—S=S—R' (1)
Y (2 forms) |

(1v) Reactlons of Dlsulfldes hf;"f,;;tlfﬁ7§w5f f;{fjm;

The chemlstry of dlsulfldes has been exten51vely :

1nveStlgat€d,20 w1th the maln empha51s on’ redox reactlons,thfs“y'

b1molecular reactlpns and thermal exchange reactlons _g}?f



Slﬁple dlsulfldes can be reduced ea51ly and completely o

’to.thlols;v21 Ox1datlon of dlsulfldes ‘leads ultlmately to

attack: .

H

sulfonlc ac1ds, and several of the 1ntermed1ates, namely, g

£

N

ates, sulflnylsulfones and a—dlsulfones, frequently can

be 1solated 22 - o B

Homolytlc scission of dlsulfldes readlly takes place

]

in. thermoly51s, photoly51s, and also 1n electrochemlcal

: 23 -
: and‘other react;ons and can be unlmolecular, arlslng

P

V'from's—ﬁ'cleavage;;’

U Rssr —AOE MV, ps @

i

.orrbimOIeoularfdfor=e#ample.asdafresult;ofﬂthiyl*radicall'b

Cd

[

R'S 4 Rséﬁ.44—e¥%RSSRF‘+*RSv%’T;f"-”’-»f:?f_, 3

.,; The resultlng chaln 1s long enough that thls system has

found practlcal appllcatlon in. the synthe51s of
24 o - e

ul-; unsymmetrlcal dlsulfldes,,_ e. g., -

0

photoly51s.25

Dlsulfldes also undergo heterolytlc sc1551on of the

and these reactlons are now falrly well understood 5 7

‘vsulfenlc and sulflnlc ac1ds or thlosulflnates, thlosulfon- d_f

.C S cleavage 1s relatlvely unlmportant 1n thermoly51s and

'al_s S bond in the presence of nucleophlles or electrophlles,,5



;(c 0).

‘ Tﬂobserved~values.~

4

N~

‘ Some of the more 1mportant reactlons of dlsulfldes are

vsummarlzed in Table I..

(b)‘Sulfides
(i) Molecular Parameters of Sulfldes

C S bonds (70 72 kcal mol ) are weaker than C-0.

: bonds (79 80 kcal mol ) and for both cases the bond
;wstrengths are 11ttle affected by 31mple alkyl groups.

e S and. C—O bond lengths for 51mple alkyl sulfldes and

tthers are generally close to l 82 A (C-S) and l 41 A *l:l

26 The correspondlng bond angles L_C S c and

: L,C—O C, are around 105° and 112° respectlvely ‘ln
'general, substltutlon of oxygen by sulfur leads to much

'vilonger bond lengths and somewhat smaller bond angles

(11) Spectral Propertles[

The spectra of srmple dlalkyl sulfldes show strong .

'la max1mum near 230 nm. The former bands are thought to‘755A
: afhjbe due to a o o* tran51t10n 1n the C S bond and the

A;flatterto an np-o* tran51t10n 1nvolv1ng the unshared

26

’ "7~e1ectrons¢1fsu1fur - MO calculatlons predlct that the

"“fvlowest energy tran51t10n 1n sulfldes should be largely

-S

_tt{bands in. the reglon 200 215 nm and a weak contlnuum havxnggitijft

‘4s 1n character whlle the next three degenerate tran51— ; Sl

tlons should b@hprlmarlly 3d t The calculated tran51tlon‘ -

"ifenergles were 1n good agreement w1th experlmentally
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Kiii) Structural Conformations of -sulfides

- The molecular v1brat10ns of alkyl sulfldes have

":been exten51vely studled 28 CH3SCH3 has a C2- molecular_

'“3symmetry whlle Scott et al. postulated three possible

»conformatlons,;. (TT), Cl(TG) and Cz(GG) for CZHSSC2 57
;i{Only two conformers however, C2V andrcl, appear to be
stable since the Czlconformatlon was not observed 1n
the spectrum 28b |

MO calculatlons'on organlc sulfldes suggest that

-

the contrlbutlon of 3d . orbitals to the charge dlstrlbutlon
is 1mportant but that*to the stable conformatlon and /
rotatlonal barrler is very small The shape and energy

_of the lowest unoccupled‘molecular orbital are partlcularly

- sensitive to the part1c1patron ofe3d orbitals.29

(iv)'Reactions Of Sulfides

It is.well known that the nucleoph111c1ty of the
lone pairs of electrons of the sulfur atom is larger than
that of oxygen. However, the ba81c1ty of the sulfur atom
=1S smaller than that of oxygen C%ginghently, sulfur

compounds exhrblt chemical propertles dlfferent from -

A‘those of thei\%oxygen counterparts. 'In most reactions

involving sulfides,cit is commonly assumed that the site
of attack must be at the sulfur atom. There are several

30

"reasons for this? (l) sulfur 1s more electroposrtlve

" and polarlzable than carbon, (2) the electronegat1v1ty of "



1o

the sulfur atom‘ls much less than’that’of oxygen, ‘and
‘(3) sulfur canlutlllse its 3d orbltals in chemlcal bondlng.
Reactlons of sulfldes may be lelded 1nto (1) those
taklng place dlrectly on the sulfur atom, (2) those occur~_
_Drlng at another part of the molecule, and (3) those;ﬁ: g
‘occurrlng by C-S cleavage. The sulfur atom in allphatic
- sulfldes is generally stable towards nucleophlllc reagents
but an electrophlllc reagent promotes C-é\\leavage, for |

example,Bl . . A_ e ;. ,‘ ;?5;5

sp _HBT Br” + RSH  (5)
Cleavage of the C S bond of sulfldes is also known to

occur in thermal and photochemxcal reactlons,

" RSR A 9r h\) RS + R o —_— (6)

Y

‘and the free radicals thus generated react with the sulfides

exclusively by metathetical,radlcal_displacement.
R' + RSR —»RSR' + R -

- The most common reactions of sulfides are summarized in :
‘Table I. P

Some thermodynamlc propertles of sulfides and dlsulfldes

+

are summarlzed in Table II, along w1th those of other
~
spec1es pertlnent to thls study. ‘
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Thermodynamic Properties of Some Organosulfu:CompqunGS'an&g

)iRédicals

 TABLE II

- Species . AHg -

gi(kca1 molfl)_'

bond strength.

Tﬁermochémical

332@& |

Ref.”

_(keal molTh) -

'HSSH

3

sty
| CyH5SSCoHy

. CH

3

! __"CZHSSH - g

CH.8H - =5.46

- cmgsciy
g ngssczﬁg‘.
CHyS -~
,CszS‘ . |
Tcn3a, . 30.5
CHy - 25.7

32a 88

D(s-8)

65

322 67

32a  “e9

. D(S-H)

32a .88.5

.  DiC;é)if”

32a

..32a.
32

12b |
-»32b_‘; -

32¢
. 32¢

32,

o -32e

32

11.

"32c __f¥A;ﬂ5
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" 2. Atomic and RadicalhReactions,mith'Sulfides:and Disulfides.
' (a) H Atom Reactions With Sulfides

”For KinetiC’Studies in the gas phase, the most
commonly employed sources of hydrogen atoms are mlcrowave

’dlscharge‘of'Hz,Bs Hg ( P ) sen51tlzed decomp051tlon of*

"Hih?4 and'thesphotoly51s of HéS.3§v In the latter caseth'V

‘:atoms are 1n1t1ally produced w1th a; substantlal amount

ahof excess klnetlc energy and consequently hlgh pressures_j_o7
~of. a moderator gas are requlred for thermallzatlon A
'less commonly used but v1able source of H atoms 1s the -

fphotoly51s of alkanethlols 36

Wlth COS37 and thllrane38 efficienthdesulfurizat}onfh.rfthx
'was shown to take place,.pu t_ o
- H+ Cos —COoO+HS .l (B)
' H + C2H4S ———*P’ CZV‘H4‘ + HS " L '» s (9) o

| o and the correspondlng rate constants, derlved from

competltlve experlments, are
ok #'(9.;:1.2)x1012¢xp[{~3900¢37o)/RT}qh3ﬁdlflsfl'

(54710.7)#1013expt(419441175)/RT]cm3mol'ls’1:'

‘kg.

" On the ba51s of absolute rate theory calculatlons 1t wassh

,concluded that the 1n1t1al 1nteractlon 1nvolves the :

"fnon—bondlng 3p orbltal of the S atom, e. g.,'r";; o 'Jr;f;N '



"13_".

;It should be noted that the analogous hypothetlcal
ddeoxygenatlon reactlon w1th oxlrane has not been observed,

‘instead, hydrogen atoms react w1th ox1rane exclusxvely E

:by hydrogen abstractlon,39:

“'{andftheﬂrate'constant*is5
kg = ‘»(,3;’v‘8£0;‘5.‘.)>'(i101:3e'x§[’(-"8'5001“_.260‘)!/R'{I‘]cn’\3m_ol-'_-l"s'}g |

" H atoms 'react with "CH3scH3 td yield cHésH an'd CHy S

as major products.40. From the effects of exposure tlme, o

- \
. concentratlons, and added gases 1t was concluded that o

t

f‘the\only prlmary reactlon of 1mportance 1s?
R CH3SCH3 —ﬁ,?CHjSH »-,+.vCH3 IR (11)

"cl e., here agaln, attack takes place exclu51vely at the;f,:’
L

f‘sulfur atom._ Relatlve to. the H + st reactlon, the rate -

Hparameters for step (ll) were found to be.,f“



Ky = (1.71¢o[.‘26)x1013exp[-(2'512;«88)/R'r~]'cm3moi'1s‘1~.

i

. It ‘was also shown that the experlmental entropy of actlva—'

atlon, -24. 6 e. u., could be reproduced theoretlcally lf a

'symmetrlcal tran51t;on state, o

~ .

-‘-:-m'

o HjGreis-cHy

}‘featurlng H atom attack on sulfur was assumed ; since“
”the source of H atoms in thlS study was the photoly51s-f
”-of HZS the overall mechanlsm 1s qulte complex ow1ng to .

the presence of HS radlcals, e. g - 1t was shown that HS

- engages in.a metathetlcal reactlon w1th the substrate,“'k

v,

s + CHySCHy —— cuss

' 5thereby 1n1t1at1ng a short chaln.vr.v

~ Wlth thlolane, 1t 1s belleved that the H atom adds, -

:_to sulfur and the 1ntermed1ate fragments via C S f-t"

‘fcleavage.4l.

14

"SSH_-t» cn3.;f_u-”"f  an

The resultlng rad1ca1 then comblnes Wlth an H atom to form -

l butanethlol. »

P



SH

;Thls system ‘is 1n complete contrast ‘to the "o+ C2H4

. reactlon where sulfur abstractlon 1s the only observed

V;process' the reason for thls was ascrlbed41 to. dlfferences

1n the stablllzatlon of the products |

H atoms react w1ththlopheneto yleld l 3- butadlene'
and” elemental sulfur as major ngducts.ézz Several
’dmlnor products were also detected 1nclﬁd1ng HZS and

:;lcl c4 compounds.\ It was postulated that two H atoms add

b-to the rlng 1n succe551on, and that the resultlng 1nter-
3medlate, l 4- dlhydrothlophene,decomposes to yleld butadlenei
" and sulfur.' | W B | |

‘ly ——— cHz.=jc,H—,CH=cH2 + sulfur’ ,-_'(177)..;*

D ) }._; o
1 R

The detectlon of HZS as one of . the mlnor reactlon products
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suggests that attack could have also occurred at the
sulfur atom but thls reactlon pathway is not very 51gn1f1-

fcant In anycase, the overall mechanlsm 1s very complex

and much more 1nformatlon would be needed‘onﬂthe nature

I3 .

' of the 1ntermed1ates before the varlous pathways can~be;

fully elucldated. o

' The reactlon of H atoms w1th benzothlophe'e‘was’
rstudled recentlyfby.Amano et aZ who postulate\thO'
_'primary processes. One 1nvolves H atom addltlon tO’the'

benzene rlng and produces ‘a v1bratlonally energlzed spec1es,

‘:whlch eventually is stablllzed, glVlng rlse to the forma—

tlon of three 1somers of dlhydrobenzothlophene.'3_v~

The other, more 1mportant pathway 1s addltlon to the
¢;°'thlophene rlng, formlng elther the l thlalndan -2- yl(A)

or 1 thlalndan—B yl(B) radlcals {v”",’ ,:,' f'dth*fff;'ti'rjy

The 1dent1f1catlon of phenylv1nylsulf1de as a product,

-together with the absence of.o—v1ny1benzeneth101’ 1nd1cates_u;i*

that the 3= pOSltlon in benzothlophene ‘is the preferred

s1te of attack _This is" 1n marked contrast w1th the case ,?t

“

YT S . : Lo R
g eed v . A
. . |
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(b) 0( P) Atom Reactlons

' In contrast to the H + organosulfur systems, where

“~=cthe absence of H abstractlon from the substrate had to

B

-/,

“ﬁgsystems can be readlly recognlzed 1From the few studies

:f’reported to date however, no ev1dence has been reported

*fffoverwhelmlngly p01nt to s atom attack.rf__as}f

R

(1) Wlth Sulfldes “522;;jfg\jjj?jt;_ﬂft“

In gas phase klnetlc studles, the most frequently

ve dlscharge of 02,41 45

.‘emplo%sd sources of oxygen ( P) atoms are electrlcal and

photolysxs (A > 130 nm)

! /

46 and the Hg ( P ) sen51t1zed decomposxtlon of L

iof;thiOphehe, where H<atoms:attack the 2—position. '-;f
+ H——> , (20)
i : v s7
+ H;—’-—'—;» ——tl—{-—h S
S - (21)

;Abe deduced from product analy51s and klnetlc con51deratlons,“

A the occurrence of H atom abstractlon in O + organosulfur H;E"

a7fto the effect that abstractlon takes place and the results f',ﬁld;



| T

'and the major products are CH4 and CH SO

'Thls energy is about 23 kcal mol 1n excess of that

éfrapldly to cn .and cn3so- -

0 atoms also appear to attack the S atom of CH3SCH3

45,48
3! The

‘,exc1ted adduct postulated to be d1methylsulfox1de,»_

1.

contalns about 85 88 kcal mol l\excess 1nternal e‘nergy'.&3

L . ‘.Y. A. v >' “ ."‘. o
0% CH3SCHy =

¢

'_requlred for unlmolecular decomp051t10n via S- CH3 bond

'ﬁcleavage and therefore the exc1ted adduct decomposes

h

| i '¢{,_ | |
L e
'Vxﬁfj&fahli T Gyt Ccly

tThe mlnor products observed in thlS system, namely CH3S ‘f'
»and CHBO, are probably formed as a result of rearrangement

ibf'of the ex01ted adduct followed by fragmentatlon,_e g

-

1..8-'"‘

ST T we ‘ -
———~——> [CH3f-Sf—_CH3] o Lo (22)

: -.-(c_frr.,s—.—CHgl-* T ——ocm—s T CHS ¥ 0539}'-.(?4)' :

3

'ﬂIt was estlmated however that rearrangement constltutes

}freactlon (22) determlned by the flash photoly51s—resonance

48

"f?fluorescence method ”,.<f.‘*.-""

5'(8;616.4)XIolzekpt(7z7131)/ééjcm3molfls*lv”

"",ﬂ{less than 1% of the decomp031tlon The rate constant for ”fm!fh‘
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reactlon where lt is: belleved that the 1n1t1al reactlon

e

' ereactlon (26), determlned by the flash photoly51s resonance

L fluorescence method ls"“ v

‘reactlon

f1n splte of the fact that the dlrect formatlon of O2

:j‘lczj

and exhlblted a negatlve temperature dependence. Thus";

~

the prlmary process 1n the O + CH3SCH3 system 1s completely
,‘analogous to that of the H + CH3SCH3 reactron, i. e., the .

- attacklng srte is the S.atom of the substrate.. Thls f *F?“g; s

RS

"result is however in complete contrast to the O + CH3OCH3

1s"hydrogen‘atom abstractlon, ?f;.L .J-_, S D SR

O CHyOCHy — > Ol + CR0%5 .~

rWith’thiiraneég"effidient’desnlfurlzation}takeswﬁfTfa‘>

nplace,

-0 +_c234s;feefsaczn4tfnsq;)'

. e *

s 'i{'(26f jﬁj]il‘

-

;1n complete analogy W1th the H and S atom reactlons ﬂf’f,,lﬁtﬂ‘ﬁu

¢ - ' T

'(vzde znfra) w1th thls substrate.' The rate constant for«,

1

k (8 1 0 S)XlO exp[ (35+40)/RT]cm mol

Wlth ox1rane H atom abstractlon 1s the only observable T
50_ _ : : S Ll . 3

u

0 + C2

RN

H4 lS energetlcally more favourable.;vaf

sy

H4° “‘“*’OH + C2 139 f]7c ,«{i;:gif~3";7f:s,f?7?*7?7f[=5;'
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2

AY

o ;O f;C H4O ——T->,QZ +lC2HA' . '. l 4" _ (23)'

B ' ' - o b
f_Bond energy-bond order calculatlons predlct a prohlbltlvely

; L

‘f hlgh actlvatlon energy for step (28), perhaps aszaconsequence I

of the somewhat lower exothermlclty and the hlgher value of the
1'hlgher value of the exc1tatlon energy of the'lD2 state of the

f‘oxygen than sulfur atom.‘uf;ﬂf; , '.?'V:n s
(11) W1th Dlsulfldes :f
The gas phase reactlon of oxygen atoms w1th dlmethyl— o

1hndlsulf1de has been studled recently 48 Although no stable

‘ \

products could be 1solated competltlve experlments 1n

’i,;the presence of CH3SH showed that reactlon does take place,

s

?'.has ev1denced in the drastlcally reduced ylelds of CH4 o
R ER 51 ' .‘: : »

s '~~_fﬁcn S0 and cH son from the 0+ CH sn reactlon.\ BY

'3 3" 237
;analogy w1th the o +. CHBSCH3 reactlon and on the ba51s

n51derat10ns 1t was proposed that 0 atoms L

- atom of the dlsulflde formlng a v1bratlonally

sequently decomposes via S-S cleavage:. -~

'-?CH"s‘[‘T-_ST‘?;TC?"s]« ‘-"Cﬂas‘“ :‘?F‘z'& G A30)
(c) Reactlons of Ground State S( P) Atoms w1th Sulfldes
S atoms have been shown ,to desulfurlze COS,{SV;-f”'



'fﬁreactlon.

5bl-place,

kyp = 7.2 x 101 en? mo1™! 571, at 25°c

PR

 and thiiranesszouiq a single‘step} eOneerted process:

Va\

lS'+~RC-ffCR{ ——— RC==CR' +’52:'. | . ,. :(325

'_,The absolute rate constants, measured by the flash

.photoly51s—k1net1c spectroscoplc technlque,sg-at 25°¢C, are:

"R =R'"= H; k =.l.4.x,'l(4J-]'3'c_:m3"mol-'l s71

13 -1 -1

l2i7 \g

R=CHy, R' = H, k= 2.7 x 1013 en® mo1™b s oo

CR=RscHy k=40 x 200 on® mo1Tt 57

It‘has also been showg that E = foor>the,s'+_C2H4s
53 v S R L

To date, the reactlons of S atoms w1th alkyl sulfldes

"w.fand dlsulfldes have not been reported

(d) Reactlons of Alkyl Radlcals w1th Sulfldes and
Dlsulfldes | | SRR “

Very few studles concernlng radlcal reactlons w1th

{‘~'Corganosulfur molecules have been reported to date.t;f

(1) Wlth Sulfldes

Wlth COS desulfurlzatlon by CD§—rad1cals takes l.?w'
5477 B e e S |



‘and the rate constant determlned in competltlon w1th the.g

+CH

 2CH3 ~Colg reactlon is:

S & |
Ak33;— 3.8 x 10

_exp[-(liss,O)/ml :c‘m? mol”t 71

Methyl radlcals react Wlth thllrane, methylthllrane

vand ets-1, 2-d1methylth11rane54 55 via concerted

: desulfurrzatlon and to a lesser extent hydrogeq s

abstractlon

CH3 + Cz'H4S- : ~:,,—f>,_CH3.S * Gty

Z y ——PCH S + C3H6

\[ 5‘/ ——»CH S + czs-C4H8 |
g ~§ ~ ——»CH + C2H3S

. ./

'fanalySIS of the data are llsted 1n Table III.

'af.and coWorkerss4 suggested that the lnltlal 1nteractlon

+ C”H'S";j"

Strausz

) o
“‘::L;€¥3§{;_ﬁ;va

,/

137,~The correspondlng Arrhenlus parameters derlved from klnetlc;@¢h77‘

‘tflnvolves the w orbltal of the CH3 rad1ca1 and the non-',”"'

,;bondlng 3p orbltal of the S atom.f,kﬁ,

oy
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' These results are in‘marked contrast to the CH, + epoxide

3
systex?is,‘56 where hydrogen abstractlon is the only observ—

; able process in splte of the fact that the enthalpy

'changes for deoxygenat;on and desulfurlzatlon~are not

different.'.As‘notedrabove,~however} BEBO,calcnletions56
predlct a prohlbltlvely high actlvatlon energy for
deoxygenatlon by atomsaahd radlcais. Moreover, the non-

bonding 3p~orb1tal‘ofls is more nucleophilic than the

- ’corresponding 2pﬁ orbital of 0 and sulfur has a higher aptitud_e

for valence shell expansion; consequently, the activation

!

energy for aesulfurization is lowered.

P . e

Methyl radicals produced from'the'photolysis of‘

CH3SCH3

hydrogen abstractlon-

react: w1th dlmethylsulflde to yield methane vza
57 : ‘

CH. + cn-scH3 — —» CH. + CH.SCH.

3 7 3 4 7 P73 (40)

@




The-activation-energy for reaction.(40) was reported?by

Rac and Knight® ® to be 9.30 * 0.50 kcal mol™! and the
. rate constant; determined by Arthur and Lee57b,'in i
competition with the 2CH3 + C2H67reaetion,1is:

ko = (4,17#0.84)x1011eXp[—(9166i;6é)/RT]cm3molfls"l‘
| - ReCentlyrArthur:and Yeo®® repOrted'that trifluoro-
\methyl radicalsiproduced'byithe'photolyéis‘of;hexafluoro~,‘

acetone aiso,reactfwith CH3SCH3_via hydrogeneabstraction:

73 3.
Surprrsingly,.the'metatheticalch3vgr6up diSplaeementT
‘,reaction, | | - |

o

. CF

3 3=t 3

~was not detected. ;The_rate constant for hydrogen abstrac-

tion by CFS radicals is:
Ky, = (4.76:1.00)x10 Lexp(-(6432:107) /RT) em’mo1 157

B Comparing the reactivities of CH3/and CF3 radicals with
regard to hydrogen abstraction from CH3SCH3 it 'is seen

1

that at room temperature the rate of abstractlon by CF3

is 51 times higher than that by CH3 and thls dlfference

P

4

.~ CF; + CH,SCH ———> CF,H. + CHpSCHy = - (41)

25.

4+ CHySCHy; —— CHSCF, + CHy | o42)

is entirely:due to the lower activatlon energy assoc1ated'.-

\

with the former reaction; this is in keeping with the“

trend observed in the{reaetivities of CH3 and CF3-

TR Y YN

L2, St




radicals with other,compounds such as;CH3OQH3 and

S
- CH3COCH,.

(11) Wlth Dlsulfldes L /“\\\\
L )”\

© The photoly51s of azomethane (at 253.7 << X < 315 nm)

_‘1n the presence of dlmethyldlsulflde at lOO c leads to
" the formatlonof-CH4 and CH3SCH3 From thlS, together ’
'rw1th klnetlc analy51s of the data, Suama and Takezaklsgl_

‘lconcluded that methyl radlcals undergo hydrogen abstractlon

“Vw1th the- substrate as well as CH3S group dlsplacement, ;¥n°

&

. CH, +ch35soH31f+ff+'CH35cH3 fgCHBs.e l‘u“l'- . (43)

3

3 3 .
,dThé:relatiVe rate'constant'ratiovfor reactions (43)'and,-

-

(44) ‘is k43/k 3 4, and thus sulfur atom attack 1s"

‘agaln preferred over hydrogen abstractlon. ‘,’~. Gl

-
(e) Reactlons of: phenyl radlcals w1th dlSulfldeS

9a

Pryor and Guard vstudled the reactions of phenyl

radlcals, generated from phenylazotr1pheny1methane, w1th
allphatlc.dlsulfldes at 60°" Phenyl radlcals undergo o
reactlons analogous to those of alkyl radlcals, i. e. ,7

hydrogen abstractlon and thlyl radlcal dlsplacement,b_

6H6 + RSSRS—H); | }‘,(45)

_ '_C6H5 + I%SSR ——-—»C
C6H5 +‘RSSR”-——f*fC6HSSB‘+ RS B ‘i 7i*k‘ . ‘46)

ot

26.

CH +ZCHBSSCH ——CH, +‘C3255¢H3 f,f’*.' . ‘:1:144).~

.




The relatlve 1mportance of attack on the s atom of the

dlsulflde decreased w1th 1ncrea51ng sterlc hlndrance at.

the sulfur atom, as 1nd1cated by the 98% yleld of

6H SCH vza attack on CH .SSCH

57 3‘ 3 3
,sulflde via attack on (t- C4H9)2S2 They proposed that

and the 49% yleld of

‘the radlcal reactlon 1nvolved a 3 atom—ln a- llne Walden

inversion type,tran51tlon»stateA

RN

_eThe relatlve rate constant ratio for reactlons (4?)Faﬁdv;'
f (48)

%]

+ SCH

7\1,' H
- € 3.

He + CH3SSCH3 —C H.SCH.

6 5 "3

,_UCGHS + CZHSSSCZHS-—-—-—-——»CGH5

is kyp/keg = 1178‘f
~,kf)-Reacticns’df'nydréxyl Raaicals*with»Disulfidest
~ The 1nteractlon of hydroxyl radlcals w1th 51mple,;‘
| allphatlc dlsulfldes has been shown to lead to. electron
transferpﬁo_ i R

+ :

| OH" '+ RSSR———» RSSR' # OH” T (49)

27.

Cun

SC2 5 + SC2 5 ';ft"  (48)'H“



~ and the resulting radicalfcation'decays by a diffusion-

controlled bimolecular’process:J

A ' e S
RSSR® + OH j——e—a—[RSSR(OH)'];e———> ProdUCtS..o (50)

'The rate: constant for the neutrallzatlon of RSSR by OH

28"

‘1s controlled to a certaln ‘extent by ‘the - effectlve p051t1ve

charge den51ty at the sulfur brldge. Slnce the electron— »

donatlng propertles of the substltuents 1ncrease in the .‘
series CH3 < C2H5 { (CH3)2CH < (CH3)3C, the net p251t1ve_
icharge ;s expected to be hlghest for the (CH3) qand

lowest for the ((CH3)3C) radlcal 1ons, and therefore

o the rate constants should follow that order.-vIn addltlon;':

structural effects are con51dered to contrlbute to the'
”observed changes in the rate constant for blmolecular
',decay 51nce sterlc hlndrance also 1ncreases, parallel to

jﬂlnductlve effects._ In agreement Wlth these con51derat10ns

.fithe lowest value for the rate constant is found for the

S + _ o
gcase of the (t-—Bu)2 2'_rad1cal ;on. The observed rate

‘m_constants are. as fOllOWS

//

CH3SSCH3f-+kOH»~ f?‘k = l.8dx JO _cm ~mol s ////"
f C'H;SSC ﬁtf +:§H*7d  k = 8. 75, .1011 32/*liif;;i |
oH5SSCoHg" +.0H - k= * ‘/_/‘mox, R
{7 C377)282? f OH = 9 x o mo | s

"3.0‘x l'Olocm3 mol l sf;i~

=
e

¢



‘ When the reactlons were monltored by esr spectroscopy
new tran31ent radlcal 1ntermed1ates were observed the

' slgnals of whlch were- a551gned to sulflnyl (ArSO or-RSO)
- { . . : ’ .

radlcals.
RSSR + OH" ——» [RSSR(OH)] —=RS=0 + RSH ~ (51)-
- Ars's"Ar.f .‘c_m"-—» [ArS§Ar(OH)] —>ArsS=0 + ArSH', (52)

A varlety of these specxes have been detected and

characterlzed Further support for the a551gnment comes

-*ﬁfrom the flndlng that radlcals of the same type were

1.detected durlng the low temperature photoly51s of aromat1c=;'

SUIflnyl Chlorldes 1n dlethyl ether.sl*-h~77¥d
o | S | |

e b Thy L P R R
+ ArsCl ——— Ars=0+7Cl . . . (53)

”3 Thlyl Radlcals.b;"'

(a) Generatlon,»1dentrflcatlon and phys1cal propertles
Thlyl radlcals are commonly generated from the dlrect

%; or.mercury sen51tlzed photoly51s,’or thermolysxs,.of.

.Rthlols, sulfldes and dlsulfldes ﬁzf In the SOlld phase,'}f

»they are readlly apparent from thelr characterlstlc blue

'~;and red colours, ‘and several reports have appeared on »

thelr spectral characterlstlcs ' Some_representgtlve ;;__._u,

examples are llsted 1n Table Iv.

ar

29, .
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32.

The thermal Stablllty of thlyl radlcals 1s relatlvely

38 and C2 5S decay at temperatures where.

"rotatlon about the c- S bond in the lattlce 1s Stlll

restrlcted Apparently heavrer thlyl radlcals are able

to rotate to some extent before decaylng, e.g. (t butyl)s

-has a 51ngle 11ne spectrum at ~130°K and decays at

temperatures greater than 150° K.‘ Radlcals adsorbed on

‘Vycor glass showed hlgher thermal stablllty, “with rapld '

——

decay commen01ng only above 200°K. The observed 1ncreased

‘.thermal stablllty of the adsorbed radlcal 1s expected .]

751nce adsorptlon decreases the mOblllty of the radlcal. It

'tls thlS enhanced Stablllty of adsorbed radlcals Wthh

‘ accounts for the characterlstlc decay rate dlfferences

f:between matrlx and Vycor glass photolyses dsorptlon

}seems to prevent cage recomblnatlon of the gemlnate

,t'thlyl radlcal palr in dlsulflde photolyses and thus o

:_of the ease by whlch H atoms escape the cage.~::”

”_of mercaptans, cage recomblnatlon 1s unlmportant because

';flncreases the apparent rate of photolys1s ' In the photoly51s

The ESR spectra of varlousalkylth1y1radlcals,63’6€‘

S, ¢S ¢ CS,_ CHZCHZCH S', and substltuted ¢S have

3 2

-2¢7been obtalned upon 1rradlatlon (A < 220 nm) of elther

f_neat SOlld dlsulflde matrlces or- of dlsulfldes adsorbed

/
t

A

N

‘yfon VYcor glass at 77°K. Slmple alkylthlyl radlcals have f’ |

three g-values (generally referred to as the character—i‘

1st1c "sulfur pattern ) about 2 mse, 2. 025, and 2 001

..\A ;

~

E:) o .




’by Callear et aZ as. belng 218 5 nm.

- fThe spectrum'of CF3S radlcals is unusual in that it
»exhlblts only two pr1nc1pal g—values (2 030 and 2. 004),
_suggestlng that the radlcal has ai\af symmetry ' Arylthlyl
radlcals exhlblt esr’ spectra ﬁlmllar to those of alkyl—

I

"thlyl radlcals and only dlffer in the hyperflne struc-

‘fﬁture, however, in the absence of a-hydrogens which w1ll ;

_couple w1th the electronlc spln, three dlstlnct aniso-
'.troplc g values are obtalned, 1ndlcat1ng large spln orblt

‘" : ‘coupllng.-.

The unpalre&\spln 1s largely locallzed on the non—:"

:;fbondlng orbltal of the S atom lPara or electron—donatlng
_substltuents stablllze Ars (presumably maklng Ars more.
?tllke the stable spec1es Ars , ln contrast to the effect
ilof electronﬂylthdraw1ng Substltuents wh;ch would make

{vthem more llke the hlghly reactlve spectes RS )66

v,'(‘;

”h#solutlon or gas phase,'alkylthlyl radlcals clearly ex1st

?,r'as neutral free radlcals., The gas phase characterlstlc':"

,%UV absorptlon band for CH3S radlcals has been‘reported
6719;_ S

(b) Reactlons of Thlyl Radlcals *ﬁllfj" ]Llj_°jth N;{

"_

:7”;dlsproport10nat10n, comblnatlon, abstractlon, addltlon

*and metathetlcal reactlons. Surprlslngly, verx llttle

’?;;klnetlc data are avallable but the resuhts suggest that_glVe__;”"”'

s

—

f'thlyl radlcals are more reactlve than alkyl radlcals .

33.

Slmllarly to alkyl radlcals, thlyl radlcals undergO if;f]r”“



. C,H.SC.H,

(1) ﬁisproportionation~Combination

215, e.g.f-produced inTthe‘photolysls or

thenholysf s, alkylsulfldes ‘and dlsulfldes
- disproportﬁ' QJ -comblne accordlng to the follow1ng

equat

—>RSSR 71(55,),

N from,the< %latlve ylelds of thiol and dlsulfldes ‘For;‘k
the cases cn3s and c2H5s values of kd/k < o 05 and’

0.13, resp% tlvely, have been derlved from the photolys1s

of CH3SCH3h 57a and Hg photosensrtlzed decomp051t;pn of

.68 The small values are another example in

275772757

the grow1n of ev1dence 1nd1cat1ng that organosulfur

f:_compounds do not readlly undergo transformatlons 1n whlch

',C S bonds are converted to c= S, unllke the well establlshed
o

:tendency of thelr oxygen analogs._ ThlS 1s a consequencet

"";of the relatlve exothermlcltles of the two processes

‘:-fThe generally smaller exotherm1c1ty of the C S > C—S o

rff——»RSH + RS(-H): . (54)

34.

wrearrangement results from the relatlvely small dlfference'f"

: }Zln the CS 51ngle and double(bond strengths

ﬂ The rate constant for the comblnatlon of methylthlyl

h;radlcal was determlned in rotatlng sector experlments"

13 3 ‘1: 169

‘to be,;kjs“(é's O 7) X 10 S om’ mol ThlS ”f

":;#%Jf]



L‘7 5 kcal mol

L to 12 kcal mol

"CH

value 1s, w1th1n experlmental error, equal to the
13 3 -1 -1

‘ comb;natron‘rate, k = (2.43 + 0.24) x 10 cm mol s

reported“for'CH3a;adicals%70

A ! S S .
(11) Abstractlon -; R ST oy
, CH3SH is a major product of the gas phase photolyssz?’71

(and thermoly51s72) of . CH3SCH3 and CH3SSCH3_:1nd1cat1ng

'that hydrogen abstractlon takes place

Ao
|- .

CH3$:+ CH3SCH3}f+f—ﬁ CH3$HA+ onSQH3 ‘ ; ;v(56)f‘
CH,8 »_+ CH3sscn3f-—frCH3sH :+‘ cnzs_scr;-3- g o (57)

i
i

The measured actlvatlon energles for reactlons (56) and g.

(57) are ‘5. 4 kcal mol ;'and 5. l kcal mol l

From competltlve experlments w1th 2—methylpentane,

3s + cn CH(CH )(CH2)20H3———>CH3SH + CH, C(cH )(CH ) CH3 L
- | e | e (58)

A Y
A

14

"”'n‘the actlvatlon energy for step (58) was\estlmated to be .qu;gy}ﬁﬁf;.*

l 57a=

Thus two conclus1ons emerge-j,“*
SR

e IR
radlcals for whlch abstraotlon reactrons from alkanesf,; A

'”'*’l Alkylthlyl radlcals are more reactlve than alkyl

commonly feature actlvatlon energles ranglng from 9

‘f_2 Alkylthlyl radlcals abstract much more eff1c1ently

from sulfldes and dlsulffdes than from alkanes Thls~25477jg_f7“




T however

"_would seem to suggest that the adjacent C-H bond in
l sulfides and dlsulfldes are even weaker than a typlcal

»

kﬁtertlary C H bond 1n alkanes.»

(iii) 'Addbition
he addltlon reactlonsof th1y1 radlcals to alkenes -

dhave not been exten51vely studled 69,73

From‘the ,
_.photolY51s of CH3SH (A # 254 265 nm) in the presence of
,ethylena, the rate constant for | S '

SC,H

) CH-35- ,+>,¢2_H4.-“_"’? Cﬂa 28y

e}was determlned to be 4 8 X 108 cm3 mol -1 ‘f%;és;tThed
"relatlve 1neff1c1ency of thls reactlon was also clearly

*ﬁdemonstrated by Rao and Knlght who' showed that CH3S and

}hf,*CZHSS radlcals produced 1n the photoly51s of a mlxture ;Q.

”'1fa“of 3 Torr dlmethyldlsulflde and 3 Torr dlethyldlsulflde

‘ could not be scavenged by 500 Torr C2 4;

Comparlson w1th methyl radlcal addltlon to ethylene

A

- CHy + C2“4 “_"Cﬁacz 4 P @“ S AR

uw'for which»ké0 7 4 X lD cm3 mol l s -1 74 agggn shows e
) that CHBS 1s a better electrophlle than CH3 _65

| Walllng and coworkers73 have shown that for thevff

' .partlcular case of CH3S + 013 2—butene reactlon (59) 1sf_‘

.frever51ble.~ Thus substantlal amougﬁs of trans z‘butene g:s;;?.ﬂ_

36.

(59 .




~

were detected, indicating that'rotationdtakes place in
'. . . ' . . [y -

‘the adduct: - | | | |

(61)

CHy CHj

DeéompoSitioﬁ-of the adduct into CH3S and 2—butene was
very fast compared to hydrogen abstractlon from- CH3SH,
by a. factor of 80 for the trans 2~ butene adduct and 20
for the cis-butene adduct at 60°C."
in experiﬁehts inVolving-the addition of substituted
.,phenylthlyl radlcals to substltuted a-methylstyrene,
Geers et al. 73b suggested that the addltlon reactlons 1n'

such systems mlght, in general be controlled by ground |

“fstateAand trans1tlon state electronlc effects:
CH

S I S
l -C-'CHZ-S_ ‘CH°3-C—CH2 :S

CHy d
o
C=CH, S— e

“
3 . Y
LI

3

X X = p;Cﬁéo‘or p4CH3’or H or'p-Clvor m-—CF3 orfp-Noz
Y ='p-CH30.or p-CH3‘or H'or;p-C1 or m-CF Oﬂ p-NO,

.

The ground state effects arlse from (i) the presence

6f a strong electron—w1thdraw1ng group 1n the arovatl

g \
; \

o Co L s !

i
*




:,38.

portlon of the alkene whlch tends to mlnlmlze the electron
densxty at the reactlve double bond, and (ii) the electro-
philic character‘of_the phenylthlyl radicals.

| The tran51t10n state electronlc effect comes from
the, fact that partlcular alkenes are. able to assume a
.charge separated canonlcal structure I Such a contrlbutlng
_form//s most compatlble when: the anionic portlon of the
system is also electronlcally stablllzed}

(iv) Metathetical keactions
‘Metathetical reactions of thiyl'radicals are‘of
ageneral occurrence in the photoly51s and thermoly51s of
dlsulfldes.‘ To glve one example, coﬁphotoly51s of
'éh3SSCH3 and C2HSSSC2 5 7,S'led to the formatlon of large |
amounts of CHéSSCZ_S, far exceeding the amount expected‘
‘on the basis of 9333 + C,H.S combination:
.

.CHBS + czassscznsm»cznssscn_,‘ + SC2H5 : (62)

,FZHSS + CH3SSCH3 —-——>5C2HSSSCH3 +"SCH3 _ ﬂ (63)
The chain thus initiated is. sufficiently long that this
system is frequently used for the synthe51s of asymmetrlcal
, dlsulfldes. Unfortunately, no rate constants have been
reported formthese reactions. Recently. however it was

shown that HS radlcaIS/undergo an analogbus metathetlcal

reactlon with CH3SCH3:

fi



HS + CH3SCHy ——> ca3SSH,_+~cH3'm‘ R - (64)

.and the rate parameters were estlﬁated to be A . 109—1010
" emd mo1l7t s"l and E, < 2.7 kcal mol -1.40 ,
Dlsproéertionatldn ofxdlalkyldisﬁlfides is found to
be an equilibrium reaction andia hgﬁber ef'studies have
" been reported by Haral&soh et al. aadjoiander and
24,76 | ]

'_Sunner. ! HaraldSon and'cbworkers'irradiatéd a number

of pairs of symmetrlcal dlsulfldes and from the asymmetrlcal

-edlsulflde yleld ‘_ : : S ii S , 
a1 1' 202 2 o1 3 ST
R SSR + R SSR <«——= 2RSSR L e (65)

b
“obtained the equilibrium constant,

K (66)

65 = X¢5a/%gs5p

at-25°C and 60°C. The statlstlcally expected value for :

K65 is 4; experlmentally, 1t was found to be ~5 5 for groups

,such as CH3, C2 51 and i- 03 7 and was also temperature

e

1ndependent, i.e., AHGS = 0.: However, Kés = 24 for the
mixture (CZHSS)Z (t- C4H95)2, thus favorlng C2 5SSt C4H9,
This result was attrlbuted to the presence of rigid

eonformatlons 1n.the t-butyldlsulflde molecule-/

4. Transition State Theory for Bimolecular Reactions.

.Transitidn state thebry formulates the rate of any

reaction in terms of a "transition" state - a molecular
‘ . | ‘

39,




.compiex_having‘the prober configuration;in space an& a
minimum\energy for the.reaction’to occur'-_situated'on‘
top of the potentlal energy barrler along the reactlon
path The ‘nature of thls potentlal energy barrler ‘can
-be calculated as a functlon of the relatlve p051tlons
- of- the dlfferent nuclel or as a functlon of dlfferent
‘atom p051tlons . C011151on theory relates the mlnlmum
energy necessary for the reactants to reach the top of |
the energy barrler and attaln the conflguratlon of the -
tran31t10n state - or the actlvated complex - to the 7v
energy of actlvatlon. 5if’ |

| Tran51tlon state theory further assumes an
equlllbrlum between reactants, e.g., A and B and the
actlvated-complex AB* aThe equilibrium cons»t_:a‘urxt;}»‘K"¥= is

then
i 4 - e T e ' .
¥ o _[aBT) T -
K ~ IaTTB] R S - (67
The bimolécular-rate'constant k ; which isithe‘rate of
passage of the complex over the potentlal energy barrler,,'

- can then be expressed as

.
AB h' 7aB
_where k is the Boltimann'consgant,'T the‘temperature
- and h, Planck's constant.v Now since
rrink® = ap* - mas* 0 (4

(68)

40.




equation‘(69)'can‘be engessed'as

| A N __ |

L kT eASAB/R . AH, o /RT . - s

-"AB h ~ ' o = , '
From the Airhenius form of the rate;COnStant;

jk;=A.e-E/R'-P:;- Do el T

h 1t 1s seen that

o o AS /R - %
‘A = ekT)e- AB.» and E AHAB

For ground state molecules the standard entroples

are elth Afknown or can be calculated from statlstlcal

‘hmechanic {w1th falrly good prec181on. .Another,_more\w

'sfrapid;and nearly as_accurateva method,;deueloped‘by
.BenSOn,77ﬁis}an eupiricalhone,based'on addltiuitleS'ofll
Ma:mOIecular'properties wlth the.assumptioh‘thatlthes_'>
.actiVated complex 1s a rigid molecule. Invthis way,
lower llmlts of AS* are estlmated The latter method is
extremely useful in that it can be applled for the

g -
calculatlon of the entroples of actlvated complexes.'

‘.vIn such calculatlons the translatlonal rotatlonal,

symmetry and. spln contrlbutlons to the entropy can be

: readlly evaluated the v1brat10nal contrlﬁhtlons are'

- less’ stralghtforward and the usual method 1s to ad]ust

the normal frequenc1es on the basis of those of analogous

dompounds.b For :eact1ons}1nvolv1ngva llght,atom,”such

41.




_entropy_as the substrate and hence,

| 5;'C°ﬁpﬁt£r'Mode1ing of'Chemical‘Reactions{7¥

_51ngle 1ndependent varlable 1s tlme, the dependent

42,

as H or D, with a large polyatomlc molecule, the tranSL—

. tlon state complex has‘approxlmately the same 1ntr1n51c

5 . . O

t

s’z (s° (substrate)+1.4)-(s° (substrate)+s° (H)) (73)

- where 1.4 is thetspin.correctlon.;;Symmetry corrections

may‘also be necessary

: In thlS way, preexponentlal factors for reactlons_

\

for which experlmental data are. not avallable can be"

calculated, usually w1th a fa1r degree of prec151on

:}Of-perhaps more.slgnlflcance;however is that yaluablei
‘informatioanancbe brought*toflight On"the:activated"

- -complex.

W1th the general avallablllty of h1gh performance :7

o dlgltal computers, computer modellng of complex chemlcal
: :reactlons has become a powerful method in gas phase
'reactlon klnetlcs for the 1nterpretatlon-of'experlmental*r

data in terms'of-a.detalled mechanism and the correspond-

1ng rate constants.‘.
Computer nodellng of chem1cal reactlons\écnststs of

the constructlon of a model mechanlsm and the ‘subsequent

——

numerlcal 1ntegrat10n of 1ts representatlve set of coupled \\’

81mu1taneous ordlnary dlfferentlal equatlons.78 ’The




Py

hvariables are the concentrationgﬁofall chemicai,species‘ - ,‘r‘,“
that»change'durlng‘the‘course of thevreaction. . -
[The model'mééhanism“consists‘of a sequence'ofeeienentary
reactionsfand a Set_of‘the cdrresbonding rate constants..
S It is:wariedf(some'elementary'reactions are deletedvor'

-;Al

*jnew ones are added the values of unknown or’ uncerta;n '
"*“frate constants are ad]usted) untll satlsfactory agreement
between the observed and calculated tlme dependence of the

- -

‘ concentratlons is achleveg S ~*7“ I

et e i S e it i . - ¢ ‘
R e e e T PR P e ST R

In chemlcal klnetlcs the rate equatlons can be .1 ;‘ L R
':;dlrectly deduced from the mechanlsm and'they prov1de B |

expllclt algebralc expres51ons for the tlme derlvatlves'

(/\t all spe01es concentratlons, as shown 1n the follow1ng

1

51mple example

e g-_zlg“ux] = ko5[al, E R e (76) -

|

]

Complex reactlon mechanlsms usually con51st of __-q

: numerous elementary reactlons hav1ng a w1de range 1n
rates, especxally when tran31ent 1ntermed1ates;at very,7'

—— e
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‘-flow concentratlons are created and consumed rapldly
’Thls characterlstlc results in’ a so-called "Stlff" set

. of dlfferentlal equatlons, the solutlon of whlch requlres |

=4

'j“extremely short 1ntegratlon steps and hence very long

“tcomputatlon tlmes usrng conventlonal methods.

For the numerlcal 1ntegrat10n, usually an algorlthm
79 '

developed by C. W Gear, or one based on ltS subsequent

‘fdevelopment, 1s used The program applles a multlstep,////f'

‘predlctor corrector method and successfully overcomes °
ﬂhthe dlfflculty presented by th\\\stlffness" of the

| dlfferentlal equatlons.' It a150\qont1nuously adjustsv
"_the tlme 1ncrements 1n order to reduce the computatlonal

-;tlmes. fu' fj;;f~';§_;f_? , ,’f' R

Computer modellng of complex chemlcal reactions has
9

R \

VVKhibeen found to be a very useful method both for testlng

”’llfQOf the compatlblllty of a suggested mechanlsm w1th the -

-

':fiexperlmental data, and for the derlvatlon of values forau'

7'Hunknown rate constants of elementary’reactlons." In more

y"-7}15recent years 1t has become a powerful method for the

7vfpheres.ﬁ}”

‘hlo51mu1at10n of the ongolng chemlstry of polluted atmos-*

l56 Alm of the Present Investlgatlon."

As seen from the above dlscu531on the results

\

“lavallable to date strongly suggest that atom and radlcal

iattack on alkylsulfldes and dlsulfldes takes place'*




mainly, in some cases exclusrvely, at theﬁnonbondlng 3p
: i * .

~orb1tal of sulfur. Klnetlc data however are sparce’ and

"for the partlcular case of H atoms, have only been

274
The reactlons of H atOms with dlsulfldes have not been

wdetermlned for the H o+ COS C,H,S, and CH3SCH3 systems..

>

o 1nvest1gated at all. V'j; };"; o 7 E

/ . R .,/ S

It was. therefore dec1ded to 1n1t1ate a}k%netlc—v
,_mechanlstlc study of the gas phase reactlons of H atoms
with low molecular welght dlsulfldes w1th the aim of
elucrdatlng the nature of the prlmary processes and to

Aestabllsh the overall mechanlsm by means of product

‘-,analy51s, together w1th the effects of exposure tlme,

'concentratlon and temperature on the product quantum

Qbylelds Next, rate coefflclents for the prlmary reactlon

.f,twould be establlshed in’ competltlon w1th the H + C2H4

reactlon, for Wthh the rate parameters are well known

o From the measured actlvatlon energles and preexponentlal j‘

”’ffactors, 1t was ant1c1pated that some correlatlon w1th

h-the exotherm1c1t1es of the reactlons could be establlshed
',and, more 1mportantly,;that knowledge concernlng the

'nature of the actlvated complex could be deduced ‘s<a"“

7,corollary to these studles,_some aspects of the chemlcal

vreact1v1ty of 51mple alkylthlyl radlcals can be brought

'pto 11ght._

45.
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L)

The follow1ng dlsulfldes were selected for study“ﬁ

. ulflde, the 51mplest in the series. It

(a).dlmeth
| r'was “that the overall mechanlsm would be "
irelat”'ely uneompllcated Sane few radlcals can be -
'produced, and hence klnetlc-mechanlstlc 1nterpreta- (@"
| ’ tlon of the results would be falrly stralghtforward-l
‘(b)‘dlethyldlsu fide, in order to see. whether 1ncrea51ng
alkyl subst?&utlon would have any effect on the nature»‘
of the prlmary process, | o f l“:‘ |
i(e) ethylmethyldlsulflde, where the p0551b111ty of
| competlng prlmary processes can be 1nvest1gated-
(d)tbls(trlfluoromethyl)dlsulflde ; to study the p0551ble-'
”heffects of strongly electron-w1thdraw1ng substltuents
h4on the nature and rate of the prlmary reactlon
o Flnally,_the H-+d1ethylsulf1dereactlon was 1nvest1gated
1n order to determlne whether the metathetlcal alkyl ‘

dlsplacement reactlon prev1ously establlshed for the H +

o dlmethylsulflde reactlon 1s common to alkylsulfldes._vhhjz

A L R T W i
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L ' CHAPTER II
 EXPERIMENTAL -

1. ngh Vacuum System. | ‘ : R = ' a

g

A conventlonal hlgh vacuum system (Flgure 1), con51st1ng

,

Aof pumps,rtwo dlstlllatlon units (one for purlflcatlon of ;J
substrates,_the other for separatlon of products),k
photolytlc assembly, gas storage bulbs, Toepler pump gas
~buret" and meterlng unlts, has been used throughout. The

: system wasrpumped down to 10 6'Torr.by means of'a tonstage
mercury dlffu31on pump.. backed by a Welch Duoseal mechanical
pump. Delmar float and Hellum tested Hoke, valves,'and
‘Delmar Teflon plug stopcocks were used throughout the
.system in order to- mlnrmlze loss of the sulfur- contalnlng
products durlng gas transfers. Absolute pressures were

) measured w1th elther a Mcleod gauge,_a constant volumei‘
:’mercury manometer, a.Barocel‘electronlc manometer,’Model«.

f3ll74 Type 570A-10T, or an MKS Baratron pressure meter,vf

'“,fserlal 19854, Type 170M—GB, assoc1ated w1th a hlgh tempera—v

’fture pressure head hav1ng a lOO torr pressure range,, .

serial 19853 Type 315BHS- 100._' Plranl tubes (Consolldated‘ A

:‘£Vacuum Corporatlon Catalogue No. GP 001),, convenlently

Tpﬂlocated 1n the system, were used to monltor gas transfers(
The Mcleod gauge was used to callbrate the Plranl Vacuum :f
ygauges (Type G l40C) »The'dlst;llatlonltralns;conslstedh:

: of several Uf and_multlecoil traps;’andfa solid nitrogen; L
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trap lnterconnected by’ mercury float and Hoke valves;‘
‘Samples were 1ntroduced to the attached gas chromatograph
.frqm the Toepler pump and gas buret 1nto the trapplng
.assembly The latter was used in conjunctlon w1th the gaS‘l

chromatograph for preparat;ve purlflcatlon or product

separatlon.,r_‘ e

2. Photolytlc Assembly 'hgf; . -<:}'\fﬁ}g/gy”f’v :.d ;‘},hé/; .
The photolytlc assembly, 1llustrated 1n Flgure 2, R
j'was spec1ally de51gned for the study of H atom react10nszf;~.'

with low vapor pressure dlSulfldes.' The cyllndrlcal , o
'quartz reactlon cell (5 X 10 cm), of volume 200 cm3,:;;?;kg?=.”
‘lencludlng the cold flnger and the dead space between theG
-7cell and the shutoff valve, was enclosed 1n an alumlnum

'block furnace 1nsulated by a 2 cm thlckness of glass wool
1fyand equlpped w1th 1ron constantanhthermocouples‘connected vfufﬁ;**;"
:cdto a readout dlal.» The furnace faces had alumlnum :ﬂ 4
“.xbrackets 1n Wthh quartz fllters could be 1nserted ﬁaThe
lfurnace was heated electrlcally to temperatures 1n'the

‘,,range 25 199°C, by two 10 cm pencxl heaters placed 1n

'5Q§ax1al holes, each located at the furnace face, 1n the . 1_553ff'f

ﬂif;two halves of the alumlnum block furnace.l Temperatures ';ff"yul;a;gff
lﬁl (+1°C) weré\monltored by standard 1ron constantan thermo;eiii]:"
”Jtcouples and\a thermometer placed in- an ax1al hole 1ocated.

fat the face of the block furnace.»&ﬁ3hi”’ | | B

The whole assembly, con51st1ng of a U—trap,.av

‘vstorage bulb, Hoke valves, a callbrated volume, and the
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\cell enclosed in an aluminum block furnace,‘was in a
thermostated box (100 x 70 x 50 cm), constructed of
kasbestos,tlS mm thick. The box was heated electrlcally

to constant Eemperatures in the range‘2; 65°C, by a
:vsplral heater lpcated at_thehottom ofthenbox. The thermo-
stated housing ee%yed.to maintain the\substfatevin the
gaseoue state ddring tranSfef to the reaction cell, and
was also foundbto lead‘to more quantitétive product
transfer ‘from the‘teactien_cell:tO»thetanalytical system.
To ensure uniform tempegature (:ltC) inside the box the

I

air was circulated by a fan, driven by an induction motor.

3. Ligﬁt Sourees and Aétinometrg,

“For the.H atom teactions, the light source was a o ///
Hanovia low'preesute'ﬁg resonance 1emp equipped witﬁ a. - ////J
253.7 nm Baird Atomic intetférehce filter. | /o

For photolytic'sydthetic pufpdées, a Hanovia medium
‘pressure Hg 1amp, Model 30620, was used without a fllter.
Thls lamp and the photolytleﬁassembly for the preparatlve
"purposes are located at the top section of Figure 1.

The light intensitycof»the 10& pressure Hg reSQnancé_ 1
-lamp was determlned ‘by pnopane acttnometry.sl; Under
' condit1ons of low lamp 1nten51t1es the, only elementary
| g}ucesses of lmportance are the follow1ng: i B
Bty ——wi’ep @



Hg(3pi) + CgHg ———H + CjH, + Hg('s)) (b).
, H f CBqS r—————-»Hz + C3H7(nf and iso-) N (cl ‘
2C3Hy .7 TGy + Gl o @)
| %ty T e
| o , ¢ . :
H 4 CH; TG, D

.kBackBZ has shown that.d(Hz), the'quantdmayié!d of hydrogen
productlon, decreases w1th 1rrad1at10n time untll the
concentratlon of C3 6 reaches a steady state, after whrch

Y

¢(H ) ='D.581~at 279C'and remains constant. ~ In the /

t . _ » o
"present experiments, about 600 torr .propane was irradiated . .

. /

repeatedly until the rate of hydrogen productlon became
tconstant and this value was used to calculate the lamp
.1ntens1ty The lamp 1nten51ty was kept as low as possible,
of the order of 0. 014 peinstein min ;, in order‘to minimize
'radlcal-radlcal reactions and to ensure a low'concentra?,d
tion.of.H ato@s. |
4.»Materials." ' 9;\
~All materlals used in thls'study were of research :
‘grade and were routlnely purlfled by dlstlllatlon in |
vacuo. ?able v llStS the sources and methods of purlfl—

cation of the various compglinds uded. The purltles of -
k- ) . '

~all the distillates collec ed further checked by gc. . .
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~in Table VI.

g 55.
Ethylmethyldlsulflde was prepared from the photoly51s

of equlmolar amounts of dlmethyldlsulflde and dlethyl-

dlsulflde. It’was’purlfled by gc us1ng a4 ft 10%

, trlcresylphosphate'on Chromosorb W column operated at

room temperature u31ng hellum as carrler gaS/at a flow

rate of 110 cm3 mln -1 (retentlon tlme, 41 mln) ' The

L

purlfled dlsulflde was always stored in vacuo at -196°C. v

I5.,The Analytical SYStem.

‘The'analytical~SYStem used 1llustrated in Flgure l

"con51sted of a callbrated gas burette connected dlrectly

jto the 1njectlon loop of a gas chromatograph The -
- detector was a Gow-Mac Model TRIIB, whlch was . powered by _f{

*a Gow—Mac power supply Model 9999 <C. operated at 110°C.

The unit was operated at 200 mA, and the results were ':/

read out on a Sargent recorder, Model S- 72180, operated

-at a chart speed of one 1nch per mlnute.' Hellum, drled

and purlfled by passage through a 5 A molecular s1eve

v column, was used as carrler gas, at flow rates‘determlned

-'by an open-end 011 manometer Whlch was callbrated agalnst

a soap bubble flowmeter., The types of gc columns used,

the operatlng condltlons and retention tlmes of the

' varlous compounds.encountered in this study are summarized

4
The g& effluent could be passed through a se %es of

| 001led cold traps in whlch de51red compounds could be
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L 1solated for further analy51s and 1dent1f1cat10n.ﬂ"’,

;fPrQV151ons were also made to bypass the detector for thef~}

cases of unstable compounds. . ffFvw«ﬂ;gjf'-.g 'f

Product 1dent1f1catlon was made 1n1t1ally on. the“

o ba51s of comparlson of the gc retentlon tlmes w1th those'”

of authentlc samples and then subsequently conflrmed by‘

"‘,mass spectrometrlc analy51s. The detector response was Hi

“”ovcallbrated from authentlc samples and checked perlodlcally

S~

Yfffor reproduc1b111ty.i Peak areas were measured w1th an:

:nOtto planlmeter.lfiﬂf V_Vﬁkgft_};”a “’f;_ Q*;d;*ﬁzﬂfy”

Operatlonal‘Procedure.U.:”

The reactlon cell and the thermostated box wereif”

"f:pheated overnlght to the de51red reactlon temperature

i

and 65°C, respectlvely The lamp was allowed to equlll-‘7

. v

'3‘gbrate at least 30 mlnutes prlor to 1rrad1atlon.k Control

_'experlments were made at each temperature 1n order to xf?"

fcheck whether thermal decomp051tlon of the substrate wasﬁh
: 1nvolved. All experlments were carrled out in the gas

?fiphase.A . ’.. o 5ffd'lr- ‘i’TL:f’ 'oifr E jbf '?l”

The substrate was expanded from the sto Jge bulb tofh'

"jthe reactlon cell and then the Hoke valves A and B,.
'1shown in Flgure II, were shut off. Its pressure was

e :"NT_,

{measured by the Barocel electronlc mandméter and then

!

.the Hoke Valve C was shut off. The substrate (< 30 torr)

was condensed in the cold flnger of the photolytlc cell

58.
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- by using llquld nltrogen contalned in a small Dewar flask

_1ntroduced 1nto the thermostated box through a w1ndow

- Excess substrate was pumped out by opening the Hoke valve"

B to the high vacuum.

hpprorlmately 580 + 10 torr hydrogen was then~
‘admitted into the reaction cell., The hydrogen pressure v
was.measured with a mercury manOmeter and then‘the Hoke
valveiC‘Was shut off Excess hydrogen was transfered to
‘the storage sectlon by conden51ng it 1n a SIXmolecular -
'51eve column kept at.f196°C, then expandlng.lt 1nto‘two-
hydrogen storage bulbs - |

The reactlon mlxtures were egulllbrated for 30
'mlnutes before 1rrad1atlon.’ After photoly51s, the
hydrogen was pumped out very slowly through a serles 0£'

cold traps, flve at —196°C and one at —210°C, keEplng

”kthe pressure readlng on the Barocel electronlc manometer

[

fdln the range l 2 torr The remalnlng fractlon, con51st-“'s_

1ng of substrate and products, was analyzed by gc on the

L i
: 10 ft trlcresylphosphate column.

: For experlments carrled out 1n the presence of
N ethylene the substrate was condensed in the reactlon cell
-and the Hoke valves A ‘and C were shut off Ethylene"

]

‘was admltted 1nto a callbrated volume, and then Hoke

4 : -

.valve B was . shut off The ethylene pressure (< 30 torr)f'
'rwas measured by the Barocel electronlc manometer.' The

'fHoke valve C was then opened and the measured amount of

. 59,




»iGO.
‘ethylene 'was condensedlnto the cold flnger of the photolytlc"
'cell. ‘The remalnlng procedures_were similar to those
'descrlbed.above, except that after pumping out the
;hydrogen, ethylene ‘was’ dlst1118d from the reactlon mix-
ture at -160°C prior to analysxs of the remalnlng fractlon
In the experlments W1th dlethylsulflde, the fractlon j\t

1:?volatlle at 160°C, con51st1ng of CZH4 and C2 6' was

,analyzed on- an 8 ft porapak N column,_whlle the fractlon

'volatlle at ~130 C was analyzed on a 10 ft trlcresyl—

fphosphate column : In order to ascertaln whether methane

7-was formed 1n the reactlon the hydrogen fractlon was

—

condensed on a 3 A molecular 51eve column. The column

'“was then heated to 100°C and the fractlon volatlle at. o

'thls temperature was analyzed on. a lO ft 3 A molecular
]sxeve column . - | v |

| It was found that 24 hours were requlred for quan—h
t1tat1ve transfer of the products from the reactlon cell

fj’to the gc 1n3ectlon port



" CHAPTER III

THE REACTIONS OF HYDROGEN ATOMS WITH DIMETHYLDISULFIDE

[

Results

The mercury photosen51tlzatlon of H2 in'the'presence
of CHBSSCH3,led to the formatlon‘of only one retrieVable.

vproduct, CH3SH, Poiymer formation'on the cell withw

| was quite eXtenSive, hence actlnometrlc measurements were :
performed before and after each experlment and the average.
'value was taken as the absorbed llght 1nten51ty. The
‘extent of quenchlng of the exc1ted mercury atoms by
CH3SSCH3 or C,H 4 at the hlghest concentratlons used was
'estimated to be less than 5%; see appendlx A for the Vlf
'calculation; Control experlments made at each temperature.

1nd1cated that CH3SSCH3 was’ thermally stable 1n the

temperature range 25 155°C IS

-3

COR ¢(CH SH) : ?‘,i‘h"“,m: lhhdl |  _.‘;k“v_

In the flrst set of experlments, the quantum yleld v‘a

l Effects of tlme, CH. SSCH3 concentration and. temperature

| of’CHBSH was determlned at 60°C as a functlon of exposurel
t1me at a. constant CH3SSCH3 pressure of 10 06 Torr.: The

f:results, llsted 1n Table VII, how that the quantum yleldrs
of CH3SH was approxlmately 2 i and 1nvar1ant w1th exposured'
tlme up to 60 mlnutes, hence CH3SH must be formed 1n a;ij

prlmary process : " T, 'f_",' {,7 %:v..,';f'

-~

6L
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LY ’ 3
.Next ¢(CH3SH) was, determlned as a functlon of
CH3SSCH3 pressure. The results (Table VIII) show that .
¢(CH SH) is also 1ndependent of CH3SSCH3 pressure in the
range 2- 20 Torr, 1nd1cat1ng that scavenglng of H atoms

(by CH,SSCH; is complete.

3
The results 1n Tables VII and VIII show that

F¢(CH3SH) was ‘also 1nvar1ant w1th lamp 1nten81ty in the range -

0. 011 - 0. 016 uelnsteln min 1.p Thls result constltutes
_addltlonal ev1dence to the effect that most,»lf not all,
of the CH SH is formed in a prlmary process. |
The effect of temperature on ¢(CH3SH) for a mlxture'
"o£3580 Torr hydrogen and 5 Torr CHBSSCH3 was examlned

L
X, show that 1ncrea51ng the temperature has no effect o

////6ver the range 25 120°C.f The results, llsted 1n Table*
I
- \i\* on the quantum yleld of CH3SH,Fand 1t can therefore be.
‘ concluded that 51de reactlons such ‘as thermoly51s and/or,“
"secondary decomp051tlon of CH3SH do not take place w1th1n.’

T

the temperature range examlned. .

2 Experlments in. the presence of ethylene fﬁ"f G

In the presence of C2H4 several addltlonal reactlon;*-"m

* .

products were formed three of whlch were ldentlfled as tf
”’i n-C4Hlo, QQHG, and CH3SC2 5, polymer formatlon was .

greatly reduced Ethane, whlch was. 1dent1f1ed.asfajfpéf"

- ’ N . . e L
| produqt, could not ‘be separated from ‘the large amounts

of ethylene and was, therefore, not determlnedxe

R

b ey T

S e
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: o : v ’ L
aquantitatively.e Product quantum yields forva mixture of
2 and 5 Torr CH3SSCH3 in the presence of
1ncrea51ng amounts of ethylene at flve different tempera—

580 Torr H

tures are glven in Table § where it is seen that ¢(CH3SH)
_ decreases w1th 1ncrea51ng pressure of ethylene, owing to
the competitive scavenglng of H atoms by C2H4,

H + C.H

L oHy —>C,H

5

NP e - Discussion
At the relative Hy/CH3SSCHy and H,/CH, SSCH3/C,H,
concentratlons used in thls work . 1t is estlmated that

>95% of the exc1ted mercury atoms are quenched by H2

Hg ‘-|‘-;hv- (253.7 nm) ---.. Hg6 (°p,)
1.*95(3?1).-_#'112_ " > HgH + H | &
HgH —— Hg + Hu

o

o Although ¢(HgH) = 0. 6783 ~85 the llretlme of HgH is so
short that the overall klnetlcs are 1ndlst1ngulshab1e ‘
;from those of H atoms, for . whlch ¢(H) 2. 0 86.

Slnce methanethlol 1s the only product of the reactlon,
and its. 1nvar1&nce WLth/exposure time 1nd1cates that 1t : e

is a prlmary product, the follow1ng 51mple mechanlsm would

;seem to apply. f



R | . TABLE X ' ‘
Effect of C,H, Pre‘s”su.re and Texﬁperatuife on ¢(C§iBSH)a'
P(¢2H4)3 [C,H,1/ '_h-_’.¢(CH3SH) '1/¢ (CH3SH) -
| | torr - [CH3SSCH3] | ’ ‘
7 | 25°C . |
-/ 5.00 1.00° . 1.86 . 0.538
7.50 1.50 o 1.75 . 0.571
: 1000 ) 2-00 o v 1065 . ‘ 0.606 .
S - 15.0 . 3.00 ‘ v 1.50 0.667 .
N . ) : . .
' 60°C B
. 5.00  1.00 o 1.76  0.568
" '10.00 - 2.00 1,53 .7 0.654
12.50 ° -~ 2.50 ‘ 1:42 .1 0.704
15.00 3.00 - 1.34 0.746
B : .~ 85°Cc Lo |
' 5.00 1.00 . o o 1.72 0.581
7.0 - 1.50 S 1.55 0.645
- 1000 - 2000 o - ; 1'43\__,, 0-699
12.5 © . 2.50 . 1.33 0.752
15.0 | 3.00 ' | o 1.24 . 0.806
* . l2o°c B B |
5.00 . 1.00 - - - 1l.63 .  -0.614
12.5 | 2.50 | 1.21 0.826
15.0 - 3.00 - > .12 0.893
‘ . 155°Cc | R -
0 5.00 1.00 .. . 1.53 0.654
12.5 \ 2.50 . 1.09 - 0.917
©15.0 . 3.00 . 0.980  1.02
g aPtholysi,s” t‘iime’= 45 min;' Ia_=’1'".27xl‘0?'8'einstein min"l .

P(H,) = 580£10 Torr; P(CHySSCH,) = 5.00 Tori.
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-

H + CH3SSCH, §—+f>cngsn f'cn3s{-_ o © (1)
_20535 ~—f—a-cn3ssc53»; o . (2a)
"~——>»CH3S‘H + CH,8 | (25)

From'this'-m‘échanism‘ o(CH SH)" = ¢(l) +"¢'(2b) = 2“1} and N
$(1)/2 = ¢(2a) + ¢(2b). The value of ¢(2b)/¢(2a) reported by

57a

“Rao and Knight 1s ~0 05 (Lossmg and cow0rkers value of

; 0 48715 probably erroneous) ' from whlch ¢(1)/2 = ¢(2.b')/0.05' o

-

+ ¢(2b) = 21¢(2b) Therefore,'

(1) = 424(2b), $(2b) = 2.1/43 . 0.05
and ¢(1) = 2.05 or, within eﬁperimental error, 2d0.. Tnls,
means that scavenglng of H atoms by dlmethyldlsulflde 1s‘
: complete and the only reactlon consumlng H atoms 1s N
reactlon (l) Slnce ¢(CH SH) is approxxmately equal to ” #
2.1 between 25 -and 120°, 1t is concluded that k2b/k 5is‘
'jtemperature 1ndependent in. thlS temperature range,'l e.,-
y‘Ezb is zero or. negllglbly small. -' ‘
| The absence of the radlcal comblnatlon products
such as CH§SCH SSCH4 and (CflszCH3)2 Whlch are expected

3
to be stable under the condltlons employed, is ev1dence

R

that the abstract_lve route to H, formation ‘does not occur:
o H + CH3SSCH3 -—‘--——»'H? + CH,S5CH, | | A (3) ,

/ ' ‘ ' =
- It wasnot jossi'ble to ascertain whether H, is one of the . -

v

v
R




v(:),.,

L
Uk st

CCHS.

.’falso&be dlscounted 51nce CH4, CH3SCH3 and st were f“;f

L "

reactlon products, however, on’ the bas;s of the exotherm-‘“

1c1t1es of reactlon (1) (~p-21 4 kcal mol ) and reactlon

”_(3) (= -8 kcal mol ) it as very llkely that the 1atter

iwill be relatlvely slow comparpd to the former Reactlon;

(3) may, however become 1mportant at hlgher temperatures.

LN
.

CH3S + CH3SSCH —~——a>CH3SH + CHZSSCHN

!

ffor"which'AH’~‘7 kcal mol 1, does not appear to be

\

f;important Moreover, thls reactlon is expected to feature
,-a substantlal actlvatlon energy whereas ¢(CH SH) was

,observed to be lndependent«of temperature up to 120°C.

The follow1ng metathetlcal prlmary processes ‘can

w‘demonstrably absent. Vo
i ’H"_+, ¢B3S,SCH3L """'1‘«’_'~CH3»SSH + .;cH3‘ . . .(5,)
o+ ca3sscn3ﬂffff»¢gn3sca3v+_us. S (6)‘

The detectlon of CH3SSH as a produét, if formed, is not -
40 88

p0851b1e because CH3SSH 1s known ' to. be very unstable
and decomposes to CH3SH and sulfur._ Flnally, the overall"

efstoachlometrlc balance 1nd1cates that the follow1ng ‘

reactlons,

ST OSSOy eSSk cg . 0 )

&

i

7
r(“

Oon- the same basxs, the occurrence of H abstractlon by”:

69.
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/'/Y
H O+ CH3S ——>CH,SH

are of very mlnor 1mportance.

B

@

:(8)

In the presence of ethylene ‘a complete hypothet1ca1

' reactlon sequence would con31st of steps (1L (2) and (9) (18)

CH3S * c2“4 - C-H3SC2H4-,:'* i

-2CI~I3$C2H4 _f_——b(CH SC2H4)2
“"'—"CHBSCZ 5 + CH3SC2H3
. ﬁ% _

,C2H5 + CH3SSCH3 —_— CH3SC H5 + CH3S

24.

cn3sc H, + ca3sscn ~—-—>CH3SCZH4SCH3'+ CHyS. (13)

3

3 v‘CHBSCZH 4 + cn3s —-——-»cu3sc2n4scn_3: X

SH + CH3SCZH3

. ——-’CH3SC235 + CBZS

"'-—>CH3

CH3SCyHy + Cofls :—““"@33‘?439 o
——=CH;

; CHas:+'Q235,fff—jECH3sczqs'
g b

VL TGl * CHySGly

ARt

O

”f(ila)
(1)

(12)

70.

(0

(14a)

A

B ‘(41:5'c')"

(14b)
‘(Ihc)
klfiSa),

- | (;Sb) N




71. .

{ CyHg + Cpfg f———>c4nlq. o (ra)
T CHlg + CoHy S T
- o CHs o o
CH3SC,H, + nC,H, ———> polymer = (18)

g+ RC,
The»metatheticalfradicalfdisplacement7reaction,

C2H5 + CH3SSCH3-—~-——>-CH3SC2H5 + CH3

7.,"’\)

probably requlres a conSLderable actlvatlon energy hence'*
':1t was’ assumed to be unlmportant in. this system ' Also,v .

"-lf reactlons (10), (ll), (12), (13), (14) and (15) can be

'.dlscounted 51nce CH3SCH2H3, CH3SC2H4SCH3, CH3SC4H9,;and

(CH,4 sczn4)2 wére demonstrably absent. Finally, step (18)'"

does not seem to be 1mportant 51nce polymer formatlon
'was greatly suppressed 1n the presence of C2 4° l Steady
o state treatment .of steps (l), (2), (9), (16) and"(l7)' i

leads to the follow1ng rate expre551on._,'

» Cf

; N

%

d"C‘*:*s‘” ETTIET‘ * ztlfa)-fpklpcu3s3cnjl £y
where Q- f delsproportlonatlon/zkcomblnat1on Of the CHBS

Q

‘,radlcal resultlng 1n the formatlon of CH3SH and 1n ‘the

;dlsappearance of CH3S by other reactlons, respectlvely.v“

‘ .
‘;Plots of equatlon I,illlustrated 1n Flgure 3 are’ 1ndeed o

- llnear at the flve temperatures studled and feature a Fh.'

‘)¢~common 1ntercept., The 1east mean square slopes ‘and

'1ntercepts are summarlzed 1n Table XI¢ The average value
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» " ”.60,v85, 120 and 155°C P(H ) 580 + 10 Torr,"

0 O

o o
FSRNE

e _120°C

 3§€¢1 ;l?; t“;; ,4 f “ 5%:. ety

72,

‘}-o*sj 0 15 0 25 30 T35 40

Pc H, / PCH SSCH3

o (cHy st) ? versus PIC H4]/P[CH sscH, 1 at 25,‘_

‘  P(C2 4)5* P(CH SSCH3) = 10 20 Torr, photoly51s

fg“txme, 45 mlnutes
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of a is 0 059, 1n good agreement with the value of 0. 05
reported in the llterature;s7 The values of k /kl, also .
liSted in TahieaXI,_are‘plotted in the Arrhenlus form 1n
"Figure 4, from»whieh . :

log(ké/ki) - (0. 592 + 0. 639) (2000 :,64)/2,3RT

Taklng the llmltlng hlgh pressure rate parameters for.

hstep (9) as89
kg = (2;2:0;4)x10;3exp[1(2066f83)/RTj¢m3mo}flsfl,'
.. : | ‘, Qj}f' - ' 5 : A .‘ . R B .
those for step (1) are . = PR
f-‘kl’%1(5;7f1;2)x;6??éxbt—(100£166)/RT1cm3m01fl571,
The experlmental entropy of actlvatlon, AS* =

exp

'.a-26 2 e. u. for the standard state of 1 atm.,'suggests a

J

hf'very rlgld tran51tlon state for the H + CHBSSCH3 reactlon

.;,:If one assumes an actlvated complex of the gypej;f»e"

. :
- -
A}
]
Lo .
L e o
j °. .
. N <
L .
. A Ty
‘. '
' =
7 il .
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Llog (kg/ky)

o

AN
i

N SR HNAN LY HSY B 11"1"r

24 25 26 27 28 29 30 31 32 33 34

FIGURE 4.

l/T x 103 (°K)

Arrhenlus Pl_‘?t?,o;fav_}ﬁg/ki :z)e'r;%u_é_ _l'/'T-.q
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i
W
-

AST can' be calculated by Benson's method77 since the gas

phasetstructural parameters of CHBSSCﬁj~havewbeenvm

o reportedl2 16'I'hestandardehtropy_of»thelactj.‘vatedcomplex,
g-(H-CH3SSCH’)$, will then Only'require a correction of ‘
e ' + !

'“V;CRln 27 1.4 e.u. from the spln contrlbutlon ‘since thek-
, contributlon from- the other factors, suchvas moments of
*1nert1a change, v1brat10nal entropy con31st1ng of con--.

R 'tribution from ‘each of the internal v;bratlons are small.’
R b : ' . : .. . ' ' : » . '_ . . N ‘
S o g L y R N <
. 4o ‘,' . ; : B . V ] ] ) . ) ) /é’ . : v .‘ . - . . B

= so(cH3SSCH3) +1.4 eu. o ';_fjﬁ<

R ORI SR PRSI

- S*(CHySCH) + 1.4 e, - 8 (CHySSCiy) - 5t
T T R

'{a{The good agreement w1th AS* exp ;“426“27éﬂh’ suggests that

the. geometry of the assumed tran51t10n state 1s a good

- N . 'l

‘fapproxlmatlon to the actual case.'*- s

S ,5111.5 From the present results, 1t 1s'not p0551ble'to draw ,;;v'ih
| 'f’any conclu51on w1th regard to the 1ntermed1acy of the B
VtranSLent complex (H CH3SSCH3), homever,vto date, there
15450 1nd1cat¢on that\such complexes could have a flnlte

11fet1me 1n,the gas phase. ze ?~. ert‘:h.;:hg(nh

SE et
-i."" -




CHAPTER IV
| THE REACTIONS OF HYDROGEN ATOMS WITH DIETHYLDISULFIDE
‘Results,

. The mercury photosen51tlzed decomp051tlon of H2 ing r v?
the presence of CzHSSSCZHS Ylelds o HSSH as the sole‘un
retrlevable reactlon product. Substantlal amounts of
-polymer were. formed at 1ong exposure tlmes._ The extent o
of quenchlng of the ex01ted mercury atoms by C2HSSSCZH5‘F
was estlmated to be less than 5%. Control experrﬁ nts _;fL?/

jmade at each temperature showed that C2 5SSCZH5 was .\\%_f

A‘7thermally stable in the range 25 145°C._pr(¥~
g

G1 Effects of tlme, CZH SSC2H concentratlon and temperature o

_‘v-on¢(CHSH) ST e e e .
e B U S

"~_n The quantum yleld of ethanethlol formed from the‘:u

'"mercury sen81t1zat10n of 580 Torr H2 in the presence of

“5 0 Torr C2 5SSCZH5 was determlned at 60°C as a functlon ;}7- S
I s _'1 _"m

: of exposure tlme. The results are llsted in, Table XII.i_"Hg‘ r&f[

1iffThe quantum yleld of ethaneth101 at 60°C,was 2 47 and

'.;1ndependent of exposure tlme up to 70 mlnutes at constant ‘ _qf

2 sSSCz 5 pressure, hence C2HSSH must be formed 1n the_

’e

ihprlmary process.1f"fh' %n
In the next serles of exPerlments ¢(C2HSSH) was

determlned as a functlon of dlethyldlsulflde pressure

.Q"
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-\, . . - e
\I\e results, llsted 1n Table XIII, show that ¢(C SH)

s also 1ndependent of C2 5SSCZH5 pressure in the range P
2- 15 Torr,\suggestlng that scavenglng ‘of .H atoms hy

.C

2 2 5

HSSSC H. is. complete !‘l,f;»;i :>(..\ . j\"
| 5 00 Torr dlethyldlsulflde were allowed to react

W1th H atoms for 45 mlnutes at temperatures ranglng from
25°C to 145°C. The results, shown in Table’ XIV ,show-"\
that ¢(C H SH) is somewhat dependent on temperature,

,‘ranglng from 2 32 at 25° to 2 84 at 145°C._“

2. Effects of added ethylene o ’y \ i

79. ‘

In the presence of ethylene several addltlonal reactlon ’

products were. formed three of whlch were 1dent1f1ed as
. a3
C2H6, n- C4 10 and C2HSSC2 5 - One p0551b1e reactlon

product, ethylv1nylsulf1de, was demonstrably absent \\;

' Polymer formation was greatly suppressed Proé/ct quantum 7

Rd - _—

: yields from the mercury photosen51tlzatlon of a mlxture'
of 580 Torr'Hz'andw5.0 Torr. CZHSSSCZHS in the presence of
e 'elncreaSLng'amounts of ethylene at five dlfferent tempera—

tures are glven\ln Table XV where 1t is seen that ¢(C2H SH)

:<\\\\\\decreases w1th 1ncrea51ng pressure of C2 4’ ow1ng to the

competltlve scavenglng of H atoms by . CZH4

RN 'H f c2H4 ———f>c2H5

~
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TABLE XV =
IABLE XV

Effect'qﬁ C2H4‘Preséu;é aﬁd'Temperatpré.on ¢(C2Hssh)§..‘

L RIS IR o) (GpHsSH)
_;:¢er” - Iczﬂssscz?slf‘ S

o
‘m.
© Co
BRI

0,000 —0.00 2,32

. .5.00 . 01,00 o 1.84
..lo.00 2000 0 T R . Y ¥

N\5.00 0 . 3.000 . 0 701,31

St 0.00 0 010.00 el 2,87 0
s .o - 5,00 - 100 o oo C1.94 0 L

- .10.00 ... 2.00 . . U 7. 1,59 7

15.00 - . 3.00 - . . 1.34 0

~0.00 - 0.00 R 2.58 -
5,00 . 1.00 . o 1.99
10.00 2,00 0 oo 1.61
15.00 3.00 . 1.37

| N 120°c R

10.00 -~ 0.00 | e 2070 0 s
5.0 . .. 1.00 - 2,09 |
~ °710.00 2.00 T . 1.69:
S 15,00 . 3.00. v T 1,43

' 0.00. . 0.00 . | . o 2.84
5.00- . 1.00 o a1

10.00 - 2.00 S 1.79

15.00  3.000 . - 1.49

 aPhotolysis time = 45 min; Ié’= 1.24 x.IOfa einsﬁeinvmin-l

tP(Hz)!=_sso_iflo Tqrr::P(CZHSSSCZHS) 5'5.60 Torr

?



:

Discussion .
Under the experlmental condltlons employed 1t is" o u_ﬁ

o estlmated that >95% ‘of the Hg(Bﬂ ) atoms are quenched by

LT . ',
7H2‘and the overall processS§ is'“ . "?ad_'b-_ka i
" ":kng(‘3'i> )+ H‘ — > ng(Ys) + M -

The absence of products such as C2H4, CZHG’ C4H10,- >

C,H SC H and H.S can be taken as ev1dence that the

155 K
PO

VT
b

1

L2750 2Ts T TR E v
'ffollow1ng hypothetld;l prlmary processes do: not occur
H + 02HSSSC2H5-——-——-’-C2H6 + C2HSSS ' .
".———--—>CZHSSC2H5 + HS.A
*,,Thefp0ssibility of hydrogenﬂabstraction taklng p}acef
'{n?parallelvand indcompetition_with CZHSStdisplacement,
R +_C211-ISSS_¢2H5—-———> H2 + CH3CHSSC2H5
jcannot°beddiscounted at thisvtime;;but kinetic considera- =
‘tions (videvinfra) suggestfthat this reactionris“unimportant
w1th1n the temperature range examlned ,

o the sole prlmary process of 51gn1f1cance 1s postulated

' to be

Hence, and also by analogy w1th H + CH3SSCH3 reactlonﬂhﬁ

. !,“ .
b



CH 4 _cznsssczg5 — CZHSSH + C2HSS e A1) ,
”;ﬁe{fcliowihg secohdarY-reactidns'ﬁay thenitake-élaee:
2c2H55 ———>C2HSSH + 02 4 R - (2a)

B

"“"C2HSS§§2“5_ Tge e S

CHS+CHSSCH ———>CHSH+CHCHSSCH

2Hs® . Colls® 25‘ 2s° 3 oHs o By

H + CZHSS ———~—>C2HSSH o R SR ‘({_)_

However, at the low llght 1nten51t1es used 1n the present

“flnvestlgatlon,‘step (4) 1s unllkely to be 1mportant

';_¢(C2HSSH) varles between 2 32 at 2§° and 2 84 at l45°

or that of the abstractlve route to thlol formatlon,

1

. reactlon (3) Now 1t has been shown (Chapter III) that

T ‘ThlS may be due to the temperature dependence of step (2a),d}

d/k for CH3S radlcals is temperature 1ndependent 'ithﬁfjh"

“‘“““‘“ﬁn{ﬂﬂﬁﬂﬁﬁknerreasonab%e—te—assume—that~the—same—4s ra

A i A b vt e

e R et e by b < 4

PREer S

for CZHSS and that the temperature*dependence-of~¢(e~H—SH) st~2r

f is due to that of step (3) }'Note that the expected radlcal: I

comblnatlon products arlslng from the CH3CHSSC2H5 radlcal

formed 1n step (3) were not detected Elther thls rad1ca1

1s not stable apd polymerlzes, or the products were lost'
during transfer. ~In any ‘case; it w111 be shown that
inclusion of step.(3)3in'thedoyerall-mechanlsm leads to

reasonable kinetic-mechanistic conclusions. . SRR




. ’

S

i,

Thus, assumlng that CZHSSH is formed exclu31vely

vta steps (l), (2a) and (3), t 'nrat 25°C where ¢(C SH);F h?;;

l2 32 the follow1ng steady state equatlons apPIY'f

: » LY 1,r , "‘ | B
: ¢(C S) = 2¢)(2a) + 2¢>(2b) + ¢(3) .. e I

‘v.

e

¢(l) ¥ ¢(2a) + ¢(3) 2 32

\‘leen that scavenglng of H atoms by‘C HgSSC '5

h'j¢(l) 2 and ¢(2a) + ¢(3) 0 32 From Knlgh' and Smlth'

v, .

"-value of k /k&b = O 13,6? eduatlon I becomeS" S \
¢(c235s) 0. 13¢(2b) + 2¢(2b) + o 32.= 2 ;‘_1;1- '

T s - - N " - - . N . : ’ . L .. . :
L ' ‘ ‘ . '
Q s S . PEEEEEE v C o
: . . .
.

85,

is complete,

"¢(2a), ¢(2b) and ¢(3) were calculated from equatlon III and ‘

are llsted 1n Table XVI at the flve temperatures examlned

Further steady state tpeatment of steps (2a), (2b)

ps

REREY and (3) leads to the follow1nd1rate equatlon '

3“" ¢(3>

7T T 7T
(Ryatkpd 25 (2 ‘“3)) e, HSSSC i, ]

' The Arrhenlus plot of ¢(3)/({(2 ¢(3))/2}%[c ssczns])(these~

'»values are also llsted in Table XVI), Flgure 5 is
‘sllnear over the temperature range examlned 1n agreement

D

w1th the above mechanlsm, and the slope ylelds‘

(g + B b)/z - Ey =

A

*

’vas was shown to be the case for CH3S radlcals, and sxnce -

2b is ‘zero or negllglbly small “then this value corfbsponds o :

B!
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P

5fh,isgapproximately91}§42;S”kcal;mol’;;andnheneénlh

to E -—-3 6& ’ 0 09 kcal mol

~Thls estlmate is the rlght order of magnltude when compared R
| s

l The methylenlc C H b§nd

¢

b'ﬁ d1$5001atlon energy in CZH SSCZH5 has not been reported

o but a reasonable estlmate can be made. Thus, because oﬁ

the adjacent sulfur atom whlch 1s expected to Stablllze "ﬁj

e o ¥
- _ S o,
G4 T e

the resultlng radlcal, lt 1s asiumed that D(methylenlc—‘j,”ﬁ

C H) 1s cibse to the tert C H valugh ‘90~ 91 kcal mohfaf

E o A,\-.g. .
Then AH for reactlon (3a) jjup;f.\Kdﬁ”

C H S + CZHSSSCZHS«?"—*—;):! 2 5SH + CH3CHSSC2H ' (3)

.”fiEgsd%jlgﬁléﬁgékaéal?np}j{?;he:f;~7eﬁ

[ S

to thevvalues reported for some radlcal + thlol react;ons,
'ij%fRstf+eea?RH”¥7Rsf“Ei;*4}oﬁkca1 noi*l;i‘#V

In comparlson D(C~H) for CH3SSCH3-1S ~95 kcal mol l

: and AH for the abstractlon reactlon

o j;v:,sl-fv"»“,'ﬁffg“.ﬁ ];H B R R
s Lo o A A aaAH .
‘C_CHBSLfJCH3SSCH3<*—;—— CH3SH + ,CHZ_SS‘CH.3

~

'w1li be approx1mately 7 kcal mol 1 Assumlng that the Y

”"1r€/’<i/,dj:'iﬂ iefin;\jkkphig__

from prlmary C H bonds by radlcals generally features a

actlvatlon energy for the reverse reactlon 1s 51m11ar to ;’
. ) .

that for reactlon (3b),_then the actlvatlon energy forllph

l

the abdve reactlon 1s approx1mately 8 .6 kcal mol ThlS

l'; estlmate -is qulte reasonable 51nce hydrogen abstractlon y



; relatlvely hlgh actlvatlon energy,'ln the range 9 12 l'!ff» {d
v”kcal mol-l.90 A >~?::,li‘3l5' i."rlﬂ{t'“eiitil '7 "\",}f[;;,"

Recalllng that kd/k for CH3S 0. 05 the substantlally

,‘"

"'ﬂf}h;gher value for C2 5S, 0 13,.suggests that the actlvatlon

_fgenergy for the dlsproportlonatlon\of CZHSS 1s lower than
. AN
jthat for CH3S radlcals., ThlS may be due to an enhanced

’fstablllty of the C S bond upon ethyl substltutlon or,_more “f_.

B / .
_11kely, to the lower bond dlSSOClatlon energy of the o

'*Qi::icﬂ CH——H than the Hzc—~H bond In any case, comparlson w1th

3"

L di;fk /k 9 3 and 12 0 for CH30 and C2 50 radlcals,?¥7h::dﬂ"h

'7,respect1ve1y, learly shows that C*S bonds are not readlly

| "converted to C“S bonds.

In the presence of ethylene a complete reactlon sequence

af’fh'would con51st of steps (1)—(3) and (5)"(1A‘

i CszS * °2“4 ““"’CszSCzH4 T

:%c2H53c2H4 —— CZHSSCQHS + CZHSQUHfCBZv. G ﬁ7a>:~
SC2H - p)

5 4)2

'[ffeffr?&c .
:‘¢2H5’+ cénssoZHA-;__->-c2ns + evnsscnwcﬁgdlékf]‘?-tsa)tij
3 ;;———*féz 27s

H,SC, H + c2Hff B T ()



L 2l P

i e A T N7
. R L

(CpHgS + ._C2HSSC2H4 ff—»cznssa + CZHSSCH CH2 - - (9a) | REP

2
ik

N

—————>cz 5sc?_ 5 o+ C2H4S ) '(_91’),

AT OB

S ______->c2355c2H4sc2 5 92

I

SSH + . C2H4 ‘ 1§y::2>27'4f}oa?.y.
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2“5

j—-———»c

Scz 's + sc2 5 ll‘_"._"':_"'.:..'_',(12")7:‘“ SRt

‘“92H5 b CZH4 »f-ffﬁg}frloclﬂéif';;';.'e{'°f5;“tﬁfg,‘1?? R
285 L £
2HSSC H4 + nC2

H4 e polymer S CEE §l4),'yﬁﬁ e
Although not all of the products formed could be f:?gtfffﬁff\{g:ﬁ
f ident1f1ed 1n thlS system, a careful search falled to ;ff7f,;tﬂ-gllr

reveal the presence of CZHSSCH CHZ' 02HSSC4H9 and

‘»',"'_"VCZH5Sc sczﬂs' whlch would have been formed had steps : e |

?e(7a): (Ba). (8c),ﬂ(9a) and (9c) taken place.a The meta¥7c‘““v'

,/

.:'thetlcal reactlon (12b), postulated by analogy w1th the.f:T'

‘yCﬁs + CH3SSCH reaction,sg‘ls probably relatlvely

/o
TR




‘Qflneff1c1ent and can be neglected 1n the klnetlc treatment
: Addltlon of C He to C H 1s a~relat1vely slow process

!(k-= 7 ‘5-"‘x 10 cm” mol

.v;;prodUCt of C4H radlcals,

: .‘0"‘_

275 274

8 o3 1 l at 25° ) compared w;th

"m;other radlcal-radlcal reactlons taklng place 1n the system

'}and moreover, butene, the expected dlspr0port10nat10n

(4

g Tacieals Lt

“VHyleld of C

'"chat the follow1ng relatronshlp was obeyed

T, o + ¢

‘-lwaS demonstrably*absent.~ty53 fjjf*jl;ﬁ

If the suppre551ng effect of added C2H4 on the quantum lil.aTQNL

2 5SH 1s denoted by f lt can be shown (cf

”f}!=Append1x C) that, assumlng the steady state concentratlon

*.ffof thlyl radlcals to vary llnearly Wlth that of hydrogen _ng'

1 l

hrfatoms, f lS proportlonal to the reactlve C, H4 concentratlon.4

flk Jicg) :
i [c2 5ssc H, ] SR

.

'!”For each C2 4 concentratlon at the varlous temperatures

'~ﬁfused 1n thlS study f was determlned by 1teratlon such

rg;qb‘i) ¢ (2a) ¢°(3) B T i ‘,,~pf7
lh_f;_‘,_‘ £2 y* e ¢(C2H SH)total VL

PRI

'u,where ¢° and ¢ are the quantum ylelds 1n the absence and

. e

h:;presence of C2 4, respectlvely The quantum ylelds for

™

"f[dsteps (l),}(2a) and (3) calculated 1n thls way are llsted

© inmable xviz. .

ﬁu-"iklsysfj%jb;_:y
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TABLE XVII

f: Effect of,C2H4 Pressure and Temperature on ¢(C2555H)a -

»

ororr [GHSSSOR gy g2a) $(3) ~ §(1)+4(3) ST

S 25°C |
£ 0.00 . 0.00 2.00  0.100 0.220° .2.10 - 0.476
© 5.00 400  1.60  0.064 0.176 ' 1.664 . 0.600
10.00 - 2,00 - 1.33 . 0.044  0.147 1.374 0.728
15.00 3.00 © .1.14  0.032 0.126  1.172  0.853.
R RN shoc o | -

“ 0.00.  0.00 2.00 0.090 0.38 . 2.09 . 0.478
. '5.00 1.00  -1.58 0.056  0.30 1.64 0.610.
. 10.00 2.00 1.31 0.038  0.25 1.348  0.742

15.00 3.00 1.12 0.028 0.21 1.148 0.871
| | 80°C - . -

0.00 0.00 2.00 0.090  0.49- 2,09 0.478
5.00 1.00  1.56 0.055  0%38 1.61c  0.619
10.00  2.00 1.28  0.037 0.31 °~ 1.317 . 0.759
15.00  3.00 1.08 0.027  0.26- 1.107 . 0.903
e . : R ' . 120°C ' . . o o
0.00 . 0.00  2.00  0.08 0.62 2.08 0.481
5.00 1.00 1.55 0.048  0.48 1.598 0.626
10.00 2.00 1.265  0.032 0.39 -~ “1.297 ° 0.771
15.00 3.00- - 1.08 0.023 .0.33 ., 1,103  0.907

3 ) . 1a5°c .
. 0.00 0.00., 2.00 .0.07 0.77 - 2.07 . 0.483
5.00 1.00. . 1.54 0.041 - 0.59 1.581  0.632
- 10.00 2.00 - . "1.25  0.027 0.48  1.277  0.783
15.00  3.00 1.b5- 0.019 0.40  1.069  0.935

»

—— d 9] - N ., -
* ®photolysis time = 45 min; I, = 1.24 % 10™8 einstein min~!

jP(HZ) = 5BQ‘¢ 10 Torr; P(CZHSSSCZHS) = 5.00 Tor?.



From Equation VI it follows'that‘i
o(1) + ¢(2a) = ¢°(1)/f + po(2a) /£2

(20+$_(g_a__)

Substituting;f from Equation V ‘and rearranging gives:-
1 1 kglc,H,)

‘ %_l/%¢(l).+_¢(2a)) = (2+B) f'(2+3) {CZHSSSC’H']"

here B = ¢°(2a)/f 3 Although B is somewhat dependent on
- the ratio [C2H4]/[C2HSSSC2H 1, plots of Equatlon VII,
.111ustrated in Flgure 6, are 11near at the- flve tempera—"

*

- tures studied and,gw1th1n exper;mental error, feature a:
common 1ntercept of 0 48.‘ The least mean square}slooes'
and 1ntercepts are summarized in Table XVIII.‘ The average
values of B and f are 0.08 and l 5 respectlvely and
therefore ¢° (2a) = 0.12, in reasonably good agreement
w1th the value of 0. 103 derlved from the unscavenged
system, Table XVI. These results 1ndlcate that the
assu@ption wherehy Czﬁss.radical disappear_mainly.uia'
abstraction, dispr0portionation and combination reactions
, _is'Probabl¥ correct; ThelVa;ues}ofij/kl listedhin'fable
XVIII are’plotted;inrthe Arrhenius form in‘Figure 7, from
.which .. ‘ j : |
log(kg/k;) = (-0.332 * o, 023)-(356 + 37)/2.3RT
Taklng the llmltlng hlgh pressure rate parameters for

step (5) as,89 | I o : .

93,



g0+ $(3)

: 1 -2 o 3

[C'z"'«_t] / [C2H555C2H5] =

versus P[C“2H4].'/P[C2H5$SC2H5] at 25,

S 1
FIGURE 6. ${Dy+§(3)
60, 80, 120 and :145°C. P(Hz)-= 580 flO"I"or.r;

’ N y .
'photolysis time, 45 minutes.
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‘[dCH

' ;and the dlfference, 1. 7 kcal mol

hthat/the react1v1ty of dlsulflde»

97.

kg = (2.2 £70.4) x 10" exp[-(2066¢83) /RT]cm’mol 1571,

 those for step;(l):are- '

T k= (4.73 £ 064 g?1043' 1 -1

The values of . the preexponent1a1 factor -and’ actlvatlon -
energy are, surprlslngly, qulte dlfferent for the H +

SSCH3 and H +. C H SSC2 5 systems,‘ln splte of the fact d'

3 275

fr‘that the 1n1t1al step in both reactlons lnvolves meta—‘

,-thetlcal dlsplacement of an alkyl thlyl radlcal he;"

arelatlve react1v1ty of these two dlsulfldes towards H atom L
Q H

'.attack 1s, however, clearly 1n 11ne w1th the observed '/f'

'.decrease 1n reactlon rate w1th decrea51ng exotherm1c1ty

’1n a homologous serles.' ‘In ‘this. case the dlmethyldlsulflde
.:reactlon 1s con51derably faster., From the data 1n Table II
fAH,= —19.7_kcalsmol =L for the H + C2HSSSC2H5 reactlon,
_ECOméared"to -21. 4lkcal mol ; for the H + CH3SSCH3 reaction“j':
;; 1s 1n good agreement -

w1th the measured actlvatlon energy dlfference of l 6

‘kcal._ Interestlngly, the exothe'm1c1ty dlfference calculated

'son the basrs of bond strength is 1.5 kcal mol 1/ 1nd1cat1ng
tOWard H atom-attack'is}
'governed malnly by the strength vof the bonds belng broken
Iand the new ones formed |

-. The experlmental entropy ‘f actlvatlon for.the

~ standard state of 1 atm., calvulated from the A factor,

exp[E(l?lO;GQ)/RT]cm3m01— s . ;



'method

'fmatlon 1s apparentLy the most stable

hthe non-bondlng electrons 1n the 3p orb1ta1 of the second

98,

-

is,-22‘O e’u ,- suggestlng .a somewhat 1ooser tran31tlon'
state relatlve to that for the H CH3SSCH3 reactlon,
where AS* = -26.2 e. u.» AS*’can be estlmated by Benson s '

77,'81nce the gas phase structural parameters of

SSC2 5 are known,' Three rotamers of C.H SSC2HS

2 5 275

) exlst 1n the gas phase,'of Wthh the gauche gauche confor- o

16 93 On the ba31s of

- the structural parameters and the Spat1a1 conformatlon of

"!\

t;C2HSSSC2H5 we conclude that 1t 1s pos51b1e that one of

r;the H atoms of a termlnal methyl group can 1nteract w1th

' 'sulfur atom leadlng to the formatlon of a flve—membered
*hydrogen bonded cycllc structure in- whlch there 1s a barrler

,f¢§to rotatlon of the other C2H5 group about the C S axls.,»n

4

'Attack by the H atom on: the 3p orbltal of the second |

_fsulfur atom would result in cleavage of the weak hydrogen s'y

i - /;_,
N ;i[ 5
SO~
/ e
H



"?fgresult 1s 1n agreement w1th the proposed gauche gauche

99,

bond thus allow1ng free rotatlon of the ethyl group. N

A freely rotatlng ethyl group contrlbutes about 7. 5 e. u,??;

| at 300 K and 1n order to reproduce the experlmental
f.actlvatlon entropy,v~22 0 e, u., the contrlbutlon requlred

from the.rotatlon»of‘the ethyl group‘;s, f

©oast

(H c2 5ssc )_5as°(cznsssc' )»f S°(H)

‘-_13'#[so(czﬂ5Ssc H, ) + Rln2 rx -'S (C Hsssc ).';sé(H)Yf"

l

H-.{;“

';j;T;fnld2j+;x“+fs$gny.al'%

o

| | iy SRR .

=220 eew.

ey s

= 4', 0 e.u. S

H'fhis vaiue,‘belng.lower than the full rotatlonal contrlbu-'~'L 5
'e..tlon,.ls reaSonable and seems to suggest that the ethyl |
/‘group rotatlon lS hlndered but not fully frozen." Thls
?structure belng the most stable conformer of C H SSC2HS,1-6 93 ;
.:and w1th the larger actlvatlon energy a88001ated W1th theih o

_H + C,H ssc H

2 5 )] 5 as compared to the H + CHBSSCH3 reactlon.



' CHAPTER V.
- 'THE REACTION OF HYDROGEN ATOMS WITH ETHYLMETHYLDISULFIDE -
"Results5?f_

¥
kel

;vi;,ProductsVOf'reactiOn}:5

In the gas phase and at room temperature H atoms

T :react w1th ethylmethyldlsulflde to yleld CH3SSCH3,

2 5, 3SH, C2HSSH and at longer lllumlnatlon

”’tlmesu sulfur polymer.- As w1ll be seen, thlS system lstV""“

C. HSSSCZH CH

7much more complex than for the case of symmetrlcal dl-;f}"”

'ﬁsulfldes. Control exPerlments w1th a reactlon m1xture'{*=q"
, - e o

'**_ftcon51st1ng of 580 Torr H2 and 2 5 Torr CH35802 3 showed“wf

‘i*f,that con51derable amounts of CH3SSCH3 and C H S§Cz 5

b'vwere formed by thermal exchange reactlons In subsequentffg‘f

"Hﬂcsen51tlzatlonfexperlments correctlons were made for the .

o uthermally produced amounts of these products. It was:

'V:estlmated that less than 5% of the exc1ted mercury atoms~;.;

:yfwere quenched by C2 5SSC H5

' 2 Effects of exposure tlme, pressure,'and temperature

In. the flrst serles of experlments reactlon mlxtures

A

“*7conslstlng of 539 Torr H2 and 2, 50 Torr CH3SSC2H5 were

'1”mercury sen51tlzed and the quantum ylelds for the forma— S

B t1on of the thlols and dlsulfldes as a functlon of exposure

[
'vtlme are llsted in Table XIX - The quantum ylelds of

formatlon for both symmetrlcal dlsulfldes,ywhlch are T-f“

=1106'j;'1f' L EEE \\jff"
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o

essentially equal in‘the‘Whole time'range}”are(extremelyv

"r: hlgh 1n1t1ally but decrease sharply w1th 1ncreas1ng tlme Q.J

o upvto 120.m1nutes.' The tlme dependence of ¢(CH SSCH )

- 102.

_‘and of ¢(CZHSSSC HS) are plotted 1n Flgure 8 extrapola-'p.’“

‘5

’tlon to zero tlme glves the value ¢(t Ol'i 92,5 As seen‘x
‘ifrom Table XIX the quantum ylelds of formatlon of CH3SH

‘fdand C2HSSH show only moderate tlme dependence The ratio,,"

h.¢(CH SH)/¢(C SH) 1s plotted as a; functlon of tlme 1n

77?5F19ure 9 , Extrapolatlon to zero tlme glVeS ‘the 11m1t1ng -

“:value of l 86 whlch 1s 1dent1cal to the rate constant
. ﬁ;ratlo for the H + CH3SSCH3 and H f C2 5SSC2 5 reactlons.

Next the quantum ylelds of the products were

' 5,exam1ned as ‘a functlon of substrate pressure » On 901ng“_-af“

“-*Vfrom 2 5 Tgrr CH3SSC2H5 to 5 0 Torr, the quantum yleldsff:‘“f;fl |

wiof CH3SH and C HSSH were unchanged whlle those for

“udCHBSSCH3

' ”fd63 5 and 62 8,'respect1vely, 1 e., 1n dlrect proportlon:hi°‘

'tho the pressure 1ncrease f.,l,v,f 'd}df.(_”q irﬂfV S

i

v The effect of temperature on the quantum ylelds ofhff:},;_,f?"

15-the reactlon products was not quantltatlvely determlned]'

'h;because the system was exceedlngly complex as a result ofjh-

'”the occurrence of thermal exchange reactlons Quallta—utj

stlvely, however, the quantum ylelds of CH3SSCH3 and s
'CZHSSSC2H5
”‘ture, whlle the quantum ylelds of the tthlS 1ncreased

B only moderately

and C2HSSSC H5 1ncreased from 31 7 and 31 3 to”,%i;;'a¢

1ncreased 31gn1f1cantly w1th 1ncrea51ng tempera-u:\*
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‘ 100‘  ff;-in. ' S'IL"'; J:‘ 1ﬂr"  ‘i SE

QOR lj‘cﬁ'_-;’sscﬁjxt.
T | B S R Oc2H555c2H5 T
L T IR

| . i Sy T

R

A FIGURE 8. Average quantum ylelds for CH3SSCH3 and o

i CZHSSSCZHS fgrmatlon_as‘? fun;tlon of 1rrad1at10n
" time. SO |
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- 105.
Cﬁ_jv.,_ :"” ' g,fDiscussion'};
The 1nvar1ance of the tthl quantum ylelds w1th :.A g§$;t"'
CH35502 5 pressure suggests that scavenglng of H atoms
by the substrate 1s complete._ Hence, and by analogy w1th '

f the H+CH3SSCH3 and H+C2HSSSC2H5 reactlons 1t is propbsed v

ﬂ'that H atoms react w1th CH3SSC2H5 via two parallel

.and competlng metathetlcal steps (1) and (2)

e

H + CH3SSC2H5 ——»CH3SH + CZHSS _ : (1) AT

e H + CH3SSC2H5 ——————>C2HSSH . cn3s. j: (?»,)41

The very hlgh 1n1t1al quantum ylelds obtalned for

'7;;fthe formatlon of CH3SSCH3 and C2 5SSCZH5 1nd1cate that

"thfy the th1y1 radlcals generated in- reactlons (1) and (2)

»Elhh‘propagate a chaln sequence '.7tff*f~'7*

."“,gthlyl radlcals is postulated to be comblnatlon and

C‘?sﬁ_s..:T._9??.3357,C-2HsTfFHgSS.‘%Ha;* CHsS - ()
*h’CZHSSQ+ CH3SSCH3ffiﬁ*?CH3SSCZHS +,CH3$n tygf.(4j}_~

Termlnatlon of the chaln and the flnal fate of the

4 dlsproportlonatlon.;

ssc Hs ———>CZHSSSC2H5 + CH3S ) n



*106.

< ca3s5+ CH;S ——»CH,SSCH, ° . (n.
~——> CH,SH +VCH'2’s . (8)
C,HcS +:c HSS‘““”’C2H555¢2H5 N )
——~>CZHSSg.+‘CH3CHS: | - (10)
CH3S + CyHgS — CH3SSC, Hg (11)
’ s s . .
4——a5cH3SH + CH4CHS - (12)
—»C HgSH + CH,8 (13)'

2

- The occurrence of dlsproportlonatlon 1s clearly demonstrated"

by the fact that the sum of the quantum yields of the
thiols is 2.2, whereas a value of 2.0 would be expectedv
solély on the basis of reégtionsh(l) and:(Z).

o Because'of the occurrence of this chain reaction,
.the-symmetric‘disulfides accumulate rapiély in the system
and thelr secondary reactions with H atoms also need to

*

. be considered in the overall mechanism:

s | C o (14)

H + CH3SSCH3 -———a—cn3sn + CH3 |
" -
H iégzﬁsssczﬂs———*-czﬂssn + czﬂss ‘ - (15)

The overall meg%inlsm con51st1ng of the elementary
steps (1) - (15) has besn tested by computer modeling.
The objectlves of the s1mulat10n were to see if the

observed tlme dependence of the quantum ylelds can be
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“reproduced and also to estlmate.rate constant values for
| those 1nd1v1dual reactlon steps Wthh have not been reported
'in the llterature.-h | S o o 'f

/ The setvof dlfferential equations oOrresponding to

the above mechanlsm was, solved numerlcally by using the

79

‘algorlthm DIFSUB developed by Gear '~ for the numerlcal

:1ntegratlon of a. set of stiff ordinary" dlfferentlal

equatlons. B L - N
. .o AN

, Thejrate,constants ky and'ké were assuges to be
identical to‘those‘determined~for the feactions\of‘H‘
'atoms w1gh.the correspondlng symmetrlc dlsulfldes, CH3SSCH3

.97

‘ and C H SSC H on the basis of the observatlon

275 257 :

that the extrapolated value of ¢(CH SH)/¢(C SH)‘at‘

0 is equal to kl4/k15 J | |

; The rate constants for the reactlons of thlyl radlcals :
‘with disulfides are not hnown and values of k3—k6 had to
be establishedlby fitting"the‘caloulated.rate‘of.forma-'
tion for the symhetric,dlsulfides to the‘meaSUred”quantum.
yields. The equilibtium.constant<for»the‘disproportionaj'

tion feaction,
CH3SSCH3 + CZHSSSC2H54;I:::-2CHBSSC2H5~ ) oo (16)
. N i . N .

vhas been determlned experlmentally as belng 5.5 at room

' temperature.?4 Ifﬂwe_assume that reactlons‘(3)-(6) S .

approach a.31milar§equilibrium then the corresponding

rate constants mugt satisfy the following relationship:

4

’ B

94-96 |
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k4/k3 xiks/ks?%_s.s - o o 17)
‘Frombthe set'ofvrate conStants used in the simuiation
’ iistéd in.fableixx, it is seen,that‘the derived,values
of k3 tobké conform to'this reiat' nship.v | |

| It was also consxdered that the conver51on of g
symmetrlc dlsulfldeS/to asymmetrlc ones should be faster,
'i.ei, ké < k and k5 < k6' because of the contrlbutlon to
the entropy change from the loss of symmetry The,relafv
. tlve magnltudes of the rate constants k3 }fk6 arema150~,f
,hln llne w1th the observatlon that substltutlon of the

methyl group on the S atom by ethyl decreases the rate'

""constantg7 for attack by H atoms.

o comblnatlon and dlsproportlonatlon of CH

The rate constant\for the comblnatlon of CH3S radlcals‘..*

.'has been reported to be\\\bbp’

hkf‘é 2;4 x 10%3 cn3 mol l s-l;

vand we assumed the same value for k9, the comblnatlon of

"CZH S radlcals. The kd/k ratlos for'CH3SenmiC2FSS radlcals

57a, 68

have been reported andtjuarateconstantsfor ‘the cross

3S ‘and CZHSS (k

and kl3) were ‘taken to be tw1ce as hlgh as for the self}

"reactions (k and k 0), i. e ,‘

1 . : : ~

= 2k, and k = 2k10

kK12 8 k13

From Table XX kl/kz»z 1l.86, #3/k5;:_1'80 andiu
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r.'kd/ké.= 1.60. Thevrate'constant-ratios for disproporQ
tionation and comblnatlon of - thlyl radlcals obtained
,from the s1mulat10n, 8/k = 0 08 forCH3Sand}<0/k = 0. 21
v for. C2H5 ‘are in good agreement w1th the experlmentally
'derlved values of 0. 05 >7a and 0 l3,68J respectlvely
The 51mulated tlme dependence of ¢(CH SSCH )

'calculated on. the basis of the above mechanlsm is shown
in Flgure ‘10 along w1th the experlmental values (1n the
whole time range, 1dent1cal values were obtalned for.
'vi¢(C2HSSSC2H5)). Curye A represents the change of the
quantum yleld w1th tlme, and curve B is the average
iquantum yleld calculated from the amount of CH3SSCH3 :
'1“formed at the glven tlme.: It is seen that curve B |
nfollows the experimental'trend, reproduc1ng the rapld
,'decllne of the quantum yleld and curve A rapldly approaches
the-value of zero Both trends are manlfestatlons that
- the system 1s approachlng equlllbrlum The concentratlons‘
.of the symmetrlc and asymmetrlc dlsulfldes calculated at
'gf-% 20 mlnutes correspond to an equlllbrlum constant of
véld, in accordance w1th the assumed rate constants k3-k6

| For ¢(CH SH) and ¢(C2HSSH) the values of 1. 41 and
0 79 were" obtalned 1ndependently ofvexposure tlmevvln-u
good agreement-W1thbthe_experimental_results;lv S

V “¢(CH SSCH') calculated'in the‘simulationw(curve-B
1n Flgure lO) reproduces satlsfactorlly the- experlmentally

observed rapld decrease w1th 1ncrea51ng 1rrad1atlon tlme

S
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"_FIGURE‘lO; _Dependence of ¢(CHBSSCH ) on 1rrad1at10n tlme

Curve A flnstantaneous quantum yleld calculated

‘from the amount of CH3SSCH3 formed 1n one
':second; |
-Curve B?‘ average'quantum'yield;'calculated‘from ;-

the 1ntegrated amount of CH3SSCH3,;,‘

'ibi° experlmental data



and together w1th the agreement between the observed and
'calculated ¢(CH3SH) and ¢(C2H SH) values supports the
'proposed mechanlsm. The agreement also shows that the
”assumed values of the rate constants are reasonable

The derlved rate constants for the reactlons of

;thlyl radlcals w1th dlSulfldeS are. lower than the.pf

_correspondlng rate constants for H atoms and the dlfference5

5"1s probably due to changes 1n both the preexponentlal
’"ffactors and the actlvatlon energles Thus for H atom
‘reactlons the gas klnetlc COlllSlOn frequency and the

-Q\,

ﬁsterlc factor are both 51gn1f1cantly hlgher than for thlyl

f_‘radlcal reactlons Also, hydrogen atom reactlons are

Ahjabout 15 kcal mol ; more exothermlc as comgéred to the

_fnearly thermoneutral reactlons of thlyl radlcals

112.



: cHAPTER T Vi |

THE REACTIONS OF HYDROGEN ATOMS WITH BIS(TRIFLUOROMETHYL)

' DISULFIDE

‘Resultsff'

1. Products of the Reactlon-A;t“:’f"f‘ o
< The Hg* photosen51tlzatlon of a mlxture ofFGQO Torr

fHé and 3. 75 Torr CF3SSCF3 led to the formatlon Of very

small amounts of CFBSCF3 (typlcally, 0 07 umoles for a pe

45 mlnute photoly51s at 25°C) and exten31ve dep051tlon of

' polymer._ Subsequent blank experlments however showed

3

that CF SCF3 can be formed from a thermally 1nduced exchange”v-*"

:f_reactlon

R e

The 1arge amounts of polymer 1nd1cated that some'm
' I

Qreactlon had taken place, but ev1dently the products must;yl.,"

have been 1rretr1evab1e Two prlmary processes can be-=]
-env181oned;_ dlrect S abstractlon,‘-"

B +'7CF3'SS‘CF3 ——--» > HS + CFySCF3 SRR @

y

whlch would lead to the formatlon of st vza dlsproportlona— o
tlon of the HS radlcals, and by analogy w1th the alkyl |
dlsulfldes, metathetlcal dlsplacement |

H o+ 'CF3_SSCF3”'—H—’-,'—‘>.' CFSSH,'}»C'F:;S' B )

R
*.
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The small ylelds of CFBSCF3 observed suggest that .

step (2), 1f 1t occurs, must be relatlvely 1neff1c1ent

98 under the condltlons

’ 531nce thlS sulflde is falrly stable
iemployed here Nevertheless, the p0531b111ty that HZS

'”_undergoes a dark reactlon w1th the substrate had to be _
e . R

. ’V“"/, . ) Ry
»

thF3SSCF3' no HZS was found.,;gv,v-‘"

explored.. To thls end, ‘a mlxture consxstlng of 3% HZS

3
'at 59°C and only the CF3SSCF3 peak appeared on the

hln CF. SSCF3 was analyzed by gc on an 8 ft porapak N column

'xjchromatogram As further conflrmatlon,.gc analysls of ‘,

1’the reactlon product””formed from the Hg* sen51tlzat10n

&}of 600 Torr H2 1n the presence of 3 75 Torr thllrane

zfshowed that the HZS formed 1n the reactlon could;an;fact*f
-hiffbe detected w1th the analytlcal technlques emélbéédijétgf.-3l~'&‘
hrffwhen the experlment was carrled out w1th 3 7$hTorr:addedﬂ;

: L RIS

-In the llght of: these results, 1t was.suspected that
:e-CF3SH mlght also engage 1n a dark reactlonkw1th CF3SSCF3

| nUnfortunately, CF SH 1s not commerc1ally avallable hence o

L 3
a mlxture of CHBSH (3%) 1n CF3SSCF3 was prepared and

-3_1njected 1nto the gc-d,as_expected, Ch3SH.was_not eluted”{.,:’°l
,p‘on the chromatogram | | | | h'» el -

In order to test for the 1ntermed1acy of. thlyl

'[_radlcal 1n the H + CF3SSCF3 reactlon a mlxture con81st1n§

'~; of 2 Torr C2 4, 30 Torr CFBSSCF3 and’ 600 Torr Hé was“
.d‘mercury photosens1tlzed In addltlon to CFBSSCF3, C4 10,‘ B

m.and C HG' CF3802H was found to be a maJor product. The" o




- Q,'st are llsted ln Table XXI In thls system C

:ﬁfﬂ.formed in two ways-

Y 1s,
_“mass spectrum of . thls compound is glven 1n Appendlx B.

'The formatlon of CF.SC H deflnltely shows that CF S.

3772 5 3
Aradlcals are lntermedlates 1n the H + CFBSSCF3 reactroh.'

2. Effect of added th11rane

In order to determlne the rate coeff1c1ent of the o

.'H + CF3SSCF3 reactlon 1t was de01ded to carry out

L5 Pt o sl S eE e it St

"competltlve studles w1th added thllrane Flrstly, the‘
-hzﬁfi Cz 4S reactlon was 1nvest1gated as a.functlon of »;i
"iexposure t1me for a mlxture cons1st1ng of 600 Torr Hé
‘h‘and 3 75 Torr C2H4S The quantum ylelds of C 4 ahd S
2 4 can be '.ﬁl-;df;fTTV:E
38; desulfurlzatlon by H atoms, and by o

: S atoms
e T S T e Do
,'-S,_'f'CzH,ﬁ “—’Sz’fcz% o ‘6)
From Table XXT, it is seen that ¢(C2H ) = 2. 47 at 25°
"1ndependent of exposure tlme up to 60 mlnutes Slnce |
¢(H) .'; it follows that ¢(6) O 47 v The total quantum

ﬂ;f,yleld of ethylene is. 3

| ¢<c2H4) ¢(4) + ¢(6)

S
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¢>(4) = <t>(c2 4) ¢(5) "”2447"0"4-7. = 2.00

' catv25°C The results in Table XXI also show that Y is

‘1ndependent of. temperature up to 152°C

In the " presence of 3 75 Torr CF3SSCF ¢(C2H4)

‘1pdecreases and HZS is no longer detected. -The values of'

'7ffIn the abs

" H /CF SSCF

c

~_follow1ng prlmary processes

vproducts lt

P

>¢(C2H4) and Y obtalned at flve dlfferent temperatures"and

H4S concentratlons are llsted Ln Table XXII

2
ppiscuSSion‘
H atom attack on. CF3SSCF3 ‘can’ take place via ‘the

N

'-f;;;{Hsbt:CFBSCF3f.‘;'}.V 7(2):Q

SRR kenEscey

lof measurable amounts of retrlevable o

3/C2H4 system strongly p01nt to the occurrence,;f;

7.

’f{(?’iff;fh?.iv*

:not possxble to make an unequlvocal de0181on_-”“‘

'w1th regardf o these p0551b111t1es, but the results from theif'hk

.'Aof step (3) Thus CF3SCF3 is formed ln only trace amounts,_ph

. - \
’,'and is most llkely formed from the thermal exchange

.jbe ruled out 51nce a prohlbltlvely hlgh actlvatlon

.reactlon (l) The occurrence of F abstract10n,_(7), can 4‘7
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o e SRS B R e S

'TABLE XXII

Effect of Temperatufe and C2H4S:Pre$Sure on y°

PKC2H4S) [CF SSCF ]/ SRR "‘¢kC2H4).k'“J’Y§;. oY L

e o .25°Cf e
© 3075 0 . 0.00 . 2.47. 2,00 . 0.500
'7.50 -~ 0.50° 720220 0 1.75 - 0.571
3,75 . 1.00- 2.02 - 1.55 - 0.645 .
©2.50 . - 1.50 . - 1.85  1.38  .Q.725
0

- -1.88 2,000 0 .. 1,66 0 o 1.19
. 1.50 . 2,50 o 1.590 1.2
N R O -1+ SR SRS S
3195 .0.000. . 2.40 - 2.00° . 0.500 -
3,75 1,00 oo - 1074 0 - L.340 0 0.746.
2,50 1050 oo . 1.55. .0 1,157 . [0.868"
o 1.88° . 2,00 . 1.417 01,01 . .0.990
71,50 2,50 0, oo 1.300 0 0.9007 . 1.1l

R RETER DS T P S R T (- L Al SRR UE I UM T S ~,:.:X .
‘ ;_43175;1’f~jo;00:';’;qv}g';V¢j;,2$37x;,y;_2;oo:“4;-0,50_7 e
. 7.50 . 0.50. ¢k . . - 1.89° " "1.52 - 0.660 - .
L 3.75 - 1,00 ¢ 1,630 10260 0007940 -
“i.2.50. 0 .1.50° o . - 1,41 ©:1.04 o 0.962
. 1.88 - 2,00 ... . .1.25 . 0.880 . :1.14° o
1050 2050 . 0 1,120 0 07500 - 1,33
e I L gl e T e T
3,75 . 90lo0 .- 2,30.0 2.00 - . 0.500
3.75 -~ 1.00 . 1.33 0 1,03 - - 0.971°
2,50 - '1.,50 - . . 1.14 . 0.8400 7 1.19°
1,88 - 2,00 . 0.996 . - 0.696 l.44 . o
°1.50 - 2,50 © - 0.894  0.594 - 1.68 . -,
S T asase o T g e e |
03,75, 0.00 . 2,200 2,00 0500
7,50 . 0.50 -, . 1.47 1.27 0;787.57
3,75 100 - . 1,13 - 0.930 . 1.08°
2,50 - 1.50 ... 0,919 . 0.719 . 1.39
‘188 . 2.00 0,792, 0.592  T.69
. 1,50. o2, 50-5-. ;‘ S (;o.?ocﬂ-t';o:soo:__ -2 0. .

e

T R e s s T A R o A Svictossim e e

”'f l 06 X - lO e1ns§31n m1n ;{ P(Hz) 600+10 Torr, P(CF3SSCF3)f;.ﬁ

Y = ¢(C2H4) ¢(H S) Photoly51s tlme 455miﬁ;°1a : _
g L
- 3. 75“Tor;..\v '




}fffformatlon of the observed products.,gf“h
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"energygg would be assoc1ated w1th thlS reactlon. Fron
‘e,these observatlons, and by analogy w1th the case of alkyl B
'dlsulfldes,'lt is therefore concluded that the sole prlmary
‘process of 1mportance is step (3) The only secondary .

‘.-reactlon of 1mportance is’ prob&bly recomblnatlon,

o ZCF‘3$. vfffCE3sscE'3‘ i

*51nce, ow1ng to the hlgh C F bond strength dlsproportlona—_phflf'""

' thon cannot take place at the temperatures used 1n thls

’ﬁ=study.

Strong ev1dence for the 1ntermed1acy of thlyl radlcals’/}'gﬁprifi

; rln thls system,{and hence 1n support of step (3), comes ST

dffrom the experlments carrled out 1n the pre}ence of
i,éthylene, where CZHSSCF3 1s a. major produCt.L The follow—;"” o

'.,1ng sequence of elementary reactlons accounts for the o

- ,H ¥ CF3SSCF3-"’*CF 3,5“,]*- CFBS R e
jf-:'v . ST : S .
2 5

+ CFBS ~————> c2H5SCF3 ; ~‘
m' v -4.u.j‘ii: lo‘ftlll'; e e

~——>_ - C2H6 + czn4 B 3

RIS

Can
- ) C2H5 + C2 5 . ——P C4H10 - o “ (12)

i e

j_gfr(lo)!g;“;ii:itf:w




§
DN
S
g o
(i:“h. s
.

T

‘1n the presence- of large amounts of CF3SSCF3, 1t is very
‘likely that CF 5SH and CFBS‘SCF3 exist as a hydrogen bonded

" complex, e.g.,

‘from the results of the photolysis of CF4COCF3 in the

 yields of the observed products. - _— ‘féﬁ
P . ~ . A
'H + CF,SSCFy —> CF3SH + CF5S- L (3)
. H + .C2H4S ——m> C,H, + HS ) I . (4)
‘HS.~+ HS ——=H,5 + S P (5)

- 120.

T

Slnce it has been shown that CF3SH cannot be detected

CFSH + CF,SSCFy ——>[CFS—H- ~+F4CSSCF,] | (14})

. Bvidence for the existence of a similar complex comes

presence of H2 100, 101 There was a'mess balance deficiency

of'abont 18% for the CF3 radicals produced endkthis was

ascribed to the following teaetion: S B L

CF, + SH .—» CF;SH " o o as)
‘ 4@0 ana1y51s for CF;SH in the CF3COCF3 photolyzate however
‘was dlfflcult and the results were 1nconclu31ve100 ;101 It.

is qulte llkely that in this system as well CF3SH forms
a hydrogen bond w1th the substrate. |

- In the presence of. thllrane, the follow1ng sequence'

of reaction steps explalns the nature and}the guantum

£ S + 02H4S —*T—*>C2H4 + S2 (6)



HS + C3355CF3 _____.-CFBSSH_+ SCF3 e _\j}) (16)
. .' M . . . . ) . . . . ‘ '. . v
HS + Hg ———> HGSH | . S (17
CF3S + CF,S ~—f~a»CF3sscp3 e | (18)
CF4S + HS — CFoSSH .~ = © . (19)
CHyS + CFBSSCFB—ff—f>i[HS-—Hr-.FB?SSCF3] N (20)
: ‘ . )
iCF3SH + - CF SSCF ~———*'[CF S-—H-' F3CSSCF ] C(21)

3' 3
&he pos51ble eccurrence of reactlon (16) has to be
con51dered 51nce the follow1ng novel metathetlcal reactlon
has been shown tp ta};e_aplace:40 '
: n § S o B
'HS + CH,SCH, —» CH,SSH + CH

3 3 G 3

Howevér, kinetic arguments (vide infra) indicate that:

freactlon (16) 1s probably not 1mportant in 'the present

.system.

Steady - state treatment of reactlons (3)-(6), and (17)
~y G

qleads to the follow1ng klnetlc expre551on-

kj[CF3SSCF3]
2k4{czn4sjf

| Y~1’= 0.5 +

'-where Y = ¢(C ) - $(5) = ¢(4). The plots of Y -1 vepsus'

[CF _SSCF ]/[C2H4S} at the flve temperatures examined
(Table XXII) shown in Flgure\ll, are 1inear and the slope'

and interqept values obtained by least mean sqqareltreatf-

 ment of the data are given in Table XXIII. The plots

Wy .

St b
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feature a common 1ntercept close to the value of 0. S

predlcted by Equatlon I, and therefore reactlon (16) is

‘-probably not 1mportant in the overall scheme The values-h

of k3/k . also llsted in Table XXIII, are plotted in the

Arrhenlus form in Flgure 12, from whlch
log(ky/k,) = (1.41 * 0. 06) (2604 1-53)72.3RT”

Takihg theﬂahsolute rate parameters for reaction (4)

..-a's.

1ythoSevfor°reaction”(3) are:s -

s R R L T Wt s
3
By analogy w1th the other H + dlsulflde systems

zdescrlbed above 1t is proposed that H atom attack takes

102 .
-1

_ (1.73£0.07) x10"3exp(-(1880£24) /RT]om mol Ts T,

=f14;4510,20)x19 ‘exp[—(4484144)/RTlcm;mOl sTTL

'place exclu31vely at the Sulfur atom, and the complex “ff

‘subsequently decomposes to glve trlfluoromethanethlol‘

~and a trlfluoromethylthlyl radlcal
I R S j:#‘.:

B+ CF3SSCF3—*V_’ 3

. 1240

2

S~|—cF sH‘+_cF3s¢
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The hlgher actlvatlon energy for the H + CF3SSCF3
-,‘reactlon, 4 5. kcal mol l;:as compared to the H + CH3SSCH3 ;'
reaCtioh, 0'1 kcal mol li 1s a clear 1nd1cat10n ‘that the ‘
’:'strongly electronegatlve fluorlne atoms promote delocallza—.;n"
: tlon of. the.sulfur 3; orbltals Because of thls delocal—»‘
",!:lzatlon it 1s antlclpated that CF3SSCF3 would not be R
:ireadlly amenable to attack by atoms or radlcals less
“lreactlve than H atoms d;e;;;g“sdl | o |
The experlmentalventropy of actluatlon for the if‘3'
*»dstandard state of l atm. calculated from the A factor is
‘1-17 6 e. u Thls value, as. compared to AS* %7-26 2 e.u.
ahfor the H + CHBSSCH3»react10n, suggests a 1ooser tran31tlon s
:ostate., ThlS can result from sterlc hlndrance at the | -
‘osulfur atom by the CF3 group, or, more llkely, from the_{gi‘
lcontrlbutlons of 1nternal modes arlslng from hlndered 3
ﬂ,ﬁlnternal rotatlons brought about bY 1nteract10ns of lonevu':

'palrs of electrons of fluorlne atoms w1th the lone palr

of the S atom



w L

CHAPTER VII

‘THE . REACTION OF HYDROGEN ATOMS WITH DIETHYLSULFIDE

g Résulis:‘

When H atoms are. generated by the Hg ( P ) sen51t1zed' 1

¥

decomposltlon of H211n the presence of C2H55C2 5, the
observed products are C2 SSH. Csz, C4 10, C2 4,

CZHSS?HCZH (4—methyl 3 thlahexane, MTH), C2H55$H Qh SCZHS—

';’; Ciy anv.-,.ﬁ._,g .;;sw.--. __5,.5g__; Gy CHy

(4, 5 dlmethyl 3 6 d1th1aoctane, DMDTO), and some polymer_flﬁfﬁ S

}1lat longer 1llum1natlon tlmes.-_'i

The sulfur-contalnlng products were 1dent1f1ed by

'materlals, Wlth the exceptlon of: DMDTO, the Spectrum of

R SRS

- compound 1s glven 1n Appendlx B, along w1th the major

bf&peak a551gnments., Although DMDTO was relatlvely volatlle,"ub

'1ts elutlon tlme was very long and consequently the peak
»was extremely broad and featured con51derable talllng |
"Attempts.to'quantlfy‘the peak areaS'provednto-be-qulte N;
1id1ff1cu1t and 1nconc1u51%e and hence quantltatlve measure-'
l_ ments were not carrled out for thls compound L | | ‘
Ngy Control experlments at each temperature in the
:'ﬁ.range 25 188 C showed that C2H55C2

i The amount of quenchlng of the exc1ted mercury atoms by

127

5:comparlson of the mass spectra w1th those of authentlc_lﬁvul

"‘_whlch has not been reported The mass spectrum of thls_,ff S

H5 was thermally stable. ,
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RN
~

C,HESC,H. was estimated to be less than 5% in all the
eXperimentsf%"

© 1. Effects of exposure tlme and 02 5502H= concentratlon o

In the flrst set of runs 580 Torr hydrogen was mercury
‘"photosen51tlzed in the presence of 20 Torr C2 5SC2H5 forw

'varlous tlme 1ntervals at 25°C. The results, llsted 1n

”V.fiTable XXIV, show that ¢(C2 5SH) = l 53, 1ndependent of f.-

\\

Wthe tlme of 1rrad1atlon.‘

w‘ | In the next serles of experlments the.pressure of
-fC2HSSC H5 was varled between l 0 and 30 Torr whlle keeplng
“f;the 1rrad1atlon tlme constant at 45 mlnutes., The quantum L'
ilbylelds_of o H

SH, C H6’ C4 10, and C2 4 are tabulated

5" 2

”xl*;ln Table XXV,_ where 1t is seen that they 1ncrease w1th hf~h.;7_rff

o 1ncrea51ng substrate pressure then level off above 10

"Vx;‘Torr CZHSSCZ 5 In thlS reglon H atoms are completely e

scavenged 1n the overall reactlon.- ¢(MTH) was not measured

'rubecause 1ts yleld at room temperature was negllglbly small-=

2 Effect of temperature

The mercury sen51tlzat10n of 580 Torr hydrogen 1n_f."
fithe presence of Varlous amounts of CZHSSCZHS was carrled

,tout at 25 llO, 130,.150 167 -and 170°C at a constant

“ffexposure tlme of 45 mlnutes The results, tabulated in _—

'zf_Table XXVI, shovrthat the yleld of ethane 1ncreases w1th

"'1ncrea51ng temperature, whlle that of butane decreases,

"and the ethylene yleld shows only moderate—temperature
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'_dependence It is: also seen from Table:XXVI that the yleld R

'5of ethaneth101 1ncreased from 0 73 to 0 96 umoles between

”25 and 110 C,'after WthhKlt remalned constant The

*yleld of MTH becomes meas rable at llO°C then decreaseS'.

’w1th lncrea51ng temperature and flnally becomes negllgfbly

S R R
V'j.small above 167 C. 3 -l'$,'_"

:;3.‘Effect of added ethylene. e

B ', i AR . B PEEN .o .
‘In the presence of C2 4 no addltlonal products were
_.»bdetectedlnn:polymer formatlon was greatly reduced fTheij~

SR 8 R
i quantum ylelds of CZH SH\from the mercury photosens1tlza— RO

5
tlon of lO Torr CZHSSC2 5\1n the presence of 1ncreas1ng
gamounts of ethylene, at 25,.96, 132 170, and 188 C,_are

E»lelsted in Table XXVII ¢(C2 5SH) decreases w1th 1ncreas-’ ,3f.5”

lnutf;lng ethylene pressure, ow1ng to the competltlve scavenglngfaj:f

- Vo :~:”v'.~
.?'of H atoms by C2 4 R R
53 SR , SRR

'-QDiscuSsion;1_1;*«.«,.;_._.
SETERRERE L

. V

Slnce the yleld of C2 5SH 1s dlrectly proportlonal
ftto exposure tlme, as seen in- Table XXIV, thlS product
-aﬁappears to be of prlmary orlgln.; By analogy w1th the H

’7'+_QH3SCH3 reactlons then, a
" to be | “1
//e : I S S o R I R E )

H + C2HSSC2HS'~—__—’-CZH58H -:C2H5 _j: T iey“ll
R . e e

1n1t1al step 1s postulated

followed by comblnatlon and dLsproportlonatlon of C2



. TABLE XXVII -

Effect of C2 4 Pressure and Temperature on ¢(C2555H)

133.

P(CZH ) Ic, H4]/

Torr ur [C2H sc2 5]

¢(C2H SH)

1/¢(czn sa)

‘¢e a1%*w;0.500ﬁ

2,00

. 100

0,000
+.0.500 "
’1;005 ;

. 14501‘1,

2.00

0,000

- 1.00
1.50°

0 0.000 .
~.':0;500 B
1.00
1.50

';3-2 00

" 0.000
0.500

1.20
1,50 i
2,00

. ..0.000. :
‘_.3"00 S

- . 0.000.

0.0500 -
0.150° . -
"*0?200”

.}-0 000 5 ] g
0.0500
0,100

0.150°

0.200 -

0.000. .
10.0500
0.150
0.200

0,000
£.0.0500
0,100 -
S 0.120 L
:0-1503ff”5=

.»f?OgOOOY” v
‘*vofloof::.‘.v
;70 200]-”:["‘
10 300@:}

.5, lr53fr
S1.15 0
‘ 0.917
S 0.769
7;:10-558j33'“'k

2000
1.49 0
1320
R G S IR
L1000

1.63

-1.39
1,26
1.07

- Q2,00 '
LG22 s
PR B0 A
Cro 1,440
o ola22

Ty

2,01
162 o
oL 24
Closa

1. 12[;“”]*

04371

. 0.662

. 0.493
. 0.614
S 0,719
70,794

©0.935 o

1300
s R

;'o sooﬂe:;
S 0.671
0.758 1 -
£ 0,901 -
21.000

0.500 - .
0.581

130y694jff*_ﬁy:
0.735 -
~;01820'?

"o 408 .
0.618 -

#9.806 .

0. 962

P(Hz) = 580 Torr, P(C2 5sc2 5) = 10 0 Torr'”laj

"fg Elnsteln mln

exposure tlme

45 mln,.'7:

Cile
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radicals: L S .

2C,Hg ———-» CoHg + CoH, = “ ) (2A)
—> C,Hy, L o | (3)
- for which ky/k_ tatios of 0.1,930.14,%% anda 0.2'% nave

- been reported (the.latter value is‘almoet'certainly too
hlgh) - If CZHG is formed exclu51vely from step (2), our ‘
~resu1ts (Table XXVI) 1ndlcate that kz/k ~ 0. 24 at 25°l
v and increases, to 0.58 at- 170°. The room temperature value
is much too‘high and moreover, the reportedvtemperature.
dependence of kd/k for ethyl radicals is very ‘small. 90

Therefore, an addltlonal C2H6 producing reaction must be

occurrlng, i. e., abstractlon from the substrate-

The 51te of abstractlon 1s probably at the methylene

m01ety 51nce the C H bond here is weaker (- 92 kcal mol 1)

than in- the methyl group (98 kcal mol~ ) and moreover,

MTH and DMDTO were 1dent1f1ed among the products. A

complete reactlon sequence would then consrst of steps o .l'\

(\1)-—(4)-°and (5)-(8) - | e

CpHg + CHyCHSCyHg —— CpHg + cnz=cnsg:2H5 N (5).

Y S :'TTT*’,CZH‘d + c2“55C2“5 ' . (6)
L] . . .

R -——-—-—>C2H50HSC2H5(MTH) | : 7}

e CH3




ZCH CHSC..H. -———»c H scncnsc H, (DMDTO) L (8)
"3 275 2°5 SN o
- y CH3 CH3

where it'is'seen~that'all the products, with the exception

of C HSSH{ arise from ethyl radical reactions

o ( Ethylv1nylthloether was not 1dent1f1ed as a product._.

ThlS may b because step (5) is relatlvely slow, but
even 1f it ere formed, gc analy51s for ethylv1nylthlo—
ether 1n a mlxture contalnlng 1arge quantltles of

C2HSSC2H5 would be dlfflcult since both compounds would

" probably have 51m11ar elutlon times. The dlsproportlona-'

tlon reactions (5)- and (6) are probably 1neff1c1ent but
are 1ncluded for the sake of completeness.
The only otherareactiOn of ethyl fadicals'which'b

might be of importance under the conditions employed isﬁ'

' . M
‘H %
H + C2H5 —— C2H6 _— C2H6

—_— - LF .

(9)

Afthougn H atoms are completely scavenged in the system
above 10 Torr CZHSSCZHS at 25°' the results in Table '

',XXVIIIshow that scavenglng by C,H.SC,H. itself is only

275°%2"s i

,complete at 110°C. Hence at room temperatuneban .

additional H—scavenging reaction, step (9), must be
included in the‘mechanism; Kinetic¢ considerations (v?de
. tnfra) lend Support,to thiS\conclusion. |

| The excess energy of C,Hc* is abont‘97.5 RCa} mol
and unless collisional stabilization/takes piace it will

o

-1 106

135.
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‘b':pressure A factor,<and‘s 1s usually taken to be half the *;j,rg

oo S 137,
. ‘. N . &
L_decompose vta C-C cleavage,

\

o
' for whlch A = 1 X 1017 s_¥ic~and Ea =£87.4 hcal'mol-l}

From the RRK equatlon,

k - E-_E’a S-l
i VU E '

with s = 9, where E is. the total excess energy, E the

»crltlcal energy requlred for decomp051tlon, A,the hlgh ‘

normal modes in the molecule, 1 e.) 9 for CZH6 rThe ‘e,y‘f';;

. . . . T

decomp051tlon rate constant k, . is calculated to be

S10-
bﬁ~109 s-I. However, at 580 Torr H: d" can be. S
ol ot 2 C2H6 Hy, 00 T

‘estlmated to be 6 3°nA. and 51nce the colllslonal eff1c1ency

, t .
of hydrogen is about 0. 2106

i N

the rate constant for colllSlonal

stablllzatlon,"

L | 172
: v . .2 -19 8ﬂkT i
P kg =45y H -X- 10 N( ) [M]:

21

where k is the Boltzmann constant N Avogadro S number,

u the reduced mass and M the concentratlons of the deactlvat—

‘blng spec1es in moles 2 1, is calculated to be 10l s‘lf

~

Therefore 91% stablllzatlon w1ll be achleved in the present
Msystem; :The absence of CH4 as_a product constltutes

~additional evidence to the effect that the decompoSition'
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ﬁ’of C HG is probably not 51gn1flcant moreover, ¢(C )

from step (9), ¢(9), can be calculated from the relatlon
4(9) = 4’tota1(c ) ¢(c2H4) s
“and fro,m the resul,t"'s,_‘_i—p?r‘rh,'l;“abliej,xxv_lflk‘l,it"‘is' seen that
'at 25°C, as requ1red by the mechanlsm, neglectlng step (lO)‘:-‘;
| Of all the ethyl radlcal reactlons taklng place, h\’;-
\’reactlon (4), H-abstractlon from the substrate, is of B
bgf gneatest 1nterest. On the ba31s of the above mechanlsm
| the total rate of ethane formatlon can be expressed as.jf
CRo g T Ryt Ryt Rs *Rge oo HD
276 ST -7 : o o _
. Similarly, the_totalfihitial rate Cf‘ethylene formation.jf;,'"

o is - - R _ AT

IV

SinCe Rg =0 for T > 110 C, the values of R4 ‘can be.*
calculated dlrectly from the C2H6 and CZH4 ylelds listed
L Y
1n Table XXVI. For the experlments at 25° R9 can be...

calc ated usmng equatlons (1) and (V) The.obServed




- be zero, then E4 5;6,9ni‘ l kcal mol

YT S 139,

Ttemperature range examlned are llsted in Table XXIX oy

l along w1th those of R /R 1/2

The Arrhenlus plot of R4/R 1/2,,shoWn'in»Figure'13;

is llnear between 25° and 170 C and frOm the slope,"

‘H'

0 1 kcal mol l‘ If E3 is assumed to
-1

By/2 - E4 619
hls value seems
:reasonable when compared to those determlned for other'

' 1m11ar reactlons, llsted in Table XXX. Hydrogen

‘”lfabstractlon from the methylene group of CZHSSCZHS hy

“w'ethyl radlcals could be fac1lltated by the presence of
the a-heteroatom and the rate enhancement as compared tj'f"

'to alkane substrates can be explalned 1n terms of ?f;,'-'l

hngstablllzatlon of the'lnc1p1ent radlcal as a- result of

anelectron relea51ng conjugatlve effects of the a—heteroatom,v,_

-as shown below-'

. CH,-C-§- «——»CH_-C=§~ =

30 w0 3
Comparlson between the C2H5 + CZHSSCZHS and»the.
107

4+ C H_OC.H reactlons shows that E for the former :

5 2577275
is con51derably less than that for the latter ThlS 1s

‘probably due to the greater electron relea51ng conjuga— » v
‘tlve effects of sulfur,‘as a consequence of the greater BN

~phy51cal 51ze;ofrsulfur_and greater avallablllty-of the
3p orbital electrons;"'Similar:considerations apply to

H 108 and CZHS + C2 5COC2 5103 reactions_, o

&

the'CZHS + CZHSNNCZ
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Our measured value of the actlvatlon energy for the

'C2H5 + C2 5SC2H5 reactlon is twlce as hlgh as that reported »

by Knlght and Smlthlogfrom the Ph0t01YSlS of ethylsulflde T

”vapor at 2537°A, | B “al'h';- PR

7> 2

ﬁHowever,‘sip e tRe, S- C bond strength in C2HSSC Hs'ls 71

'lr]kcal mol,13_cthe{at 2537°A, the reactlon 1s exothermlcf

&;by 41 kcal m,f;
*715 proportlonal to the number of osc1llatlons. then EC =
5

.2H

‘-n:28fandbﬁh‘”'u;—'l3 kcal mol l 1f the energy 1s locallzed on the o

s C2HSS'

vgf;S C bond and thus the 1ow actlvatlon energy determlned by them fhfb'

'fhhls probably due to the 1nvolvement of“hot“ethyl radlcals

AH values for ‘the reactlons llsted ln Table XXXI

can. be estlmated from the methylene C H bOnd strengths_c" |

L - -1,
.3ﬁ1n C.H SC H5 ( 92 kcal mol ), C2 5OC2H5 ( 94 5 kcal mol )*‘i:h

, 275772
:and C6H14 (~95 kcal mol ),‘and D(C-H) = 97 5 kcal mol l
;1n C2H6 These are. llsted 1n Table XXXI, along Wlth the

'calculated actlvatlon energles for the reverse reactlons; ;c
~.The latter appear to be of the rlght order of magnltude‘ |
‘vtand exhlblt a Sllght downward-trend§w1th 1ncrea51ng
hfelectroph111c1ty. v CEelh | | i
In the presence of ethylene, a complete reactlonlfn-
n'?secuence would then 1nc1ude the competlng reactlon. |

*¥:H'+ C2§4f‘f*fﬂf§2§5l" S e A

143.

~[ C'Hss,f;CZHsfp’, ‘l," ,“. oan

7 If the dlstrlbutlon of thls excess energy unp‘

i e

RO
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hAdditionyofcéHS to C2H4.fstepl(13)}y

[
5

15 a relatlvely slow process compared w1th the other

.4., -

rad1ca1 radlcal reactlons 1nvolv1ng CZHS' i. e.,'steps (2)

;—(7), and moreover, butene, the expected dlsproportlonatlon'

Product of C4H9 radlcals, '

9 4’8

R

was demonstrably absent.;fThe only remainingjposSihlej‘J

eactlon,vf o

3 2 5

75fdid7not"seem‘to.heblmportant 51nce polymer formatlon was S

CZHS + nC

2

v"-r .

greatly reduced 1nfthe presence of ethylene. Steady fﬁ‘

state treatment of'steps (l)—(7), (9) and (12) leads to iljl&

the follow;ng raterexpres51on.;jy:7

’6'...' L

1 .
Mcznssn) -2-

-k [.Cz sSC.szl |

h; 14. The plots are 11near w1th1n the temperature range'

'6 examlned and feature ‘a common 1ntercept of 0 5 ;n the

?; range 96 188°C,_Tab1e XXXII. These results substantlate e

_-our earller sﬁyaestlon that reactlon (9) 1s 1mportant

""C;ZHS +'>CZH_‘4 'f“"""ﬁC4ﬂHQ R ¢ L

0439 + C4H ——-—-—»c Ho + C4H10 o _‘({14)‘

145.

H4 e pé_iyinér o as .

;where a = R9/R and for T 110 a 1s equal to zero. From:.’h

the data ;n Table XXVII,equatlon VI 1s plotted in Flgure i

N
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only at room‘temperature. At 25°C ho&ever ﬁhe intefcept
is 0.66 and therefore a = 0.32, in égreement'oith the-
calculated ratio 9(9)/6(1) = 0.47/1.53 = 0.31 using
equation I. ; | . \\\‘v‘ ' |

The slopes of the plots, listed.in Table XXXII, are
&
plotted in the Arrhenlus form in Flgure 15 from which’

“the Velue-of‘the rate coefficient ratio is
“loglk, ,/k;) = =(0.357£0.035) + (17§8;605/2;3o RT
‘Acceptino Michael and cowofke;s' value fot_the limiting
high p?eésure tetefperametecifof.etep (12)89 as
4 \ 13

k.. = (2.2:0.4) x 10

1 -1
12 '

exp [~ (2066+83) /RT]cm mol s

. those for‘etep(l)care

k, = (2.2840.4) % 10°% exp[-(3834¢41)/RT]cn’mol ™ s ™
Of”all the substrates examined in the present

‘ investlgatlon, C2H58C2H5 would have been the most: amenable
to abstractlve attack, but such does not seem to be the

case. Instead, attack appearS'to take place exclu51vely

at the sulfur atom, and’ the‘ complex subsequently decomposes

«

to give ethanethlol and an ethyl radlcal.

¥

: The experlmental entropy of actlvatlon for the

*standaxd state of 1 atm, calculated from the A factor,

is —23.5°e.u. This value, as compared to As* = -24.1 e.u.

> . . .,
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; , N ‘ o .
for the H + GH3SCH3'reaction, sugqests that the transition
state for the H + C2 5SCZH5 reactlon is similar to that h

’ «\‘ : .
‘of the H +,CHBSCH3 reaction. U

Indeedl‘theavalue of the A factor for'the:H'+q

CaHs
tion state s}milar‘td‘that proposed for the H + CH3SCH,

SczH5 reaction can'be feprodﬁced by aSsuming a transi-

sYstem,
1. : t

: .
|
S

'H + C H(SCHy + [CyHg ==

HHe > CoHg + CpHGSH

5
which. involves an initial interaction between the H atom
oo &

-and the non—bondlng 3p orbltal of the sulfur atom.

The ‘higher actlvatlon energy for the H + C2HSSC2H5

 reaction, 3.8 keal mol-l, as gompared to the H + CH3SCH,
reaction, 2.6 kcal mol_lf is a clear indication that the

Cc-S bond in C2HSSC2H5 is stronger than that 1n the CH3SCH3:

indeed, v alues of 71 and 70 kcal ‘mol 1,_respect1vely,

“have been reported.32c

This is probably due to the'dteater
. . . ) - ) * : . . . » ‘ 1_
hyperconjugative effects of methylene hydrogens in the . :

ethYl group.

e

e .

e

- } .



CHAPTER VIII

— . R
——

. . T-SUMMARY AND CONCLUSIONS™— _
The'gas phase reactionS‘of'hydrogen”atoms,.generated

" by the Hg( Pl) sen51tlzatlon of hydrogen, w1th dlmethyl,//7
dlsulflde, dlethyldlsulflde, ethylmethyldlsulflde,
'b1s(trlfluoromethyl)dlsulflde and dlethylsulflde have been

examlned at room and moderately elevated temperatures

Wlth dlalkyldlsulfldes,thlols are the only retrlevable .

: products and~solld pblymer formatlon was observed. From e

n:the effects of exposure tlme, light 1nten51ty and concen—
tratlon, 1t is concluded that H -atoms. attack dlsulfldes

h‘exclu51vely at one of the sulfur atoms, thereby dlsplac1ng‘

-a thiyl radlcal.l oo

é 1

H + RSSR —» (RS- - -SR) < RSH + RS~ T (L)

Hydrogen abstraction, even from the relatively weak
nethylenh;C-H'of'C2HSSSC2H5'appears'torbeian*unimportant
process. ~In the presence of ethylene,ecompounds of the
' type, CH3SCZH5 and C HSSC2H5 were found to be major -

products, a clear lndlcatlon ef_the_lntermedlacy of thlyl
X

radlcals in these systems.

Wlth the unsymmetrlcal dlsulflde,CHBSSCZHS, formatlon'

- of CH3SSCH3.and C2HSSSC2HS were observed_ln high ylelds along

with CH4SH and C,H;SH. These are‘formed’in a chain

151
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reactlon 1nvolv1ng metathetlcal CzHSS ‘and CHBS dlsplacement

////reactlons.b The 1n1t1a1 ratlo of the quantum ylelds

.

¢(CH SH»WKCZH SH) is l 86, 1dent1ca1 to the rate constant

for \%. H + CH3SSCH'v"and H + c2

Po}ymerlzatlon

HSSSC reactlonsp

275
vhe'only observable result of the

S .

H + CFBSSEEE\reacglon.Howeveg, lt was shown that CF3SH the

"rexpected primary-product, cannot - be detected in the presence

of CF SSCF pos51bl;\hecause of strong hydrogen bondlng

3" 3’

Tt

. Cpssociatlons. That reactlon had take\\\lace\was deduced from;

e

the follow1ng observatlons.

1.,polymer formatlon was apparent

3

2

'.from the H + . C2H4S reactlon decreased w1th 1ncreasxng

- 2..1in competltlve experlments w1th C 4 the C H4 ylelds

3
3. in the presence of C2 4 CF

g.CF3SSCF concentratlon.
3SC2H5 was found.to be a major”:
product p01nt1ng to the 1ntermed1acy of CF3S radlcals.

rBy analogy w1th the other H + dlsulflde reactlons studled

: here, and 51nce F abstractlon requlres a very high .

actlvatlon energy, it 1s»conc1uded that-the-prlmary proceSs

‘in the H + CF4S6CF reaction is also a metathetical displace-

' ment reaction, i.e., (l)

Although the H + RSSR reactions (R = CH3, C,Hg, CF, )
feature ‘a -common. prlmary process, some dlfferences are

apparent in the ensuing secondary react;ons.
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For the H ¥ CH SSCH3 reactlon ¢(CH SH) = 2;1,'

‘ 3
jﬁlndependent of temperature up to 120° Thus,the follow—

!

-_rng:51mple mechanlsm appl;es

-

'*zcn3s, ——-> onfg +IHC.H‘25’ o R ;,(23)' o
——=CHSSCHy - (4

'f_iahafabStractionffrom the ﬁubStrate; 

o UCHYS + CHySSCHy ——> CHSH + CmsscH; (5)

s apparehtly not 1mportant.: On the basrs of thermochemlcal
‘h con51deratlon51t can be estlmated that E5_~ 8.6 kcal mol -1
and hence thls reaction cannot compete W1th dlsproportlona— |
tlon and comblnatlon, both of whlch proceed w1th very |
vllttle or.no activation energy. From the reported value
, of k3/k ~ 0 05, $(2) - 2 0, .as requlred by the mechanlsm
With dlethyldlsulflde however, ¢(C2HSSH) varles
from 2.32 at Q o to 2. 84 at 145°C.' Since, by analogy
w1th CH3S radlcals,‘the rate of dlsproportlonatlon of

C,H 5S radlcals should be’ temperature 1ndependent, th1s

--can only mean that the abstractlve route to thlol formatlon

¥

- ¥
is operatlve.f The maJOr reactlons occurrlng are then

\

H + C,HSSSC,H, > CpHgSH + Cpigs (e
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)} E 2cznss —_— c2 SSH + C2H4S R S l?)r
—cgsseE, @
¢ Hgs + CQHSSSC H”;_———>rC’HSSH’%fC H-ssc H - (9)

2 275 T 72 274°°%2"%g

o

3.,From the reported value of k7/k = 0 13, the quantum

Lo
b a

‘yleld for reactlon (9) could be calculated at each

e temperature and from klnetlc analy81s of the results,

1 Thls 1s substantlally lower than.

4

;c:Eg ~.3 6 kcal mol

gthat estlmated for abstractlon from CH3SSCH by CH3

3
,.radlcals and hence 1n thls system reactlon (9) can compete
'w1th reactlons (7) and (8) e | | L
f The H + CzﬂésSCH reactlon proved to be more

’complex 51nce, in addltlon to dlsproportlonatlon, comblna-'m'
»etlon and hydrooen abstractlon, the CH3S and CZHSS radlcals
'generated in the prlmary process undergo thlyl radiﬁgﬂf
vdlsplacement reactlons w1th the substrate,thus generatlng

- a long;chaln,

cn3s;+ CH4SSC,H, —— CH3S

02“53‘*'C33SSC235 ‘f*‘*‘czﬁsssczﬁs,f CHys -~ (11)

Chaln termlnatlon was - assumed to take place vza radlcal—
radlcal comblnatlon and dlsproportlonatlon._ The quantum
:ylelds of the symmetrlcal dlsulfldes were equal, and tlme‘”
dependent, the extrapolated value at zero exposure tlme-

belng 92 _ Those for CH3SH and C2 5SH changed only

A .

RS



155,

| moderately w1th time and ¢(CH SH)/¢(C HSSH) at t=0 was
l 86 A mechanlsm con51st1ng of 15 elementary steps was h
krtested by computer modellng u51ng the algorlthm DIFSUB lll
d Although rate constants for the reactlons of th1y1 |
"?radlcals w1th alkyldlsulfldes are not known, reasonable
.estlmates could be arrlved at such that the 51mulated
.f?varlatlon in ¢(CH3SSCH ) was 1n good agreement w1th the '
}“iexperlmentally observed trend B | R |
” The H + C2
’flonly 1n order to complement the H + CH3SCH3 reactlon

Hssc H5 system was also 1nvestlgated, not ‘f

‘Eexamlned recently, but to ascertaln whether hlgher alkyl
substltuents mlght render hydrogen abstractlon more
R?COmpetltlve._ No ev1dence,however could be adduced for.;
the occurrence of thls reactlon\and the only prlmary

process of s;gnlflcance is ethyl. radlcal dlsplacement.

H + CZHSSCZ

35‘4;‘*”3

PHsSH ¥ oy az.
The varlous ensulng reactlons of CZHS radicalslconfer

some cpmplexlty on thls system Thus, in addition to

comblnatlon and d1sproport10natlon, C2H5 abstractsy

’ the substrate, probably at the methylenlc 51te._n;v

:._c235.+ C2H5$C2“577""*’CC256'+ C234SCZH5_ ;g B - 13

and a complete mechanlsm featurlng dlsproportlonatlonl“

_ and comblnatlon of C2H5 and CZH4SC H5 radlcals was:
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4

g consiaered It was also observed that . the H + Cz“s

"comblnatlon reactlon 1s 1mportant at room temperature.

:jFrom klnetlc analys1s of the results El3 was. found to
have the value 6.9 r 0. l kcal mol -l Thls value is :
?=hqu1te 1ow compared to abstractlon from other methylenlc
'd51tes by C2H5 radlcals and 1s belleved to be a consequence.
ti'of enhanced stablllzatlon of the 1nc1p1ent radlcal due-

to the superlor conjugatlon propertles of sulfur;?

Arrhenlus‘parameters for the H + CH3SSCH3,’

e HSSSCH3 and C2HSSC2H reactlons were determlned}inf;_f.T o

52 5
hcompetltlve experlments employlng CZH4, s1nce the rate -
’~parameters for the competlng reactlon !
H+ Gy —— ¢2‘H5 i |
= e SRS e SO S
\1,have'béen'we11'estab1ished For the H + cr3sscr3 ‘system
the referenCe was the H + thllrane reactlon.‘f -
H + C2H4S — HS + C2H4

~ .

t_The‘resultlné actlvatlon energles and A factors are_;
summarlzed in Table XXXIII, along w1th the exotherm1c1t1esv
'for the overall reactlons, calculated from the data An i
| Table II.: Correspondlng values for the H + COS C2H4S
ldand CH3SCH3 reactlons are also 1ncluded for the sake of l
::comparlson._, o | | '

Many years ago, Evans and PolanyJ.112 noted that,

“v_for exothermlc reactlons of Na atoms and CH3 radlcals
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.0 2 and 0 4, and the A values only dlffered by a Small

‘:~factor governlng the magnltude of E is. AH

':CH3SCH

belng lntermedlate between those for the

158.

w1th a homologous serles of molecules, an. emplrlcal

_relatlonshlp of the form

e'ﬁA+baAH!

| was often obeyed. *Semenov1l3 showed that “the reactlons

'igfaof H, D and OH with selected classes of compounds also

9 ;

ﬁ"follow thlS trend Typlcally, values Of a range between

liﬁ amount lo 15 kcal, among the varlous atoms and radlcals

?”examlned. Hence, for the cases examlned the predomlnant

N

The plot of E versus AH for the H + cos C. H4S,_»“”

3 CZHSSCZHS’ CH3SSCH3 and CZHSSSCZHS reactlons,v;g

’ 5'”15 1llustrated in Flgure 16 The alkyl sulfldes and

.f »dlsulfldes follow a llnear relatlonshlp of the form

f"v“\

= 0'.9 A;_i + _'.19.36:‘kc_a1<.moi'.l,

from whlch E for the H + C,H SSCH3 reactlon is predlcted

275

";1to be 0 9 l 4 kcal mol~}. Thls 1s a. reaj§nable value, o

orrespondlng fﬂf

. symmetrlcal dlsulfldes.l COS and C H4S do not follow the
”'above trend as expected, 51nce desulfurlzatlon takes f
~place w1th these substrates. For H + CF3SSCF3 reactlon w1th

E. = 4.5 kcal mol l 1f H atom is assumed to attack S atom,_V.

.a;

fsthen AH ~ 16 5 kcal mol l

The experlmental entroples of actlvatlon, calculated .‘

from the A factors, also llsted 1n Table XXXIII, are:-ﬁ

S .
i
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con51stently'hnﬂ1and negatlve, suggestlng a "tlght"
;tran81tlon state.. It was shown that good agreement
gcould be obtalned between the experlmental and calculated

entroples of actlvatlon 1f the tran51tlon state was‘
\",X

lbkassumed to be a r1g1d complex whereln H attacks the =

'sulfur lone palr S orbltal, e g.,v‘

‘o

P

5772 5
rotatlons glve rlse to add1tiona1 contrlbutlons,tO/fﬁei

the case of C2H SSC H and CF3SSCF3 hlndered 1nterna1

T

\\entropy, in the former, thls 1s probably due to the

’9p0581b111ty of hydrogen bondlng w1th one of the S 3p

orbltals 1n the gauche gauche conformatlon and 1n the ’

R

‘vv' N
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1latter, to 1nteractlons between the lone palrs of electrons_l\

N

lon the fluorlne and sulfur atoms..f" P

The actlvatlon energles assoclated w1th the H +o

'~Aalkylsulf1de reactlons are somewhat hlgher than those

", requlred by the H + alkyldlsulflde reactlons and thls

'S-Sﬁbond strengths. QOn the other hand E for the;

CF3SSCF3 reactlon 1s substantlally hlgher and thls ls

. —



"“wrf;ls known to be rapld

undoubtedly due to delocallzatlon of the 3p’ sulfur orbltals‘ir
: ‘iby the electron—thhdrawlng fluorrne atoms._‘ 4
| d. The room temperature rate constants for the'reactlons :
~:.of H, 0, S, OH, CH3 3, CH3S and C2H5 w1th sulfldesyﬂ
- and dlsulfldes are summarlzed 1n Table XXXIV and theli"
rrArrhenlus parameters, where avallable, 1n Table XXXV
'eAlthough the data avallable to date are rather llmlted
w°;some 1nterest1ng features are worthy of note.»»-ffbﬁ\ ”
| Flrstly, OH radlcals appear to be the most/reactrye.:?y
'Nof the spec1es examlned Thzs lS not unusual however“-xs_x"
h;_331nce the prlmary process 1s electron transfer;~wh1ch‘ |
Oxygen and sulfur atoms appear to bé more reactlve £
lﬁthan hydrogen atoms and the low and ﬁfor oxygen, ’
Z;aocca51onally negatlve actlvatlon energles assoc1ated _
w1th attack on C284S and CH3SCH3, Table xxxv, p01nt to bf“;Zh'ih
fthe electrophlllc nature of the 1nte;actlon.: The values

,uﬂ-

~for CH3S and 02 5S radlcals, derlved from’the 81mulatibns,»'

%

o are approxlmately two orders of magnltudﬁ lower than»;EA

:‘those for hydroge? atoms and thls may be due to delocal— s<

' b7lzatlon of the unpalred orbltal.: The data avallable'¢f-'7.‘7""

_to date lndlcate that CH3 rad1ca1 attack at the sulfur » i‘a.;4;7i?”

'atom of organosulfur molecules is. very slow.d The m°5t,“f”‘
’reasonable exPlanatlon for this is a thermochemaéal—one,;
'duil e.,lthe new C—S bond formed in the CH3 + CHBSSCH3 reactlon'iflfﬁ

-
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~

is considerably weaker than the S-H bond formed in the

H + CH3SSCH3 reaction, thus lower;ng the exotherm1c1ty.

~ documented observition that hydrodesulfurization of

petroleums produces:large qﬁentities of-vblatile,'sulfur-

containing material. It is hoped that future studies
will be‘directed toWards the elucidation-of the reactions
of hydrogen atoms with thlophenlc substrates in order to

set up a sultable data base for computer srmulatlon of

this v1tal yet llttle understood process.

The present results provxde a ratlonale,for ‘the well

164.
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_ APPENDIX A ‘.;e. IR
Competltlve Quenchlng Correctlon
= S ‘ .

" When mercury photosen31tlzat10n experlments are
carrled out 1n the presence of more than one substrate,\
ﬂthe amount of quenchlng by each substrate can b readlly,
calculated, as shown in the follow1ng example'for the |

| ;Hz 24 °ase's o o <
From simple COlllSlOn theory, the Quenchlng rate o
. & BRI E AE _'a— N .
;V‘constants for the quenchlqg of H\\and\p H4 are ‘N;__
tj,' N ; >\<,:f;;;
. M'Hg MH . I,
Lk 8mRT ~———-—f, 5 G I
i I %m%%ﬂ
S ‘:, M 5o 21 n o
o ;a k S 2 é RT ‘MHg+MC2H4 1/ : iIf”
\\*i,‘g?H4 f CZH . MHg C2 . , ,

where 02 is the COlllSlon cross sectlon, M the molecular

welght and the other terms have thelr usual 31gn1f1ca?ce.-‘

D1v1d1ng equatlon I by II.owe have

Ky O 172
2~ H e .
caty | "egny -
_ Consider’ the following reactions:
ey ~‘/x,th2; TR e
cHY + Hy —"— HgH +m. - ()
\\.. o J . ;' ‘
g



Hg* + CH, ——22 ' (C,H)*+Hg - _ " (2)

_The rate expressiohs'fof,reactions:(l)'and (2) are:

“9”*2 T el e

L

Rate

RateHg+C2H4 = C2H4[Hg ][C2H4] S SR A

HyDiyid;ng’IV;by v, we;havé S ST S

‘RateHg;E | k [HZ]

Rate .k  . -

‘Haye,

ok, MH,] o't M e\ 1
B A ; c,H 4{MH9 H2 L

ok TG \r
FepHyleu,] ;>c MH Hg e H,

‘ . ot e

N

Ih fhe‘présent study [H ] = SBO;Tqrr, [CZH4] ='30-berr.

' and since dH”z = 10’22,116 O 2 e’26,52,117‘mhl3=.2‘and
o 2 CGHy T T THy .

MC H 28, equatlon VII becomeS' :
274 - !

VI

! i
TCH) T

- 17s.



- u;\ .

lﬂzllﬂg*]

[H][Hg*] + kC K, [C2H ][Hg*] x;;qqf'_n,;.

kH [n ] }]“}fi_?”(': A {{*
. ' N R : . g l - \- X
X 100 = ‘e x 100 = 96 3%

[Hleka2§4[czn4) REEEE 1038

R

Tty el

For all the systems examlned 1n the‘presgnt study,;»ﬂu“"

e

‘»the max1mum total pressures of sulflde or Sulflde + ethylene

','were 30 Torr and the hydrogen pressure was always 580 Torr..iffs‘
. < .
' For CH3SCH3 02_— 49 3 A2 87 nd the 02 values for
275
'dlfferent Hence it is concluded that > 95% of the

2 5SC2 5, CH3SSCH3 and C H SSC2 5 are probably not too :

J‘-exc1ted mercury atoms are quenched by Hz
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Mass Spectral Data,ﬁ5" .
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4,5-dimethyl-3,6-dithia-octane (DMDTO) = . *
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'f{hydrogen in. the presence of 5 Torr C HSSSCZH5 ylelds

'ijpresence of 1ncrea51ng amounts of ethylene at any glven o ;

°ﬂ»'temperature, 1t has been shown that ¢(GZHSSH) decreases
.‘3scaveng1ng of H atoms by C2ﬁ4

:]fthe data. 1jd't'"~;}\
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;;fxlnetlc Treatment of the H + c2g4 + C2H ssczn System
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Aie- The follow1ng Q&netlc scheme was uSEd to analy2e"]ﬁﬁﬂﬂ-t-
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- C2 58 + CZHSSSCZHS —'————'* CZHSSH + CH3CHSSC2H5 (3)

om

In the unsca ed system, 02HSSH is assumed to ber’jhkA

formed exc1u51vely via steps*%l). (2a) and (3),\hence

’ the followxng steady state equatlons apply
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H SH‘as.the only retrlevable reactlon product. In the 7ﬂ

H + Cz 5ssc2 5—————a-czn SH + SC2H5__'“5ffﬁiff'.tf(lx’§

The mercury photosen51t1zed decomp051tlon of 580 Torr.ff'."i

* . with 1ncreasxng pressure of . C2H4,‘ow1ng to the competltlve'yy.;u-'”
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The rate expressxéns 1n the absence and presence of  _1;;5
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’f__where R°-and R are the rates in the absence\and presence :,;?'5

"‘?_?of C2H4 respectlvely.. D1v1d1ng R° by the correspoﬁdlng {:h‘lhv

R and assumlng that . [H] -'[C s] and [H]° [c ]

‘;K}We obtaln the followxng expr8851ons,ﬂ:: v; P;.:£MJ;'_
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: Substltutlng(for the values of [H]° and [H] from EquatlonS"';

IX and X,
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Tiwhere ¢° and ¢ are the qhantum ylelds 1n the absence and
'?'hpresence of C2 4. Assumlng that Equatlon II élso applles ‘

‘t~:1n the presence of C2H4‘ i. ey j;;]:i/fu7ﬁ e _
C , U : St i)

1

¢(1) + ¢(2a) + ¢(3a) = ¢(C2H sn)tot 1 5;T¥V1idp,

| '*~fand substltutlnq for the values Of ¢(l): ¢(2a) and ¢(3): fdﬁ“.
”7jder1ved from Equatlons XIV. XV. and XVI respectlvely, 1n

”*7TEquatlon XVII, we have f’,f 'd?'3 a-:_‘;‘f'gf7§ﬂlﬁhh

9 (1) ge(2a> ¢ (3) ¢(C2H SH)
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viftjwheﬁe f l + k [CZH ]/k [C H 8802 5], i. e., f 1s the

: vsuppre531ng effect of added C2H4 on the quantum yleldéf
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?eBY “Slng Eqpatlon XVIII, f can be determlned by 1ter&$10n,

mg;and therefore, the values of ¢(1), ¢(2a) and ¢(3), llsted

uefln Table XVII. can be calculated

Tk
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