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ABSTRACT

The technique of - f]ash photo]ys1s - k1net1c absorpt1on

. -
o spectroscopy has been used to determ1ng.the absolute rate. constants

for- the. react1ons of. ha]omethy11dyne rad1cals, CF CC1 CBr, W1th

—‘
hydrocarbon substrates

: . CF(X H) CC](XZH) and CBr(X H) were produced by f]ash photo]ys1s
' f sub‘Iptuted dlbromomethanes, CH‘Br2 (X=rF, C] " Br, respect1ve1y) ‘
The rate constant for the react1on of ha]omethy11dyne w1tH/a substrate

»
was derived from the 1ncrease 1n the observed decay rate of halo-

,

1nethy11dyne relative to the background decay rate. B
The rate constant for CBr react1on With 1sobutane was.determined \
to be k., =2 x 109 exp( 3. 9/RT) M~ sec ]. The react1on 1s conc1uded - ;j'/
o to be 1nsert1on 1nto the tert1ary carbonA: hydrogen bond '
CF CC1 and CBr are less reactlve than CH due to the back
donat1on of electrons from the halogen and consequently d1sp1ay more f:_

se]ect1v1ty in the1r react1ons . The react1v1ty w1th alkenes is found.

to be CF'<CC1 <CBr and demonstrates the electrophilic nature of halo-

PR methydeyne radicals. THE’observat1on_tﬁ“t'fﬁ_ rate constants 1ncrease )
~ Wwith increasing a]ky]at1on of a]kenes\and the Tinear corre]at1on
| between log k2 and 1on1zatton potential of a]kenes also demonstrate
| th1s e]ectroph111c character of ha]omethy11dynes The reaction with
alkenes is cancluded t(jge)cycloadd1t1on to yield the cycTOpropy1t
radical. '
o Arrhenius parameters for‘the reaction of CBr with a]kenes were
" determined. Activation energies are negative and decrease with.

increasing alky? subsitution. The Arrhenius plot for the‘reaction with

2,3-dimethy1-2-butene was found to be curved.

iv



The reactlons of CBr w1th a]kynes have the same features as for ‘J

a]kenes and the react1on is concTuded to be cycloadd1t1on to form the

R Ta

cyc]opropeny] rad1ca]

[N

.&
o
»

The s111con rad1cals, $icCl and S1Q1 . were observed 1n the f]ash< .

: photo]ys1s of S12C16‘ The spectrdm of . 51C12 was due to the trans1t1on.
]B]p ]AT’ with a v1brat1ona1 progress1on 1nvo]v1ng the bend1ng . '

frequency of the upper state, v2' —»148 cm ] . The electron1c energy of

] i 3 . CE e ,lo: R

1‘- A
the B] state was - est1mated to be - 30295 cm = S

In the flash photo]ys1s of S1Br4% the silicon rad1cals,vS1Br o
\( '
and S1Br2, are observed The prev1ously unreported eJect‘pnwc absorpt1on

spectrum of S1Br2 is ass1gned to the trpns1t1on ]B] ]A] and the-;

be]ectron1c energy of the upper state 1s\est1mated to be 27600 cm lffk £

Y
¢
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oL INTRODUCTION

"Carbyne" is a common]y used term referr1ng to a monova]ent car-
bon species wh1ch has a s1ng]e, covalent]y bonded subst1tuent The-
chemistry of these mo]ecu]es is of interest s1nce they are part of the i
family of carbon radlcals compr1s1ng a]so trivalent carbon rad1cals,
d1va1ent carbon spec1es called carbenes and carbon atoms The reactions
of tr1va1ent carbon and carbenes have been exten51ve1y studied (1,2) and-
those of atomic carbon are becom1ng known (3) Little is known about
czibyne reactions because the1r highly e]ectron deficient nature makes
them very react1ve, ‘unstable’ species, difficult to generate c]ean]y
under conditions favorab]e to k1net1c-mechan1st1c studies.

To date on]y a few carbynes have been studied. CH, CF, CC1, CBr
and,CCN‘have been observed in‘spectroscopy and CCOZEt has.been post—
}hu1ated as an 1ntermed1ate in liquid phase stud1es The CH mo]ecu]e,
~officially called methylidyne, occurs natural]y in 1nterste11ar space.
In the 1aboratory, carbynes are’ produced in 1ow y1e1d by energetic de-
composition of su1tab1e compounds, for examp]e, 1n hydrocarbon f]ames

These decompositions, however generally yield other reactive spec1es

- making product ana]ys1s difficult and mechanistic 1nterpretat1on spec-

u]at1ve,,,The majority of carbyne reactivity stud1es have been carried
out by observation of the decayaothhe carbyne spectra.:

The reactivity of e]ectron deficient species such as carbenes
and group VI A atoms is usually dependent on their electron configura-

tions. Carbynes have the fo]]ow1ng ground state electron conf1gura-

2 5.1

tions: methylidyne, CH, ..302 14

ccl, CBr, CCN | Wn4chVn . The carbon atom can be.thought of as be1ng '

; halo- and cyanomethy11dynes, CF,

in a sp hybr1d1zed state and therefore can use p orbitals to over]ap




L S T 3 . . i e i rntres s v

.

with‘substitoentvpvorbitals to form = orbitals ’Fig .I-l)f_ The ‘electron
'def1c1ency of the monovalent carbon may be compensated for by deloca]-
-ization of these pn bond1ng e]ectrons -onto the carbon. The amount of
de]oca]1zat1on will be dependent on the degree of pn orb1ta] overlap and
the e]ectronegat1v1ty d1fference ‘between the carbon and the substituent.
In other terms, the e]ectron def1c1ency of the carbon may' be a11ev1ated
by electron donation from d1fferent substltuents For methylidyne CH,
there is no posszb111ty of pn over]ap and this should resu]t in an ex-
treme]y h1gh react1v1ty Subst1tuents capab]e of pn overlap should
'ugreatly modify th1s react1v1ty, suggest1ng the following serjes:
CH>CC02Et>CCN>CBr>CC1>CF.

The outer electron configuration of carbynes, . czn], g1ves r1se
to doublet spectra, hence the name doublet state carbyne Carbenes can
have electron conf1gurat1ons, 02 or o]p1, giving r1se to s1ng]et and
tr1p]et states respectively, which have different react1v1t1es On the
basis of spin and orb1ta1 cons1derat1ons, doublet carbynes are expected
to be similar to singlet carbenes Stud1es on singlet carbene reactions
have indicated that their electrophilic character is modified by elect-
hon‘donattng substituents (4). )

| Therefore§ \we woqu expect e]ectron def1c1ent carbynes to be
highly react1ve e]ectroph1]1c species whose chem1ca] reactivity shou]d
be modified by pm e]ectron donating subst1tuents, similarly to the case
of singlet state carbenes, '

A, Molecular Properties of Carbynes

1) Methylidyne, CH | |
From molecular orbital theory (5), CH has the electron config~

uration (150) (250) (2pc) (an)] resu1t1hg in a 2n electronic ground

.~
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state Th1s is in agreement w1th exper1menta1 observat1ons indicating
. that the ground state is zq. Since the energy d1fference between ch
and 2pn is sma]] “the lowest exc1ted states are obta1ned not by bring-
ing the 2pm electron to higher orbﬂtals, but by transferr1ng an, electron
* from the 2po to the an orbifal. The resu1t1ng conf1gurat1on K(25<:)2
(2p0)1(2pn) g1ves rise to four e]ectron1c states, 42', ZA- 2 T, 2 *
(Fig. I;é). The transfer of 2pn electron to higher orbitals resu]ts
in Rydberg transitions. ‘

The CH molecule is of great astrophysical interest $ince it oc-
"o curs extens1ve]y in stellar atmospheres, comets and 1nterste1]ar space
where its spectrum has been detected (6). . The spectrum has,been ob-
served under a variety of tonditions (7-10:“15) and consists of the

following transitions.

" Transition N . Wavelength (nm)

A%, - xznfof . ’ 430 |
B2 %% 390 - -
c’s*- xPn_ | o 313

0°n. - xznr 369.5

E%n - Xm “155.7

2t xn 155.0

on.- 8% L 3007

2

Rydberg Series G - X 137

The a4z state hds been detected lﬁ kcal mole” -1 above the ground
. state (16,]7). The exper1menta] spectro%cop1c constants for CH have

been reproduced quite well by theoretical calculations (18). Recently
laser techniques have been employed to/Zonitor the CH molecules. Laser

induced fluorescence of the A-X trans7&ion has been used to detect

o
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CH (x2n rad1cals in flames (19) to measure radiative lifetimes (14)

and to observe CH as a product following the multiphoton laserrdis-

A | .
sociation of several compounds (20-23).

-

2) Halomethylidynes, CF, CC1, CBr

. The ha1omethy]idynes have e]ectron configurations which can pe
written in Mulliken notation as . WN4XO2VW]. Therefore they would all
have 2n dround states. This e]ectronic configuration is considerably
different from CH. First there is the presence of f111ed wn bonding
orbitals and second]y the vr orbital is a molecular antibonding orb1ta1
whereas in CH the 2pm orbital is basically the same as an atom1c p-

type orb1ta1 The first excited electron configuration is expected to

be ..WH4X01VNZ resu1t1ng in the same four electronic states as in CH

a) F]uoromethy]1dyne &F
The spectroscopy of fluoromethylidyne has been extens1ve1y stud1ed
stnce its e]ectron1c configuration is 1soelectron1c with NO. The
| electronic emission spectrum is observed by decomposition of\EF4 or
other fluorocarbon vapors by electrical d1scharge (24- 28) or in flames
containing CF4(29) The spectrum cons1sts of a violet degraded band

system, AZZ - X2

system, 82A - X2H in the region 1220-197 nm. The observation that the

I, in the reg1on 256-223 nm, and a red degraded band

A22+ state is much more strongly bonded than the X2H and B?A states

suggests that it is the lowest Rydberg state having .,.wn 4 Xo 2~035

configuration (28). The B?A state is assigned to the expected

A 1 2
.wa XQ vn configuration.

2.+

The AL - X2H trans1t1on was observed in absorption after flash

dlscharge and flash photalysis of f1u0r1nated hgdrocarbons (30, 31)

é
<,
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The Bza - in abSorption spectrum resulted from the vacuuh“uitravio1et
photolysis of methy] f1u0r1de in a 1ow temperature matr1x and also pre-
sent was the CF infrared absorpt1on at 1280 cmo -1 (32). Recently emis-

sion from the Azz - X2H and BZA - X2

I systems has been dgtected fol-
Towing laser deComposition of fluorinated methanes (33, 34) Modern
laser techn1ques have given precise measurements for v1brat1ona] and
rotational trans1t1ons in the in ground state (35, 36) The observed
esr spectrum of £F was.lnterpreted as indicating that fluoromethylidyne
has considerab]e‘doub]e bond character (37). i Thé electronic dipole :
moment of CF was found to be cons1derab1y larger (0.65 D) than that of
isoelectronic NO (0.159 D) as expected on electronegativity grounds.
The enthalpy of formation is fa1r]y well agreed ugon as 60 + 2 kcal

-1

mole ° (38, 39). This value gives a dissociation energy, D ,» of 131 +

0
2 kcal mo]e'] which can be compared to the average bond energy in CF

4
of 117 kcal mo]e']. The results from multiconfiguration Hartree-Fock
calculations indicated that, in the X1 ground state, the fluorine 2px ‘J
orbitals have been deIdca]ized onto the carbon and the CF o bond is
highly ioﬁic (40). |

A]] of the above results indicate that the fluorine substituent
is acting through resonance and inductive effects to stabilize the
electron deficiency of f]uoromethy1idyae. The electron donating re-
sonance effect can be represented by extra canonical forms involving
rearrangement of electron pairs as shown below in structures A and B:
The electron attracting {nducttve effect fs represented by structure C.

A B c

:é —.ﬁ: :é = }: ' :C ;ﬁ:
.. + .



The stability and bond strength of CF compared to CH demonstratés the
important contribution of these structures foithe‘e]ectronic distribu;.
tion in f]uoromethy}idyne. f |
b) Chloromethylidyne, CC1 - -«
| Iﬁere is only one well documented'eiecfronic band spectrum of
the cﬁTengmgthy1idyne mo]ecu]g Wh1‘F emissidn has been seen in electric
diséharg!§ through chlorinated compounds (41-44) and in‘f]ames’con-
taining chlorinated compounds (45). This spectrum, which lies in the
~~region 290-270 nm, has been assigned to the sz - X2n transition on the
basis of~rotationa1 analysis (46-49). This transition. has been ob-
served in qbsorption following the flash photolysis of many chlorinated
orgénic compounds (56-56). Tyerman observed another absorption at

2 2

230 nm which was assigned to a B“r - X°qI transition (57) in agreement

with the absorption.spQD&Yum of matrix isolated CCl (92). Laser

techniques have been used to measure vibration-rotation spectra in the

4

gfouhd state (58) and to detect CC1 via laser induced fluorescence of

“the AZA - in transition (59).

The current value for the enthalpy of formation of CC1, 119
: _

kcal mole™ ' (60) gives Dq(CC1) = 81 + 5 kcal mole™" . In comparison
to CF chloromethylidyne is a more‘weak]i bonded molecule. The spectrum
of CC1 yields far fewer transitions than its isoelectronic counterparts,
SiF, PO, NS (61, 62). o .- ‘
c) Bromomethy]idyne,'CBr

Brbmomethy]idyne is the poorest characterized'ha]omethy]idyne‘

because its emission spectrum has not been observed. It was thought

that the 290 nm emission band observed in flames containing brominated



hydrocarbons was due to CBr (63- 65) but is was later 1dent1f1ed as Br2
(66,67). CBr was fwrst seen in absorpt}on fo]]owing f]ash photolysis of
some bromomethanes (50,51). The spectrum which occurs in the 300-306

2

nm Fegion has been.assigned to a 2A(a) - “n(a) transitjon (68). Two

-~

diffuse bands at 250 nm, wh1ch were observed once (57), have been
assigried to a th - X2H trans1t1on
The enthalpy of formation of-CBr is listed as aH% = 123 + 15

kcal mo]e']

(60) giving‘DO(CBr) = 75 +15 kcal mo]e']. .These values are
~comparable to those of CCl1. Likewise, CBr has a limited spectrum com-
pared to its isoelectronic molecules ASiC], GeF, NSe, PS, AsO (61). |
The spectroscopic molecular constants: of the ha]omethy11dynes
are listed in Table I- 1 and indicate certain trends. Thus the e]ectron
donating propert1es of the halbgen substituents become evident in the
bond strengths. The bond dissociation energ1es and bond lengths, when ‘
compared to other molecules conta1n1ng the C,X bond Table I-2, point
to the bonding effect of the delocalized wr electrons. ' The magoitode
of the spin-orbit coupling constant (A) in the 2Hr,ground state of halo-
methy]idynes has been interpreted as indicoting the delocalization of
the wn electrons (68)4 These resu]tsjconsistently agree. with the bond-
ing description of ha]omethy11dynes given above
Of the three halomethylidynes, the phys1ca1 properties of CF are
known the best (6]) Interest1ngly, in contrast, the chemical proper-
ties of CF are the least known compared to the other two ha]omethy]idynes;
as will be discussed later.
3) Cyanomethylidyne , CCN

The transient absorption spectrum of CCN was observed after the

flash photolysis of diazoacetonitrile (70). Rotational analysis



Table I-1 No]ecu]ar Constants of Hé]omethy]igynes.

| o
8H° (keal mole™!) 60+2
D, (keal mb]e']) 13142
u(D) | 0.65
r (&) 1.272
A, (cmT])? 77
w (em™ 1y 1287
"'Transitiqns b (nm)~
A Y xfs_.zoz.i
2t 233.0

CCl - CBr
11945 123415
81+56 75+15
1.65 1.82
135 466
87'5 &
277.7 301.4
230.5 249:7

a - spin orbit coupling constant

b - wavelength of band origin

Table 1-2 Bond Lengths and Eneﬁgiés of the C-X bond.

a
A.B.E (CX,)

(kcqﬁ,moTe-])
ré(X)(sg)‘
I
-H3C-X

H2C = CH-X
HC=C-X

£

—

117

1.381

1.32

1.28

L1 Br.
77 60

77 1.94

72 1.89

.63 1.79

a - average bond energy.

’

10.
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indicated that the three bands observed at'470, 446 and 375 nm be-
lTonged tp the'AZA,— X%n, Bzz’ - in and sz+ - in transitions re-
spectively. | .

B. Generation of Carbynes

Due to their chemical instability, carbynes are difficu]t to
generate 1in mechanistically clean, Tow energ; processes. Several
probiems arise,in carbyne generation. First is the choice of suitable
prechrsors Second is the app11cat1on of appropriate high energy de-
compos1t1on techn1ques Last is the paralle] format1on of other reactive
1ntermed1ates which comp11cate the analys1s
1) Methy]1dyne, CH '

- The mosf common precursor for the CH molecule is methane. The
absorption' spectrum of methane is continuous in the region 110-140 nm
and vaeaum u]thayio]e; photolysis in this region can result in the

following primary processes. -
AH (kca]Ahole']f

CH4 -—————-CH3'+ H . 103
———CH, + H, 108
e Oty 209
——eC 4 2, 189

The relative importance of these primary processes fs still unclear
because the methy1* and methy]ene radicals are formed w1th excess energy
and their react1on pathways are uncertain (71,72). The quantqm y1e]d
of CH formation was determ1ned to be 0.004 at 123.6 nm and 0.23 at .
105-107 nm (71).. In the high 1ntens1ty flash photolysis of methane,

the presence of CH was confTrmed hy “its absorption spectrum (739 The

\
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'formatlon of CH may occur through a) the d1ssoc1at1on of.pr1mary
. products CH3 and CH2, b) the secondary photo]ys1s of CH3 and CH2
and/or c) the dlrect photo]yt1c dlssoc1at1on of CH4 CH (A A) em1ss10n
has been seen fo]]ow1ng the photolysis of d1azomethane and d1az1r1ne in
the vacuum ultraviolet (74,75). o
" CH has been postulated to be formed in the vacuum u]trav1o]et
photolysis of CHBr3 (x5 165 nm) on the bas1s of the detect1on of
acetylene in the react1on products and also the presence of certain
infrared emissions (76 78) - Methylidyne was thought’to come from the- »
sequentia1 three photon d1ssociation of CHBr3. However, in other flash
photolysis experiments=on'CHBr3, only CBr has been observed in absarp-
tion end no spectrum due to CH has been seen (50,51 57)Jf Compar1ng

‘the reaction entha]ples of the two competing processes, it is not sur-

prising that CBr is more Tikely to be formed: AR (kca] mo]eég)

I+

CHBry ———=CBr + HBr + Br 123 & 15

W

b = Br, 4 Br . 156 3

It.must also be pointed out that ultraviolet mu]tiphoton ArF (193 nm)
laser photolysis of CHRr has produced the Azg'and x2n states 0$”CH (79).
Emission from C(]P]) and C2 (d 3ng R C]ng) excited states was. a]so de- .
tected, indicating the h1gh energy input from mu]t1photon photo]ys1s

| The ArF (]93 nm) and KrF (248 nm) laser photo]ys1s of methyl halides

has indicated that a two photon absorption process produces exc1ted

state CH (A2A B2y ) (22). Methylidyne has been produced from the
ultraviolet and 1nfrared multiphoton photolysis of several compounds
(20-23, 80, 81) A

The adiabatic flash photolysis of acetylene and diacetylene

R
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: j"y1e1ded the CH absorpt1on spectrum (10"82) The extreme}y h1gh

';~5 temperatures resu1t1ng from the f]a;h are respons1b1e for the methy]-v

Jh1dyne format1on as 1n hydrocarbon flames. | _ ' “

‘ CH is a]so produced from the pulse rad1o]ys1s of CH (83 84).
.It 1sFunclear whethér it 1s formed by an 1on1c mechanism or neutral
exc1ted Wragmentat1on wolfgan g_ al (85 86) from the1r studies of
carbon atom reactvons, postu]ated CH as a reactive 1ntermed1ate The
presence of methy11dyne was 1nferred by product ‘analysis and thought .
“to resu]t from the decompos1t1on of excited. methy1ene formed from the

Afo]]ow1ng react1on

‘ c+H2 = CHZTg————>c‘1-| +’H‘

Thrush et al. (87) thought that CH was respons1b1e for certain
reactions resu1t1ng in 1nfrared emission and postu1ated that 1t arises
from the metathetical reaction between methy]ene and a hydrogen atom.

CH‘2+H —-'1—-'->CH'+H

"

kn genera], 1t can be seep’ that the product1on of CH results

iy

from the high energy decompos1t1on of su1tab1e precursors or the
react1ons of energet1c intermediates. Due to the excess energy carried
by the fragments and the concomitant formation of other react1ve inter-

med1ates, it 1s hard to 1dent1fy the mechan1sms of CH format1on

\ . _?‘2 + 1

. 2) Ha]omethy]1dynes

The same general techniques. and problems discussed-above for the
_yprodUCtion of CH a1so’app1y'to the generation of CF, CC1 and CBr. ‘These
ha]omethy]idynes are, in general, producéd by'decompositiOns of'ha]o-'

genated methanest“ These are highly endothermic processes as shown

X



Q
by the fo]]owing examples.

"8H (kca]lmo1e'])

CFllg———CF+Cl,+C1 = 159
CCly ———=CC1 + 1, + C 172
CHBry ———=CBr + HBr + Br 123 BN

| a) Fluoromethylidyne, CF -

CF has- been the most widely observed hé]omethy]idyne' This is
.understandab1e, since the- re]at1ve stab111ty of CF, compared to other
halomethylidynes, should make it more amenable to study.

Simons and Yarwood (30 1) observed.CF fo]10w1ng the flash
: photo]ys1s of d1- and. tr1bromof]uoromethane and proposed that it results
from the secondary un1mo]ecu]ar decompos1t1on of energized radicals

produced in the photo]ys1s Th1s mechanism will be d1scussed more’

CHFBr2 + hu(x > 165 M) ~ chrBrt + pr
chrert  ~  F 4 HBr
fully in.connection with CCl.
The product1on of CF in the vacuum u]trav1o]et photolysis (x = -
- 147 nm) of freons (CFC]3, CF2 05 CHFC]Z) was postulated on the basis
of observed oeection products (88, 89). ‘The quantum yield of CF from
the photo]ys1s of CHFC]2 was der1ved to be 0.1 =+ 0.002. ‘

CHFC]2 + ho(d = 147 nm) ~ CF + HCT.+ C1 oH = 134 kcal mole”!

:Other radicals produced in the photalysis are CHFC],'CHF and C1. This.

pPhotodissociation mechanism receives support from the observatton of - e e

B .
. vl
-



the infrared and u]trav1o1et spectra of CF f0110w1ng the vacuum u]tra—_'
violet photo]ys1s of CH4F (32) \

The-focussed ArF (%= 193 nm) laser photolysis of CF2C12 and
CFZBr2 resu]ted in the format1on of the Azz BZA~exc1ted stateé of~CF
(33,34). The emission spectra from these states had a laser fluence
dependence of ~3 indicating'that ebsorption of three photons was re-
quired to produce these excited states of CF. Th1s corresponds to an. '
energy input of 444 kcal mo]e—T wh1ch is more than enough to produce '
CF(BZA), indicating‘the partitioning of energy gmdng'zhe vakious. ’
]A1)
In the

photolytic fragments‘presenf.'fhe excited- (TB])"and~ground (
states of‘CF2 were also produced in ‘the photolysis of CFZC]Z.
Ar F photolysis of CFZBrZQ emissions from several molecular transitiohé
were noted: CF (Azz - in) CF (82A - X2

1. _ 1 '
n); CF2( B] _ A]) and Br2

bb) Chloromethylidyne, CCl

The most detailed stud1es on the generation and react1v1ty of a
'halomethy11dyne have been done on CC1. Simons and Yarwood (50,57) were
the first-to make a systemat1c<study on sources for chloromethylidyne
by investigating the flash photo]ySis of a seh%es of ha]odenated
methanes and conc]uded that chloromethylidyne was generated, by the
decompos1t1on of a vu%rat1ona11y ‘excited ha]ogenomethy] rad1ca1 formed
in the primary photolysis: |

CHCIBr, + hy  ——— cHeigrt + Br

/ CHmBr’f R T

- - A - e CowT g v

_This mechan1sm 1s based upon the f0110w1ng observat1ons

“?:Vthe 1nten51ty~of the COf absorpt1on was” 11near1y proport1ona1 to the Ce



flash energy, which was interpreted as ﬁndiceting a one photon

process producing halomethylidyne. \

- the energy of the absorbed 11ght far exceeds the bond dissociation
energy of the carbon- bromine bond in the ha]omethane, hence there is

- a large amount of excess energy available. Dissociation of the Weakest

carbon halogen bond is the general primary process in the photo]ys1s

of halomethanes (60). ‘

- the intensity of the CCl abs®rption was found to be pressure de-

pendent, indiceting a quenchab1e precursor.

- the corresponding haloacid, HBr, was identified in product analysis

as well as'radicel combdnation and disproportionation products re-

solting‘from the halogenomethy? rédica]

This mechan1sm was supported by the results of Husain (52) Who
observed €1 absorptlon in the flash photo]ys1s of C613N0 and proposed |
the following steps: | ' ' AH'(kcal moTe"])
CCIGN0 + hy (A > 190 om) — cert 4 o 42

cc13'f ——= CCT v 1,

101
The intensity of the CCl1 absorption was Tinearly proportional to the
flash energy which was interpreted as indicating a one‘photon process

producing CC1. The absorption spectrum of NO indicated that the nitric

, - 0xide produced by photo]ys1s was not v1brat1ona11y excited. Therefore

- 5 e

it was be11eved that the excess, energy ava11ap1e after photod1ssoc1at1on

was in the CC]3 rad1ca1 wh1ch decomposed to CC] and C12 ;, -
L Ch]oromethy71dyne was also generated by Tyerman (55 56) in the
: f]ash photo]ys1s of a ser1es of 1,1 - d1ch10roethy1enes _ A mechahism

Was. proposed whereby CC1 was produced by secondary photo]ys1s

16.
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CFCCly + ho = CF, + cc12'
CC]2 +ho -~ CCl + (1
It is interesting to compare these results with those of Simons and Yar-
wood and Husain. Tyerman also observed that the CCI absorption inten-
Sity wae prOportiona1 to the flash energy. Howeven, he oroposeo a'two
photon process producing CC1, contrary to the one photon process sug-
gested hefore.v The discrepancy is believed to be caused by different
spectral resolutions resulting in different relationships between ab-
sorption intensity ano concentration. A
CCl radicd]s have aieo been produced in the APF (X = 193 nm)
laser photolysis of CCl, and CFC14 (59,90). These molecules provide
good examples of the high energy reactton channels that are accessible
with multiphoton laser photolysis,

The .photolysis of CC]4 yields emission from CCl (A2A - X2

TR 3 N T
CC]Z( By - X A]) and C]Z(A Toey = X Zg) transitions. Some of the re-

n),

']evan%;eactions are listed below. -1
aH (kcal mole™')

CCTy————=CCl5 + C1 -
CCly=————=CCl, + C1, 80
cel, CCl + cly + C1 172

The Cflé tﬁuorestedce at 560 nm had a Jaser fluence dependence of 1
,whi]e.the,C]2 fluorescence at 255 m had a- fluence dependence of 2.
This"kesult could 1nd1cate c that most of the excxted CC] })hOtO—
‘Fragments are Eroduced dn react1on thannels other than the ones produc~
~1ng h1gh1y exc1ted C1 mo?ecu]es Two Arf photons at 193 nm prOV1de -
296 kcal mole” -1 of energy which is suff1c1ent to produce CC1 radicals

2

in the AA state (AH = 275 kcal mole ]). However, if the exothermicity



, 6f4fhe_}ea;fiqn;must bg‘par;itioned among different channels, then this
energy requirement may not be fu]fi]led.‘ In accordance‘with this, the
‘CC1 fluorescence at 278 nm (had an -average laser fluence dependence of
2.5. |

In the photolysis of CFC13 similar results were obtained. Emis-
'sion from CC1 and C12 was observed; along with the excitation spectrum

of CFC1. The possible reactions are listed below.

AH (kcal mo]e“])

CCT3F ———= CCIF + (1 | 75
CCl3F ———— CCIF + (1, 90
CCTgF ———=CF + Cl, + €1 159
CC13F ———CC1 + 1, + F 208
CC14F e e 206

b

The CC1 fluorescence had a laser fluence dependence of 3 in agreement
with the‘thermocheﬁica] requirement. It is interesting to note that no
emission from CF was detected although this does not prec]ude-the form-
ation of ground state CF(XZH)'which may be detected by its excitation
specfrum: In fact the production of CF from the 123.6 nm photolysis

of CFC13 with a quantum yield of 0.04 was proposed by Rebbert (93) who
also proposed the production of CC1 from the 147.0 nm photolysis of CC]4
wjth a quantum yield o% 0.02. 4These results are supported by the ob-
servation of CC1 from the vacuum ultraviolet photolysis of CH3C1'in a -
Tow temperature matrix (92).

c) Bromomethy]id&ne, CBr

- CBr has been observed only a few times. Simons and Yarwood (50,51)



obtained the CBr absorption spectfum following the flasﬁ photo]&sis of
some Brominated methanes such as CHBr3 and CHéBrz. Their mechanism
for CBr forhatiqn has been dfscussed above. The same absorption
spectr&m has beenigbserved by ather Qroups in the flash photo]y;is of
the same-compounds as Simons and coworkers studied (57,93,94):  None
of them was able to observe CH absorption in the(+1ash phofo]ysis'of
CHBr3 as claimed by Lin (76-78). The Arf (193 nm) lgserfphotolysié of
l CBr4 (95) and CHBr3‘has not yielded any CBr emission spectrg, perhaps
as a result of predissociation (68).’

. The above discussion indicates that the known téchnidueé for
generating ha1ome£hy]idynes involve high energy input and generally
yield other_reactive intermediates in greater abundance which will make
the analysis of halomethylidynes comp]iéated.
3)61Cyanomethy1idyne, CCN | -

The-abéorption spectrum of the CCN radicaf was obtained by the
flash photolysis of diazoacetonitrile (70). Many other bands also
'appeén Vibrational Tevels of the violet syétem of CN, up to v" = 13,

22+ -.XZH system of the NCO radical, the

appear in absorption. The A
Swan bands of C2 and the 4050 X group of Cé appear‘weak]ya as does the
4315 X band of CH. There is a strong transition beginning of 3400 K
assigned to the HCCN radical and overlapping this, intense bandg due to
the CNC radical apbear. |
4) Carbethoxymethylidyne, CCOZEt.

In the short wavelength (i > 210 nm)'photo1ysi§ of diefhy]mércury-
bisdiazoacetate, several different intermediates may be produced dué to

dissociation of the carbon-nitrogen.and/or carbon-mercury bond, such as

cgrbethoxymethylidyne and a-mercuficarbene; (95)
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2% 2“CC02Et

T gty = g 2
T = Mg Ny GCOEE 4 N2CC02Et

- H2 + EtOZCCN Hgﬁco Et

R 2N,CC0,Et

v : 20T
The mass Spectrum of the parent d1azomercur1a1 compound showed a strong

.,m/e peak of 85 wh1ch would correspond to carbethoxymethy11dyne

c)' Carbyne React1ons

A]though carbynes have been character1zed spectroscop1ca]1y,

. their react1ons are not we]] known due to two factors

- the carbyne generat1ng techn1que usua]]y produces other-’

_ reactive species, as was discussed above.

[

.- _the prtmary react1ons of carbynes WiTT FesuTt i exc1ted’

“radlca] 1ntermed1ates wh1ch w111 undergo further react1ons

'Strausz, Ske]] and coworkers (95) advanced the propos1t1on that doublet

state carbynes are analogous to s1ng1et carbenes in their reactlons
while quartet carbynes should be similar to triplet carbenes. For
example, the first excited state of CH, a4z', lies only 17 kcal mole”!
above the in ground state compared to CH2 where the first excited
state, a]A], lies ~10 kcal mole above X3B](60). Thus CH shares with
CH2 and certain other radicals, the intriguing prospect of two distinct
sets of chemical properties dépending on the spin state. Since carbyne
reactions have been studied to a limited extent, only the reactivity .
of doublet carbynes will be considered here and compared. to singlet
carbenes. |
1) »Methy1idyne

The important factors for cons1der1ng CH react1ons, which will

become evident, are symmetry and sp1n cowre]atqus and reactlon entha]- B

A.."e.,<
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pies.
| Reactions of CH with atoms have only recently been reported. Thi§
is due to the obvious difficulties of generatihg CH'and atoms and bring-
ing them together for reaction as discussed by FiTseth et al. (96).
Reaction pathways involving €H + H are g1ven in F1g I-3. The CH(in) +
H( S react1on correlates ad1abat1ca11y with those of the C(3P) +
_Hz(]z.;
the assumed. format1on of CH2 intermediates in. C or C2v symmetry. The

(X2n + H( S) reaction is then expected to yield the X3B] and a A]

) and C( D) + H (] +) reactions through different surfaces with
2" g

states of CH2 and C( P) + Hz(] §+) in exotherm1c, symmetry and sp1n

allowed reactions. The reverse react1on was considered by Wolfgang et

gj;(85;86).; In the1r stud1es J1C atoms were produced by nuc]ear

14 1

' ieehhidue in situ and were formed in 3P; D and- S states with high

' excess trans]atvona] energies. In the presence of hydrogen,ACH (X?n)
" should be produced. - -
| Recently, the reacfions of CH with oxygen and nitrogen;atome heve
been studied by Filseth et al. (16). For the CH + 0 reactioh the possible

/\l ' . . > : N : =
ernthermic reactions are Jisted below oH (kcal mole 1)4

cn(’my + 03P )~ H(%s) + co(d3) -2
—2 ot + " | -5
—3w H(%s) + co(a 3 -18
——woH(%m) + ¢(3p) -2l
— (%) + co(adn) -37
—E— < H(%s) + co(x'h -176
—T——Hco(x2") -189

The chemiionization reaction channel 2 is now generally accepted as

‘Qefhé.qﬁ important process in hydrocarbon flames (97).and interéte11ar

21.
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CH(CtE*) + H

CH(BEE )4+ M
cHiala)+ H

. - [ PN » -
PR 4

7

——— CHEN

“ -

Fig. I1-3 Symmetry correlations between CH + H and € + H2 (from ref. 60)
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~ space '(98) Theirate constant for th1s reaction has recent]y been S
measured-at. 295 K to be 2 4 x 10 -14 cm3sec -1 (99).5 Comb1n1ng this rate
with the overall reaction rate“bf‘Q 5 X‘10' " cm3sec'] ;easured by
Fi]seth et 51 (96). gives a branchlng ratlo of 2.5 x 107 4‘ ~This is to~
) be expected as- the more exotherm1c react1on channe]s shou]d domwnate -~
React1on channe] 6 is 1nterest1ng because of its h1gh exothermicity and
the quest1on arises as: to how’th1s excess energy is- d1str1buted The’
exothermicity of atom trdnsfer reactions often appears mainly as vib-
rational energy in. the newly formed bond (100). Reaction channel 6
is 'one where -much of the energy re]eased m1ght appear as v1brat1ona1
‘excitation of the new]y formed C 0 bond. Thrush et al (87) have de—
tected v1hrat1ona11y excited ground state CO in ]eve]s up to v" = 33
»(153 kcal mole ]) nh1ch was attr1buted»to the occurrence of'react1on»'
channel 6’v Lin (76) has c1a1med that this react1on channel is the
SOurée of ca . 1aser emission in flash photo]ysed CHBr3/SO mixtures with
up to v" = 18 levels of CO detected. |
The TH + N reaction was also studied by Filseth et al. (96). The

pvnthermic veactinn channels are Tisted below.

H_(keal mo]e ])
OH (X n) - N s)-———-—>c(3p) + N (3s ) 0T
———=H(%s) + oN(B%Y) T 5
————H(%s) cN(Azn)‘ -73 |
——H(%5) + en(xZsh -99
———tieN (x5 ~221
13

The measured rate constant is high, 2.1 x 10 cm”sec ', which is under-
standable due to the presence qf spin and symmetry a]]qwed, exothermic

reactions. -

23.



The reaction of CH with_Hz has been considered theoretica]ﬁy by

Brooks and Schaefer(101). For the insertﬁon reaction they calculated the

CH(X%n) + H2<x]>:g+) »ch_(zAz") = -110 keal mole” -1

barrier to“be ¢75 keal mo]e—] for }east mot1on 1nsert1on and 4 kcaT

mb1e-] for non-least motion insertion.

T .
H - . . ‘ _ H : s
l..,.-CiH : ) -l-;\.‘.,.-. C

least motion _ non-least motion

These results are explainable in terms of orbital interactions. In the
least motion ‘insertion, the CH 2pc2‘6rbi;al would interact with t'he""'H2
02 orbital and there should be a repulsion barrier. However methylidyne

:1s electron deficient in the area perpendicular to the CH bond and, in

TN

non- Teast mot1on 1nsert1on th]S e]ectron deficient orbital region in-

teracts with the H2 02 orbital and therefore this reaction pathway

should be more favorable. Due to the excess energy present in the

CH? intermediate, the insertion reaction in the gas phase wonld hecome

an overall abstraction reaction.

2

+
3

2oy 41 Py ) -ﬁ;"
CH(X"m) + HZ(X zg ) ~ CH

Formation of singlet mpthy]ene (]A]) is ~10 kea) mole’) more pndothérmir
-Rvooks and Schaefer conr]uded on a theoret1ca1 bas1s thaf the CH(X

-vpadt1on< with mo1ecu1ar hydrogen were very s1m11ar to thoqe 1nv01v1nq

A,") = CH(BY) + H(7S) AW 5 4 beal mote”!

24.

.

CHZ(]A]). Rate constants have-been determlned for the CH + H2 reaction - - -

-~

and are listed in Table I-3. From the ahove d1scu5510n,‘the reaction
is anticipated to produce ground state CH2 and a hydrogen atom. Thrush

et al. (87) considered the reverse reaction to be the cause of formation

of CH radicals.

The CH + 02 reaction has many interesting”engrgeticéllv possible
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Table 1-3 Rate Constants for Reaction of CH(X’N) with Inorganic Sub-

\

strates. b o o
' ky x 19'9 Mf] sec” !
Substrate . . CH(Xm) SR ey ) F(?P?ﬁw
- _Eiﬂi. Perqgfé FﬂsethC |
0o eode . 12
62 © 36:3 <28 2042 18 84 3.6
N, 0.54:0.06 0.6+0.1 . 3 <6x10 °  0.012
NO 170440 <24 80:20 36
O 1342 3 v <6x107% 1.2
Hy 1623 1041 4 a0 g
€0, . 1.120.2 | 0.02
CoNHy oL 5947 - WS T
a) ref 79 A
b) ref.e3 -
¢) ref. 20' 96 o . . . \ ..

‘d) .ref. 103
e) ref. 104



reaction channels and the experimentally determ1ned rate constants are

Tisted in Table I-3 - . | AH(kca] mole ])
CH(x%n) + 0,0 ) ~—wco(a®n) + OXZ1)
ot v + 03 s
—2—— cotx's*) + on(aZY) _68
e co(x%n ') + 0(3p) 77
——co(x'z*) + oH(x%n) -159
_,E-—-—-coz(xTzéf) + H(%s) -183’

The (/\22+ - XZH)OH~emission has been observed in many hydrocarbon flames

and been attributed Fo reaction channel 3 (102). The decay of this OH
chgmi]uminescence was measured by Filseth et gl.(?o) while also mea-
suring the CH decay kinetics. Iﬁfrared laser emissions from vibration-
ally excited CO and CO2 mo]ecu19° were observed by L1n (78) 1n'f1a§h '
Anitiated CHBr3/0 voa1f1on9 and attr1buted to reaction rhannels 5 and
h. ' _ .
ThelCH f N2 réaction g fdir]y é]o&vcompared to the other CH +
diatomfc molecule reactions licted in Table I-3. This is because there
are me exnthermic reaction channels and tile reaction with the Towest

”

reaction enthalpy does not conserve overall spin.
cH(x?ny NZ(]xg )~ HNOTT') 4 N(YS) o = 3 keal fotes
Lin et al. (79) found this.reactiQ? to be pressure dependent, indicating

1

the formation of an intermediate complex, thus< pasing the spin con-
servation requirements. ]

Table 5'3 also lists the reaction rate constants for the ;eaction
of CH with various other inoraanic substrates. The agreement between

the different researchers using different systems ig gratifying. The

rafe conctants ceem to agree better with those of singlet methylene
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(]A])CH2 than wfth (381')CH2 even though the rate constants fof=';_ ,f

~Methyjene.j; Qenera1=areAincertain (103).-_Ré£e cohstants for N(ZD),

fhe uﬁitéd"atom analog of CH(*ZH), are also.given in Table I-4. The

N(] D) + 02 react1on is def1n1te1y established to be a chem1ca1 one (104).
Rate constants for the react1on of CH w1th a number of organic

"substrates have been determined and are listed in Table I-4. Reaction

: w1th a]kanes may occur via two possible paths, insertion and abstraction.

eH(%m) + RH — ‘RCHZ

o~ oH, +R.
Both reéctioné Sre'spin allJowed. The insertion reactionlis very exo-
.thermic whereas the abstract1on react1on is nearly thermoneutraj],

The entha1p1es of two CH + a]kane react1ons are shown below.

AH(kcal mole ])

C2H5 _ -98-

_A 1
o v o—2 . CHy + H =60
. — CHZ' + CH, 1 ;
oH+ c2H6 — CH, -101
—— CyH, + H .83
—— CH, + CH, 75
———= CH, + CH 4

2’5

- Because of the large amount of‘energy re]éased_in the insertion process

the a]ky]bradicals forméd are eXpected to undergo fragmentation reactions.
"For the redctions with larger alkanes, brénching‘stgps are expected to

© ~*be even mor'e complex because bbth_insertion and abstraction processes

8. . . 1
~can take place with primary, secondary or tertiary C-H bonds. Reaction
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v Talle -4 Rate Constants fgr React1onrof CH(ZH) w1th Organ1c Substrates '

S , N o k X ]O -9 M ]Sec ]' S f
Substrate CH(xfm) . CHZ(]'A]‘) |
-— — — e T SRR N
Perner® L1‘nb
Methane CH, 2041 60220 1.1
~ Ethane CoHe 240260 2.9
. Propane .:C3H8 B 8é:20 | 3.8
n-Butane n-CyHy, 7887 0 350:30 4.9
,gxclopropane c-C3H6 : ¢ l40:40 ’ i
‘Cyclohexane ‘C-CGH]2 - .28011]0
Ethylene CHy . 69:6 13050
Acetylene  CH,  45:9  130:24
Propyne CHiCH  © . 28090
Benzene CGHG-' v 50£20 &
a) ref. g3
b) ref. 79 «

c)_.ref. 103



I 1 the vacuum ultraviolet photolysis of CH4 on the basis of the_isotopic,

.~ channel 2 1s'cqnsideted to pe\an 1mppriantesounce ofaethy}ene fonma{ion

T
2

3

FLESN

d1str1but1on of the products from YabeTled Substrates (71 72 105 106) )

WOIF (JOZ) aJso postuJated that radloactzve 1
=2
U C-H bonds and that Subsequen?‘fragmentat1on produces 1abe1]ed ethy]ene,

as shown in react1on channe]s 2 and 6, ]]CH insertion 1nto secondary

CH ]nserted Jnto pr1mary

-and tert1ary C H bonds was be11eved to initiate further fragmentation

react1ons, as ment1oned above

3

. The rate constants. determ1ned for the reactions of methyT1dyne

P iy e .

W1th organ1c 5ubstrates do not agree as weff as those for 1norgan1c

e

- substrates and therefore on]yageneral trends can be discerned. Thus

the rate of CH reactions with a]kanes seems to increase with the numbez
of CH bonds available and methy11dyne seems to react indiscriminately
w1th all types of C- H bonds.

For unsaturates, the questiopdarises as to whether one can dis-

tinguish reaction of CH with the = bond. The reaction of CH with

ethylene may proceed through severa]-energefical]y accessible reaction

channels:
aH(kcal mole™)
CH + CZH‘T—-.’C,HZ-CH = CH2 -113
——-——»HZC\—/CHZ I
? -88
! _
-———->L3H4 + H | ~-57
:; + H - =36
—-—————'>:QH

+ .C,H 0
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The rdate of reaction of CH with ethylene is faster than wtth methane,

. .Since.the number of C-H bonds in C2H4 and CH4 is equal and their bond

' gtfeooths compérab1e.(D = 106 and 104 kcal moie'],-respectively) the

’ 1ncreased react1v1ty apparently resu]ts from the pre§EﬂCE‘UF“tﬁe m bond

LR .
RO T S

~ The pate of reaction with acety]ene i5s approximately the same. The

reaction of CH with the m bond is believed to occur via addition,
similar to the well documented cycloaddition of CH, ( A ) (2). For the
reaction with ethylene, it seems likely that addition and insertion
reaction; will occur with equal ease and that subsequent fregmentation
will take pfece} wb1?gang ét_gl (85;86)hsug§e5tedﬁthat the redcttoo to

form allyl radicals was important in their gas phase system. Recent ab

initio molecular orbital ca]cu]ations on the addition of methy]idyne to

ethylene suggested that asymmetric addition proceeds without an acti-

vation energy (179)° Th1s agrees with the high reaction rate constant
and is also in agreenent with the calculated reaction path for the
addition of CHz(]A]) to ethylene (106).

Thevovera11'reactivity of CH can now be assessed. The highly

unstable electron deficient structure of methylidyne, as was shown in

molecular orbital diagrams, results in a high enthalpy of formation.
Thjs large AH; means that most methylidyne reactions with substrates
will have several exothermic reaction channels resu]tihg in the high
reaction rate constants shown in Tables I-3 and 1-4. These reactions
should result in products which are e1ectroniqaj1y and/ortzibrationa11y

excited and mostly radicals. The secondary reactions which will then

occur make conventional mechanistic interpretation difficu]t The primary

A,react1ons of CH will probab1y have to be mon1tored by transient

-detect1on techniques where both reactants and products are observed.

30
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Kinetically, ihefCH(X?ﬁ)‘réact}vify"is difficult to compare with that

1

of CH A]) and (381) because of 1imited data.

ol
2) Halomethylidynes
a) F]uohomethy]jdypé,_CFa N
- CF‘éxBibits 5 marked difference in AHf COmpared to.Cﬁ; Tﬁé

possible reaction channels for .the CF + 02 reaction are lTisted below

as an example in order to assess whether this change of AHe will affect

the reaction enthalpies. ‘ -]
AH{kcal mole™')
I 02('X3xg‘) ~ co(x'ty + f(%) + o(3p) 10
~ Fco(®a) + 0(3p) -42
~ co(x'z*) + Fo(x%n) -65
1o+, . 2 : .
~ co,(x'ng") + F(%p) o -136

Tn comparison to CH + 0,, the reaction of fluoromethylidyne with

27
oxygen has fewer and less exothermic.reaction channels»and oﬁe might
expect this reaction to be slower. However, other effects such as
po]ar}ty éhd steric hindrance mfght influence the reaction. To date
no kinetit measurements have been reported far CF and almoct nnthing
has been published on its chemistry .

The poss1b1e reaction of CF with atomic oxygen can be considered
first. Reartlon channe] 1 was used to explain CO(a3n X]z ) chemi -

1uminescence (118). Reaction channel 2 was believed to be responsible

for . | AH(kcal mole™ )
cr(x%ny + 03P ———sco(adn) + F(%) - am
—t—coix's") + (%) o128
—32—reo(?a) -159

B S S Tt D T el L e
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the infrared CO laser emission ohseryed in the flash photq]ysdslof
CFBr3/SO mixtureg (108). The°th1rd order reaction rate constant for
react1on of f]uoromethy11dyne w1th atom1c f]uor1ne was~ deduced to be
6 6 X 1020 '2 85 M- sec ] fnom shock tube studTes (109) The possible

react1on of CF w1th n1tr1c ox1de can proceed through some exothermic

AH(kcal mo1e'1)

cr(n) + no(2n) —L—wrco(%) sty e M
I S 14 0CP) . L2
: @ "71 ‘:J-v:,“f;ﬂ ceopar @MY 1J;' o * ]";' 5‘3 Q'E‘ e e
’ 2 o(xr*) + NF(r) -48

chahne]sq Reaction channel 3 was‘postulated as the source of‘infrared

CO 1aser emission from flash. photo]ysed CFBr3/N0 m1xtures (110)

Lo

The fo]10w1ng reactions were used to exp1a1n the format1on of -
certain products in the vacuum uTtrav1o1et photo]ysys of CHFC]2 or
CFC]3 (88, 89, 111)

»  AH(kcal mo]e*1).

‘‘‘‘‘

CF + rH3 ~—————-*-C2H2 + HF . -j04
~———-———-C2H3F ‘ -125
CF + Brz——-———> C_FBr2 : ?

In comparison, the reactions of.CFz(]AI) are_better known. |
Reaction with irorganic supstrates»sueh a; oxygen'and hydrdgen-haiides
is slow (119), CFZ(]A]) reacts w1th olefins via stereospec1f1c add1t1on
and follows an electrophilic trend. Measurements of relative activation
parameters seem to indicate that CF, is guided.iu~its se]éttivity'by

both preexponential and activation energy'gérameters (120).
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b) Chioromethyiidyne, cel

The entha]py of formation of CC] is. ]19 + 5 kca] mo]e ]., This j

"decrease 1n stab111ty compared to<CF shouid make~CC] more react1ve than-'-

CF since the reaction entha]p1es w111 be more. exothermlc  Kinetic
measurements have been made on severa] CC] react1ons and the rate
constants with 1norgan1c substrates are 11sted in Table I-5. The values
for the oxygen react1on rate are’ 1n good agreement and those for H

2
L~essent1a11y show a verx slow react1on . When these rate constants for

<

‘CC1 reactlon are compared to those determ1ned for CH react1on w1th the o

same substrates, the results show that the CC1 reaction is roughly one

order of magn1tude s]ower than the correspond1ng CH react1on The

possible reaction channe]s for the reactlons of CC] with 02 and H2 are'

. §

11sted be]ow

oreee el sH(keal m'me-l)
cc1(x2n) Sz —cwcr(la) w3 H o
B0 I T s SRR S
w e e = ohCa) s a2
~ CH,C] T
a1 (x®m) + 0,02 5) = co(x'r*) + cr0(a2n) s
T e '*co(x] )+ c1(%e) + 0(%) -s8” ;
~C1c0 % o e
~co(x'z*) + cr0(x2n) 122

j - ~ 0,(x'z ") + c1(%p) -184

Compar1son between the possible reaction channels of CCl and those of
CH shows that they are nearly 1dent1ca1 in terms of” exotherm1c1ty If

the measured rate constants are assumed to be correct, an 1ntr1gu1ng )



Tab1e I 5 Ra&e Constants for Rea&t\dﬁ o’;CCT {X Hj w1th Inorgan;c .

Substrates

k2 X]Ggg ,M...'I ,”(s_.éc_-_], e

a) ref. 55

b) ref. 121

c) ref. 5

N.R.

= no reaction

Hé‘: - 0.03:0.01 - - -

_ N.R.E |

0, 2.5:0.3 1.7 o
N2,_ <0.0015 - - {_/‘
NO - 22

SFG . “ - S ,O.:D]4, . o
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L,[quest1on ar:ses as_to. why the CC] react1ons are slower, than the cor- -
respond1ng CH react1ons A qua]1tat1ve exp]anation can bE’giveh in o7
;'terms of the thermodynam1c tran51t1on 'state formulation of the reaction

rate constant.’

L4

kag = EI exp(8Sag /R) exp(-sH 8/ RT)

The question arises as to whether a change in the entropy of éctivation,
AS*AB and/or a change in the enthalpy of activation, AH AB® is re-
sponsible for the rate constant difference between CC1 and CH. The
reaction paths considered by Brooks and Schaefer (101) can»serve ae usefu)
pictorial quides here. For the- non- Teast mot1on 1nsent1on of CH “they
ca]culated a barrier of 4 kcal mole 1. For the non Teast not1on in-
sentiohﬁof CC] 1nto H2, a much larger barrier is to be expected due to
twe tactors. The f1rst is the ster1c h1ndrance of the bulky chlorine
subst%tuent which would affect ASXBﬂ The second is the pr orbital

i h H C1

. )

H - C
H

overlap of chlorine reducing the electron deficiency around the carhgn
which would affect the HZB of the reaction. Thus the chlorine sub-
stituent acts in two ways to cause the reactivity difference.

Rate ctonstants have been determined for the reaction of CC] w1th
a variety of organic substrates and are Tisted in Table I- 6 Very few
substrates have, been studied by more than one 1nvestlgator and, for
those which have been,the agreement ranges from good to bad. The agree-
ment is reasonable for the unsaturated substrates; ethylene, acetylene

and propyne. However for the reactions with alkanes, serious differences
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"7 Table 16 Réaction of CC1 with: Griganic Substrates -

e e S,
Substrates

(38

t-?—C4H8

1-C4H8
cyclohexene

. i ~ b™
77 Choi et a1.? Tyerman -

4 k‘ '._'9

C o ‘ K5 x IQQA‘M'lse; AR

A L
Wamp]er‘__ e

<0.004 0.10+0.02
0.0045+0.0004
NR. of23¢o.o3
N.R. 0.22:0.01
' 0.22:0.02
0.075+0.008
0.33+0.04
2.5:0.25
9.6+0.8
1541
3.1+0.2

1.3—cyclohex¢diene 1.4+0.2

1,4~cyc]ohexadiene 3.7+0.2

CF2CC12

CFC'ICC]2

CHC]CC]2

C2C14

1.940.2

4+2

1045

N.R.
<0.002
- <0.002

0.2+0.02

0.13+0.01

36,




' ' kzx 1(5-9 _MT]s,ec,"]-
Substrates AN
o - Choi ét al a |
C,H, E 0.025 + 0.004
CHyCCH 2.2 0.2
CHCH,CCH 3.7+ 0.5
CHyCH,CH,CCH 4.3 + 0.7
CHyCCCH, 18 + 3.
(CHy) 5CCCH 2.4 £ 0.3
(CH3)3CCCC(CHy)y , . 7.6£°0.7

T L Pt b o - b A R P

.| Table -6  Reaction of CC1 with Organic Substrates. (cont'd) - .
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_.occur.' Choi and Wampler's resu]ts'suggeSt that the Clereaction with

~ the C-H bond‘;s re]ative]y'SIOW gn&~unimportantuwhile Tyerman's results
suggest that sdme reéciiqn pdéUrs. thle the absolute values for the
rate conStahts ma} be“ﬁncertain, the relative changesvin-the rate con-
stants yielq some information on CCT reactivity. For the reaction with
alkyl §ubstitut9d alkenes and alkynes, CC1 exhibits an electrophilic
trend, that, is the rate constants increagé witH&%he numbé& of alkyl
substituents. A comparison betweén,the rate consfahts of CC1 and CH
with ethylene indicates the methylidyne reaction is ~ 500 times faster
~than that for chloromethylidyne. The possible reactian chanhe]s for the

£cy1 o+ C?H4 reaction are listed below. &

sH(kcal mo1e~])

(01 4 C My —————= CHCI-CH = CH, 9

2
e et H?c\\-—cn?' ' ?
C
Cl
———— CH, + C1 -57

——<Ta %

It is 1nterest1ng to note that the reactivity of CC1(X H) seems
tao para]lel that of singlet d1chlorocarbene CC]Z( A]) is found to be
fairly unreactive to paraffinic C-H bonds, but reacts with blefins via
electrophilic, stereospecific addition (2,4). Skell and Cholod (114)
measured the relative qctixation parameters for the addition of :CC]Z'
to alkenes and found the reaction to be activation entropy dominated.

The rate constants and mechanism for the réaction of CC1 with

halogenated compounds are uncertain, since it is not clear whether the

reaction of chloromethylidyne with a carbon-halogen bond is important.

[y



39,

In vacuum ultraviolet photolysis experimentel the following reactions
were postu]ated to exp1a1n some. products (90, 115)
*

oo I CC] - C2C15 - C2C14 + (1

Br

CC1 + Br2 -~ CC]BPZ 2 CC]Br + Br

Rate constants for the reaction of chloromethylidyne with a seriec
of silanes have been determined and are listed in Table I-7. The re-
sults show that the reaction with s11anes is extreme]y rapid. However,
no measuvab1e rate of reaction was observed w1th tetramethylsilane,
indicating that reaction with Si-C and primMary C-H bonds is un1mportant
relative to other reactions. Fhloromethy11dyne reacts with the S1 H bond
and there was an observed corre]at1on between the rate of react1on per
Si-H bond and the hvdr1d1c character of the Si-H bond (54). . The pro-
posed reaction mechanism is a hydride ion transfer with more or lessg
simu]faneouc back donation nf the lone electron pair of the rarhgn t-

the silicon.

@

Cl

| § cl

< | ~c‘<) CH

s e 6‘ ,__.' . R
- +,;. N > l&* H y
- Si ' —H ~Si - Sl""
- _ , I :

These results indicate that polar effects may have an important in-
fluence on chloromethylidyne reactions. CCl1 reacts with s11anes at
vatec comparahle to the insertion of CH2 and S1H2 into Si-H bonds. This
should not be interpreted ac indicating that the electrophilic character
of CC1 is the same as thnce of CH2 and SiH2 but merely that the Si-H
bond is extremely reactive, as is wel] known, and unable to discriminate

between the electrophilic reagents. kep]acement of the methyl groups

s ik o s A s o



Table I-7 Reaction of CC1 with Silanes (54)

Cheton : -9 -1 -1
- Substrate | _52 x 10 7 M. 'sec
s!h4 0.48 + 0.05
MeSiH, 1.7 + 0.2
Me,SiH, 2.8 + 0.1
Me SiH 2.8 0.2
. Et,SiH, 2.9 £ 0.3 -
Et il 4.5 + 0.1
| Me,Si - Q;R. |
3 siD, 0.25 + 0.03
,MeSiD3 0.98 + 0.04
Me,S1D,, 1.8 + 0.1
Me,SiD - 2.8 +0.2
sz”s 675.t 0.3
Si,Dg - : 5.6 + 0.3
Me,si, 0.025 f 0.003
C1,SiH . <.0.004
C1,MeSiH 0.029 + 0.003 -
c1MezsiH 0.39 + 0.02
Me,SiCT N.R.
Me3S1F. ‘ N.R
. y '
C12512. | N.R.




by ch]or1ne atoms is expected to decrease the hydr1d1c character of the
'lS1 H bond and causes a sharp drop 1n react1v1ty as shown by the ﬁate
constants Ch]orlne deact1vates the Si-H bond for. electﬁbph111c CCl
1nsert1on due to the inductive effect of the ch]or1ne atom

c) Bromomethylidyne, CBr -
| One set of reaction rate constants has- been determ1ned for CBr
and the results are listed “in Tab]e I- 8. The enthalpy of formation is

123215 kcal mole™!

( 60 ) Therefore, the react1v1ty would be ex-
pected to be’similar to that of ch]oromethy]1dyne Compar}ng the rate

constants for CBr react10ns w1th those of cC1 shows that they are very

s1m1’ar The react1ve ‘ehannels ‘for the react1on of CBr with 02 and NO
are_oot11ned be]ow, sH(keal mole™])
a csr(%n) + NO(XZH) e o) Bro(xn) -13 |
2 ren + 0(3p) 43
. '——3——» cotx'z*) + ner(x3z7) -99
- cBr(x?n) + 02(x Ig AL, . co(x'z*) + Bro(a? m) -39
. | —i———srco fo) . g
C=t o oosY) + Br(%p) +0(%p) -4
———=co(x'z*) + Bro(x?n) 119
—E—C0,(x'z ") + Br(%) .19

Reaction chahne]s 3,7 and 8 will definite1y contrfbute and are.probab]y
T the major source of infrared co and"CO2 laser em1ss1ons observed in }
“flash initiated . CHBr3/0 and CHBr /N0 systems, wh1ch were attr1buted
to CH react1ons (76- 78) o

The reported rate constants 1nd1cate that CBr reacts s]owly w1th

»

tertiary C-H bonds wh11e no measurable react1v1ty occurs with. pr1mary -
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Table I-8 . Rate Constants for the Reactions of BEBmomethylidyne (93)

Substrate B

- 2,3-dimethyl-2-C,;H,

 C3Hg

* .
S
- e

K x 10

wl

9 -1

M !

'N2 : : . <0

2 1
' 13

iso—C4H]0 ».»t. . 0

CH o : 0.

274

t-2-C,R, ‘ 6

4’8
4’8

CHF T 0.

23"

CHF. -~ 0.

2722

2 : >b.~~ <0.

sec”
.004

003
.3+0.5
+2

003 .
.018 + 0.009

) 1+ I+
_— ——

I+
—

18

1+

-0.01 -
12

I+

0.03.

-



and secondary C-H bonds. These data tend fo support Choi et al. and
Wampler's results with regard to the reactivity of CC1 towards C-H
bonds. Bromomethylidyne exh1b1ts an overa]] e]ectroph111c trend 1n
1ts react1ons with alkenes, but there are some inconsistencies: 1- /
| butene 1s,expected to react_more sTowly than trans—Z-bugfne and trans-
2-butene should définite1y‘reatt faster. than propene with an electro-
philic radical. o - -
The reactivity trend fof'CBr(X?n) appears to aQree with ité
correspond1nq carbene, as was observed for the case of CCl. Dibro-
momethylene, CBr ( A ) is unreactive towards paraff1n1c C-H bonds,
but reacts with o]ef1ns in an eiectrophi]jc, Stereospecific addition
(2.4). " | |
3) Carbethoxymethylidyne
Carbethoxymethy11dyne has been reported to be a react1ve inter-
mediate in the photolysis of d1ethy]mercuryb1sd1azoacetate, (EtOZCCN )2
Hg(95). Photolysis of the parent compound in olefinic solutions re-
sults 1n"produtts due to fadica1s which can be ﬁationalizgd as arising
from the addition of :CCOZEt.to the olefinic doub]e‘bqnd fo form a |
cyc]opropyi radical and also from insertion into a C-H bond. The

radicals formed undergo hydrogen abstraction to' form the final

products. The reaction squ@ncé is outlined on the next page:

R I,

43.
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HCCO,Et

i H~- vabs.traction l

H,C CO,Et . ~
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~ The presence of the carbethoxymethy11dyne is supported by the

fact that the pr1mary yield of Hg in the photo]ys1s of the parent com-
pound is 9-]8% and also by the fact -that, in the mass spectrum of ;he:
parent compound, there is a strong m/e” signal at 85 corresponding %o
carbethoxymethylidyne.

Photolysis of the parent-compdpnd may also yie]d a-mercurycar-
benes which may undergo cycioeddition to olefins or insertion into C-H
bonds iQS; 116, 117). These compounds may undergo secondary photo]}ﬁd:;——\)

“to yield the same radicals as mentioned above.

D. Low Valent Silicon

N

- In the previous sections, the molecular and chemical properties
"pf carbynes were outlined. ,Si]icpn is the next member of Group IV A
and it is, therefore natural 4o examineAmonove]ent silicon species and
compare their molecular and chemical properties ta monovalent carbon
 species. Divalent silicon species, si]ylenes, will also be examined.
Since these fields-are extensive and have been fhorough]y reviewed

(123-127), only a brief outlire of certain silicon species, which are

similar to those carbynes discussed, will be presented
1) Molecu]ar Propert1es
a) Silylidyne, SiH _

The electron configuration of SiH is ...(_3po)2(3pn)1 resultipg
in a ZnA ground state. The presenee of'SiH in stellar atmospheres and
1nterste11ar space has been established by observation of its spectrum
(128 129). The e]ectron1c spectrum consists of the trans1t1ons 11sted
below.

A - xfn a2.8m

c“s” - X'n . 323.6 nm -



822+ - inr _ 323.6 nm
02A X2n 205.8 nm
E %t x2n 190.6 nm

The electronic configurations df the three lower states, X,A,B
are similar to those of the CH mo]ecu]e.‘ The A and B states are ob-
tained upon exciting an electron from the bonding 3pd to the 3pn or-
bital. The dissociation energy of SiH is 70.6 kcal mole-].ﬁQO(C-H) =
80 kta} mole']) and the a4z- stete has not been observed (130). The

dipole moment of SiH has been calculated to be u =0.302 D (u, , =

Si-H C-H

1.57 D) with positive charge on the hydrogen (123).
. b) Halosilylidynes

The electronic spectra of ha1os11y11dynes have many more ob-

servable transitions than halomethylidynes (125).

The ground state of SiF js ... ]n43022 L inri. Nine excited

states including ats” have been obsexyed and their molecular constants
have been tabulated (123). The observed states may be divided into.two
groups: . a) three non Rydberg states with wy < 1000 cm“] and b) six
Rydberg states with wg > 1000 cm ]. The properties of the first ex-

2401

the 4o'orbita1 having strongly ant%bonding character. The states C2A

cited state'A?z are in accordance with the configuration ...1n430

and a4z' result from the configuration - ]n430]2n2. The very small
changes in bond d1stance in these statesare in agreement with the pre-
d1cted non-bonding or slightly antibonding character of_the,3o and 2 r

orbitals. Therefore, in comparison to CF, the.spectrum of SiF has many

‘more transitions but there are similarities. The B2 - in and C2A -

in transitions of SiF are the corresponding analogs of the A22+ "inr
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-possibilities as for methy]ene CHZ’ where the ground state is 3B

47
qnd'BzA - inr’ CﬁrtranSitfons but occur at Tower energies. The
dissociatioo energy of SiF is -130 kcal mole” (123) which is the same
as for CF .(131 kcal mo]e']) " . N | \

* The e]ectronio states of SiC1, SiBr and Sil are related to SiF'
and show similar behaviour (123, 125). - Some oround‘state properties
are collected;in Table I- 9.

| Io summary, hé]osi]ylidynes exhibit the same bonding properties
as ha]omethy]idynes, but their spectra are much more {omplex and are - .
dom1nated by Rydberg trans1t1ons
i

c) Silylenes

&

Divalent silicon spec1es, silylenes, are the homologues of car-

’ﬁahenes and are therefore the subJect of cons1derab1e attent1on as

ev1denced by several recent comprehensive reviews (124, 126, 127).

- Only the molecular propert1es of halogenated s11y1enes, which are

similar to the d1halocarbenes d1scussed in the carbyne section, will
be presented here.
For Ssz both a tr1p1et and a singlet electronic state are
(1 b2 (3))] (1b)" - 3

< (1 by)? (3a,)2 A

By

1

1°
However, S1H2( B ) has not been observed and the ground state is ]A].
A usefu] model has been prov1ded for the effects of substituents on

the s1ng1et tr1plet separat1ons of carbenes, silylenes and 1soe1ectron-
ic species (131). | |

S1F2 is the most thorough]y 1nvest1gated silylene due to 1ts

re]at1ve stab111ty Molecular constants have been determined by a

/
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Table 1-9. Ground State Propekties of Silicon-Halogen Radica1s. (123)

Aolem™) (el wxglen™) re(fi) 0, (%5%)'
SIFOCT) 1619 8572 4.7 1.60 130
STCT(X2m)  207.2 £35.6 2.2 2.06 92
SiBr(x?m) 418 424, 1.5 2.26 g5
sit(x®m) 700 363.8 1.3 2.45 69




variety of tebhhiques and tabylated (123). Three e]éétrpnic transitions
have been observed; 5381 - X1A], 380:1 nm, AIB] —;X]A], 226?6'nm and

B]B2 X]A], 160.6 nm. The principal féatune in the absorption spectrum

.

due to the &ig - X A] trans1t1on is the presence of a long progression
in the bending frequency of the upper electronic state, vzf (132).

* The electronic transitions of 51C12 have. been observed in“three
systems. A broad absorption band with a maximuh at 3]5vnm was obéerved
in matrix isolation studies énd in a high temperature furnace (13? 134),
Asundi et al (125) detected a number of features superimposed on a
cont1nuous emission between 315 and 365 nm in the spectrum resulting
- from a discharge through S1C14 vapor. These features were assigned
to}two transitions of SiC]é one of which,corresponds to the{absorption
at 315 nm and is assﬁgned to ]B] - ]A1 transitipn. The fo]]ow1ng

v1brat1ona1 frequencies were derijved from this spectrum.

.- . A
v]“ = 540 cm ] v1 = 415.3 m

v," = 248 cm™! vp' = 201.1 cn”!

Howevér the spectrum was poorly resolved and conta1ned som E inconsis-
tencies in vibrational ass1gnments and is in d1sagreement with recent
‘ass1gnments of \@“ = 202 cm -1 and v]' = 510 cm'T from the infrared

spectrum of matrix isolated SiCl 134, 135).

2 ( ,
The infrared spectrum oﬁ-SiBr2 gives the fo]iowing values for
ground state Vibrationa1'frequencies; ;" = 402.6 cm’l;’Vz“’= 120 cm”!
aﬁd V3" = 399.5 cm']. No electronic trans1t1on of S1Bré has yet been
detected although it has been mentioned as a possibility in emission
spectra from a discharge through SjBr4 (136). The“spectrum, in the

region 425-595 nm, showed intervals of 425, 240, 170 and 120 cm"].



50,

>
/

The silylenes HSiCl, HSiBr and HSiI all ‘have similar eleetronic

transitions near 500 nm,-assigned to ]A"- ]A”, exhibiting a tong pro—

gression involving the bending frequency of the upper state v2 .

To sum up, all 511y1enes exh1b1t a singlet ground state with
rl‘?g
small bond ang]es‘ag the S1 atom. They may be exc1ted throughout to
MQ
arsinglet upper state w1th cons1derab1y w1dened angles resulting in

absorption spectra dom1nated Qy a progression 1nvo1v1ng\f2 .

-:\“’

?) Generation of S11180n‘ﬂ§ﬂ¢ca1s . . >
LM ,“;‘%’ :

13_;\ - - i‘g 4} il

The emission spectrum of halosi 1y11dyne§ is usua]]y generated by
). L)

é)) vapor. The absorptlon spectra

a discharge through S1X4 (X = ha]og
of some silylidynes have been observed in the flash photo]ys1s of
ha]ogenated s11anes - SiBr and Sil have been seen in abgorpt1on
fo]]owwng the flash photolysis nf S1Br4 and S1I4 (137 138). The f1ash

photolysis of H3S1I resulted in the absorption spectra of Si,, SiH,

2
Sil and HSiI (140). Hexachlorodisilane was flash photo]ysed to obtain
the absorption spectrum of Sic] (141). 1t is also of interest to note
the observation of SiF fluorescence from the photo]ys1s of S1F4 by a

1aser. which Ted to the discovery of the phenomenon of collision-
]ess infrared multiphoton absorpt1on and dissociation (142).

The two most widely used methods for the generat1on of ha]ogenat
ed s11y1enes are: a) reduction of'ha]os11anes and b) thermal de-
compositions of polysilanes.

The reduct%on of si]jcon tetrahalides by silicon resulting in the
— following equilibrium was used to demonstrate the existence of

*Sio= 2six

SiX =

4 2
dihalosilylenes and measure thetr thermodynamic functions and bonding




ST..

energies (127). These reactions iake place only at temperatures abové
800°C and give excellent yields of SiF,, SiC]é and SiBr,.

The thermolysis of polysilanes has been the most Widely used
method foé generatioh,of-a]] types of silylenes. The thermal degrada-
tfon of hexahalodisilanes, first examined 100 years ago, gives silanes
and higher‘po]ysilaﬁe compounds (127). The intermediacy of silylenes
was estagﬁished by trapping experiments. ‘From studies on thermal

éizx

6 A Six4 + :Six2 ----(S1‘X?)n

.
disilane decomposition a model has beeh presented for the transition
state for silylene extrusion, which involves a 1,2 substituent shift
(124, 138). This procéss, also called o elimination, is postuTéted to
occur. through a pentacovalent sp3d hybridized silicon atom, which is
in accord with experimgnta]]y determined entropies of activation for
silylene extrusion. For polysubstituted disilanes where different
silylenes may he extruded, it is found that certain substituents have
A greater farility to migrate. For example; g%en a chlorine atom and,
a hydrogen atom are in an jdentical environment, the hydrogen atom shift
is considerably more favored (140). This is reflacted in experimentally
detpvminéd activation parameters (139).
Higher polysilanes can also undergo this si]y1ene extrusion pro-
cess through the migration or shift of a si1y1'sub§tituentf The study
of <ilylene reactions was greatly facilitated by‘tHe‘discovery a de-
cade ago that photolysis of orgonopolysilanes also results in silylene -
extrusion under much milder conditions (141). Differences occur bet-
ween the photolysis and thermolysis of polysilanes due to the energies

and electronic srafe involved. 1In thermélysis, the Towest free energy

>
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path tends to be the dominant reaction while in photo1ysis, due to the
involvement of electronically excited states, more energetic decompos1-
tions became’ accessib]e and there is a competition between varjous
substituents for migracfon resulting in different silylenes beinq'
generated. Thig behav1our is illystrated below in the photolysis of

Y

an a]korvpo]ys1]ane o !
s 4 Me3SiSiMe3 + Me0SiSiMe
Me3S1\\\ ////SlMe3 ’,,z/f?’ .
‘/// \\ T~
i

~ OMe

3

+ (Me,Si),Si:

Me0StMe 3 )2

3
wMe3S

A

Migration of.-an a]koxy group, process b, is the exclusive thermolytic
pathway é?giegsﬂl\ photo]ys1s process a, m1grat1on of a silyl group
competeskwi th process b in a statistical ratio of 2:1 respectively
(124) .

There are various ather methods to generate silylenes which ar ~

covered in detail in the reviews (124, 126, 127, 137).
?) Reactjong .

Nothing is known about monovalent silicon reactions although
these species occur in interstellar space (129). On the other hand,
the reactians of si]y]enechonstitute an area of great 1nterest in
chemistry because of the carbene relationship. The general reactions
of s ]y]enes will be outlined here with emphas1s on d1halos11y1enes
Silylenss undergo a variety of insertion reactions: 1into silicon-
silicon bonds; into oxygen-hydrogen and nitrogen-hydrogen bonds; into
carbon- -oxygen boncs of ethers and into silicon- -oxygen bonds of alkoxy- |
s11anes (124). Intramolecular insertion into a C-H bond has been pro-

poSed to account for some silylene rearrangement products (124).



i

53.
[N i

“

'D1mer1zat1on of silylenes has long been. proposed but on]y re;ently has

been used to synthes1ze a room temperature stab]e COmpound conta1n1ng
a s111con silicon double bond (142).

One example of these reactions is the expansion of4furans upon
reaction with thermally generated dichlorosilylene, reported by

Cher nyehey and coworkers (143).

0 | 0
Ssicl, + Rf“\ /7'R1 —> R' sicl,

R3 R, Ry3INR

Sing1et.organosi1y1enes resemb]e.closely their g%rbene counter-
Parts in their addition to olefins, conjugated dienes and acetylenes.
Concerted 1,2 cis-additions seems to be the rule and the major differ-
ence hetween silylene and carbene additions stems from the much lower
stahility of the swlacyclopropane products. Thus secondary products
are often 1solated from silylene add1t1ons, due to rearrangement of the
Pvimary adducts under the influence of heat or light.

The addition react1ons of dihalosilylenes have received less
attention and. the mechanism is somewhat uncertain. When SiF2 was gen-
erated in the gas phase, reactions with various substrates were be-
Tieved to be initiated by dimerization to form a d1rad1ca1 since all
stable reaction end: products contained more than one SIFZ unit (144,
145) . However: recent ev1dence suggests that monomeric SIF2 reactions
with substrates can take p]ace (146,147) . The observed reaction pro-

ducts.of S1C12 with alkenes, dienes and alkynes suggest the 1n1t1a1

addition of S1C]2 to the double or triple bond (144)
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E. Aim of the Present Investigation

It has been shown in the previou$ sections that there is a
llmlted amount of knowledge concerning the react1ons of carbynes
Most of this information has come from kinetic measurements Rate
constants have been determined for €H reactions with a variety of sub-

strates and they are all very high, close to collision frequency, and

consequently exhibit little variation with the nature of the Substrates.

Some rate constants for the reactions of CC1 and CBr with selected
alkanes, alkenes and alkynes have been reported In gen?ral they are
lower than those for the analogous CH reactions and theve is a much
greater d1scr1m1natwon amongst a variety of substrates. The pattern

. ) - L K
of reactivity towards alkyl substituted alkenes suggests electrophilic

character‘for CCY and CBr. However, for CBr the reported data show that

trans-2-butere 1 earts more s]owTyftJan propylene and 1-butene which is
not evpected nf ap olectrophmlic reagent.

Now the major aim of this investigation was to examine and
'rompare the electrophilic reﬁct1v1ty of the ha1omethy]1dynes, CF, CC1
and CBr. Tn do this it was dec1dbd to measure the rate constants of
the reactions of these Garbynes w1th a seriesfof atkyl substituted
alkenes using the flash,g&gtolysts:technique for the following reasons:
1) Alkyl substitutedéggtagﬁs”have been used to characterize,the
electrophilicity of g,wide variety of reagents.

2) There have been no me;sured rate cbnstants for the reaction of CF
with alkenes. e 7 .

3) For ccl. the react1on with on]y four aTkenes had been measured,
S1nce th1s investigator's resu]ts w1th other substrates did not agree

well with other measurements (see Tab]e I- 7) it was des1rab1e to

-

K



| remeasure the rate constants and extend the series'of'alkenes

4) In View of the above ment1oned 1ncons1stency for CBr react1ons, it
was des1rab1e ‘to remeasure the ratgkconstants w1th a]kenes and ‘to ex-
tend the ser1es _ \

5) S1nce CF CCT1 and Cﬁr\san be generated by f]ash photo]ys1s of

- similar precursors, the react1v1tfes cou]d be measured in an 1dent1ca1

manner. . This'shou1d e11m1nate ny systemat1c errors and prov1de better

comparisons of their re]ative re‘ct1V1ty

At the time th1s prOJect ‘wa 1n1t1ated there were only two

- reported rate constants for the reacﬁ1on of CC] wr#h a]kynes, name?y '
with: acety1ene and -propyne. It was tuerefore dec1ded to measure the
rate constants for the react1on of CBr with a]ky]‘subst1tuted alkynes
. since no data were ava1]able Later measurements of the react1on of -
CC] with s1m11ar substrates prbv1ded a eompar1son between the two
ha]omethy11dynes (54) | . ‘ |
Since there had been no datavava11ab1e on'tﬁe‘effect of temper-

ature on any carbyne react1ons, it was dec1ded to measure the var1ation h
‘of rate constants w1th temperature for the. reaction of. CBr w1th some .
substituted’ a]kenes The determ1nat1on of~the act1vat1on parameters -
of rate constants and thewr var1at1on w1th d1fferent substrates pro-
v1de deta1ls about, the mechan1st1c features of " the react1on

‘ Lastly, 51nce the ha]os11y]1dynes S1C] and S1Br cou]d be s
generated by f]ash photolys1s and no kinetic da’ta were ava1]ab1e, 1t
‘was dec1ded to attempt to measure the rate constants Qﬁ.the react1on
of SiCl and S1Br w1th ethylene so that compar1sons of react1v1ty could

be made.




‘II:.‘tkPERIMENTAL

Since f]ash photo]ys1s is a we]] estab]ished techn1que and
many exce]]ent art1c1es have been wr1tten on the subject (153) 0n1y
a br1ef descr1pt10n of a convent1ona] system is g1ven here 1

In f]ash photon51s a non- equ111br1um s1tuat1on 1s created 1n
a short 1n1t1at1on t1me of m1croseconds by a f]ash discharge lamp wh1ch
produces a h1gh 1ntenslty 11ght flash. This 11ght flash photo]yses
suitable: mo]ecules to’ generate re]at1ve]y ]arge concentrat1ons of
transient 1ntermed1ates wh1ch undergo react1on ,The decay rate of
these transient 1ntermed1ates, due to.react1ons,'is monitored by either
flash spectroscopy or kinetic spectrophotometry Invthe.ffrst approach,

which was used 1n .this study, the absorpt1on spectrum is recorded at a

_'_ given time. This is- accomp11shed by a mon1tor1ng beam from the spect-

roscopic lamp, fired-at a pre-set de]ay t1me after the photo]ys1s flash,
~ which essent1a11y prov1des a background cont1nuum After pass1ng
‘through the reaction|n1xture, the beam is- reso]ved by the spectrograph

- and recorded by photograph1c mater1a] The procedure is repeated at
various delays so as to obtain a t1me prof11e of the chosen absorption ‘

band' of the trans1ent

A. Apparatus

1. The Vacuum System . |

“ A convent1ona] high vacuum system constructed of Pyrex was used
~ for the gas,phase k1net1c study It was complete]y grease free,
| ut111z1ng he11um -tested Hoke values and consisted of a d1st111at1on
train and storage bulbs (F1g 11- 1)

The vacuum system.was.evacuated to’a pressure of'lo's'torr by
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means of a mercury diffusion pumpvbacked by a rotafy pump (Duo-Seal
Vacuum - pump, Mode] 5KC42 JGT4A, welch Manufactur1ng Company)
-Pressures were mon1tored by Pirani Vacuum Gauges (type GP140),

Magnevac Vacuum® Gauges (type GMA140), MKS Baratron Pressure Meters (type
77 and” type 170 M- GB) and mercury manometers which were capable of
measur1ng pressures’in the range ]03 to 10'3 torr.

»A The disti]]ation train, consisting of a series of three traps
isolated by Hoke.Va]ves, was used for purification of reagents.. The
storage system conS1sted of severa] 3 or'5 litre bu]bs for the tem-
porary storage of react1on mixtures to be used in the flash photo]ys1s

© Argon was introduced into the main vacuum system after passage
“through a 30 cm Tong co]umh of copper turnings (heated to 350°C for the
}emova1 of oxygen) and a 30 cm Tong column of molecular sieve (type 5A
for the removal of water: vapor). |
A separate mercury'free line was used;to fill the ftash tamps.
Vacuum Was achfeyed by a Duo Seal Vacuum pump with a 1iquid nitrogen
‘trap and the pressure was mon1tored by a P1ran1 Vaccum Gauge (type

I

GP- 140) and measured by Edwards CGB gauges. . ' $
2. The F]ash Photolys1s System

The major components of the f]ash photolysis system are illus-

trated in F1g II 2.

a) The Reaction Vessel and Ref]ectfyeoHousing .

i . \'.'_.‘_..[I "
The reaction vessels used were.cylindrical tubes 73 cm long and

25 mm in inner diameter. They were made of either quartz (wavelength ’
cutoff ]95-200 mm) or suprhs11 (wave]ength cutoff 165 170 nm). For the }J

'temperature work a special double wa11ed react1on vessel was con-

-
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structed of quartz.' The reaction vesse]s were equipped with flat -
quartz w1ndows on both ends and a s1de arm for the 1ntroduct10n and
evacuation of the reaction mixture. The side arm was connected to ‘the
main vacuum system by a CaJon valve, which fac1I1tated the detachment
of the reaction vesseI from t1me to time for cIeaning The react1on
vessel used for the temperature work had two extra outlets to ‘'the outer
cav1ty which were connected to a Calora temperature bath for c1rcu1at1on
and heating of a fluid for temperature maintenance of the reactlon
vesseI The fluid used in this study q.s ethylene glycol.
) The reaction vesseI, s1ttTng on two end supports, was pos1t1oned
at the centre of a reflective housing assemny 1y1ng horizontally along
the opt1caI path Apertures on both ends aIIowed the passage of I1ght
in and out thrOUgh the reaction vessel.  The: housing (Fig. II-3) was
‘iconstructed of a]um1num and was cyI1ndr1caI in shape, 80 cm Tong and

15 ¢m in inner d1ameter It cons1sted to two half cylinders joined
together by h1nges on one s1de o} that the upper half could be opened
for the removal of the reactwon-vesse] and .photolysis Tamp for c]eaning.
The lower half, _upon which the ends of the react1on vesseI and photo-

a4

lysis lamp rested was mounted by two supports onto the opt1ca] bench. -

1

'The inner surface of the housing was coated w1th BaSO which is h1gh1y

reflect1ve 1n the uItrav1oIet reg1on of'the-e]ectromagnet1c spectrum

»

| b) The Photo]ys1s Lamp

The photons1s Tamp (F1g II 2 and II 3) was a quartz or sup-
ras1I tube 25 mm in d1ameter with a s1dearm for f1II1ng and. evacuat1on
, Monbdenum aIon electrodes. (‘L1treos11 ModeI T/E7/232) were sealed 1nto |
each end by standard lead seals able to withstand h1gh thermal and

mechan1ca1 shock The d1stance between the t1ps of the eIectrodes,
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73 cm, was the sane'length as the reaction vessel. The side-arm was
connected to the lamp vacuum line through a high vacuum stopcock
(Pyrex V-4) and a detachable ball joint. The stopcock isolated ‘the . v
lamp from the vacuum Tine while the ball JOlht fac1l1tated the removal
- of the lamp for cleaning.

The lamp was placed horizontally next to the reaction vessel
with the electrodes resting on the ends of the reflector housing and .
protruding outside through the end apertures. ‘When filled with 25
mbar Xenon gas, the light flash reached its maximum intensity in 10
mtcrosec and had a half life of about 20 microsec with a long tail,
as recorded by aiphotocell (Sylvania 90 CV) and displayed on an
"oscilloscope, (Hewlett Packard 130C). The lamp circuit»included an
ignitron (Westinghouse Size A, WL 7709l and a G.E._Energy Storage
Capacitor (capacitance 14.5 uF, 20 KV). The lamp c1rcu1t was dis-
charged at e1ther 17 or 20 KV which d1ss1pated 2095 or 2900 Joules
through the xenon" gas f1ll1ng, creat1ng the plasma which generated the
light output To cond1t1on:§;mew lamp the follow1ng method was used;
the lamp c1rcu1t was discharged 1n1t1ally at a low voltage.and the L
d1scharges were repeated with gradually increasing voltages until the
desired voltage was reached. The repeated dlscharges‘gond1t10n the new
lamp to: the high thermal and mechanical shock of d1scharg1ng at a high:

1

voltage

c) The Spectroscopic Lamp

The spectroscbpic lamp was also made of quartz, and molybdenum
alloy electrodes (V1treos1l Model T/E7/232) were sealed into the s1de

arms by standard lead seals, They,were separated by a short capillary
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ttube, 5 cm,loub and -3 mm in inner diameter, to ensure high current

- density and intense 1ight output. An aperture which was close to the
Tamp window minimized the deposit of silica on the windou and an ex-
pansion bulb was used to acccmodate_the shock wave .which accompanied
/;the discharge. The lamp parts were sealed together by Apiezon Black
Wax to facilitate frequent cleaning and the lamp was connected to the
]amp vacuum Tine through-'a high vacuum stopcock (Pyrex V- 4) and a
detachab]e ball joint. The spectroscopic lamp was filled with 75 mbar
Xenon to provide a background continuum, The Tight flash reached its
max imum 1ntens1ty in 5 microsec and had a haif life of 10 microsec.. The
‘spectroscop1c lamp circuit included. an ignitron (West1nghouse Size A,
WL 77097 and a SCI Energy Capacitor (Mode] 25 WG7/TN, capac1tance

1.0 yF, vo]tage 25 KV) which was discharged at 20 KV to provide 200
Joules per f]ash The spectroscopic 1amp was also cond1t1oned by re-
peated d1scharqes at lower voltages. Fused quartz lenses were used
to ccllimate the 1ight beam from the spectruscop{c Tamp through the

' react1on vessel and to focus it at the entrance slit of the spectro-

3

‘graph

d) The Spe&trograph

r

The sbectrog}aph (Hilger-watts Model 742-15 operates with a
Littrow mounting system, ut111z1ng a quartz prlsm as a non-linear. d1s~
pers10n device (F1g I1-5) and ‘the reso}ved spectrum ‘is focussed on ﬁv
a light sens1tave photographlc material, In this study Kodak Spect—
roscop1c P]ates Type 103a-0 were used to observe absorptwon spectra
at wavelengths greater than 240 nm and Kodak Spec1a] Film Type 107-01

‘was used for absorption spectra below 240 mm. The absorption lines

<
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in the spectrum recorded by the photographic material were traced out
as absorpt1on peaks using a microdensitometer.
3. The M1crodens1tometer | | .

The microdensitometer (Joyce‘Loebl MK 11¢C, Fig. II-6) is operated
Oon a double beam system. The analysis beam is scanned across the
photograph1c material and thé reference beam passes through an optical
density wedge. As the sample spectrum is scanned the two beams were
a]te;nate1y fed into a photomu]t1p11er detector Any difference in the
intensities of the beams was amp11f1ed and the resulting signal
activated a servo motor to drive the optical dens1ty wedge so as to *
nullify the 1ntens1ty d1fference A pen attached to the optical density
wedge traced out the resulting spectrum. An adJustable s]1t in the
analytical light beam path combined with the optical magnification to
give an effective exit sl1t width which, when multiplied by the

d1spers1on of the spectroqvaph gives the spectraT band width.

B. Operational Procedures‘

1) Operation of the Flash Photolysis System

The circuit diagram is 1l1ustrated in F1g II-7. The two lamp
capac1tors were first charged up to the desired voltages. Then a pulse
delay generator was activated wh1ch sent out two voltage pulses, one to
the photolys1s lamp ignition and the othegpto the spectroscop1c lamp
1gn1t1on These pulses closed the lamp circuits and caused the
.Capacitors to discharge through the 1amps, produc1ng the photolysis and
spectroscopic ]igh} flashes. The delay between the two pu]ses could be
adjusted from 25 to 9999 micro- -seconds. The light pulses from the two
d1scharges were picked up by a photocel] (Sylvanaa QGCV), amp11f1ed

and displayed on an osc11]oscope screen (Hewlett- Packard 130C). The- g -

J
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: trace was photographed (Hew]et§ Packard Osc111oscope Camera Mode] 197A
us1ng Po]aro1d Type ]07 Land F1]m) ‘and the separation between the peak '
N ::of the’ photo]ysws f]ash s1gna1 ‘and that of the fo]]ow1ng §pectrosc0p1c

| flash s1gna] was taken as the t1me delays A typ1ca] osc1lloscope trace

oo,

51% shown in Fig. II-8

- 2) Preparat1on of Gas M1xtures - °eu .
The gas m1xtures wh1ch c0nta1ned the source of the transient
,fnntermed1ate and d1ffer1ng amounts of reactive substrate in a ]arge

excess of argon; were, prepared us1ng the 3 or 5 11tre storage bu]bs

. 4

'..f(FTg 1I- 1). Pressures were an1tored by the MKS Baratron Pressure s
Meters for pressures below 100 torr and mercury manometers for higher-
L pressures o l, ,
| The procedure emp]oyed for prepar1ng a. m1xture (cons1st1ng, for gi
examp]e, of 2 torr ethylene and -1 torr CHBr3 1n a total pressure of -d' |
| Softorr argon) in a storage bu1b was as foHows | o |
| F1rst CHBr3, whlch is stored 1n a reagent bu]b Js lntroduced |
"1nto the vacuum 11he and storage butb, until the,Baratron Pressure Meters
read 1 torr. This pressure 1s a]lowed to stab111ze for a few m%%utes,
' ;then the storage bulb. valve'Is c]osed and the CHBr3 in the vacuum ]1ne |
f1s pumped away W1th 1 torr CHBr3 a]ready 1n the bulb and a deSIred
pressure of 2 torr ethy]ene, a tota] pressure of 3 torr is. requ1red 1n
the~storage bu]b The ethylene 1s 1ntroduced 1nto the vacuum syStem |
‘until a pressure greater than 3 torr 15 ach1eved,/ Nhen the storage bu1b ‘ ':ﬁ”:
o valve is opened the ethylene w111 dwffuse into th”fstorage bu]b until" 5:m;”jf7"
';f:the pressure equa11zes as 1nd1cated by the MKS Baratron Pressure Meters,}

"Tfﬁwhen the pressure stab1llzes the storage bu]b va]ve IS c]osed a"d the -

.F
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‘procedure is repeated unt11 a stable pressure of . 3 torr is recorded on

the MKS Baratron Pressure Meters The vacuum 11ne is then evacuated

'Argon is then 1ntroduced and the. pressure monitored by the mercury

imanometer After the pressure is weTT past 3 torr the storage bu]b

valve is opened and when 500 torr argo‘7has been adm1tted the storage

ibulb valve and the argén supp]y T1ne va]ve were: closed and the: ‘excess

argon was evacuated I o - S

The gas m1xtures are usua]ly stored overn1ght to ach1eve homo -

1 gene1ty For the flash photo]ys1s exper1ment a mixture from one of

the storage bulbs is 1ntroduced 1nto the react1on vesse] unt11 a

pressure of 50 torr 1s ach1eved After flash phothys1s the react1on ;

vessel is evacuated w1th the pressure be1ng mon1tored by the P1ran1

Vacuum Gauge. After proper evacuatlon the procedure 1s repeated

| Due to depos1t1on of mater1aTs from the photoTys1s of the m1xtures,- o

the reactlon vessel was c]eaned frequent]y by.. r1ns1ng w1th 10% hydro-

: f1u0r1c ac1d The two Tamps were aTso cTeaned frequent]y w1th 10%

"hydrofluor1c ac1d to remove depos1ts of s111ca and meta] from the

e]ectrodes

- 3) DeveIopment of Photographvc Emuls1ons -

The Kodak 103a 0 spectroscop1c plates were deve]oped in Kodak D ]9

A.;Developer for. 3 min @ 24°C 4 m1n e 20°C or 5 min @ 16° | The Kodak

f and then deveToped 1n a SOTut1on of 50% Kodak D- 19 Deve]oper and 50% I

'101 01 photograph1c f11m was pre r1nsed in d15t111ed water for T m1n '

d1st111ed water for 4 min @ 20 C Both the.photographac plates and

.....

' for T m1n, 1n Kodak Rapid F1xer for 4 m1n and runnlng water for 20 30

.



: min. The photograph1c mater1aTs were then air dr1ed and placed on the * .
m1croden51tometer for scanning.

C. Mater1aTs . _ : -

The mater1aTs used in th1s study, their sources ahﬁ source purity
IeveI and methods of pur1f1cat1on are listed 1n TabTes II 1-11-3.
Generdally, the mater1als were 1ntroduced into -the vacuum system de—
gassed severa] t1mes to remove air contaminat1on, d1st111ed from trap.
to trap with retent1on of only the middie fract1on and stored in
vacuum tjght bu]bs. The purity of some of the compouhds was checked
aby gas chromatography. The samples were‘introduced'onto an 8Vtt s '_‘ /
'Paropak N co]umn operating 1n1t1a11y at .53°C w1th a heI1um flow rate
| of 40 ml/m1n After 20 min the temperature was 1ncreased at the rate .
of 3 deg/m1n unt11 a temperature of 165°C was reached The samp]es v
vwere detected by a Gow Mac- type thermal conduct1v1ty detector and
'ana]yzed on a Var1an CDS TOI recorder Tab]e II 4 I1sts the retent1on
~time and purity ‘level of the samples that were anaTyzed by gas
chromatography The u]travio]et absorpt1on spectra of some compounds

were recorded on Un1cam SP 800 1nstrument us1ng a gas phase 10 mm ceTT

?



" Table M-1
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Purification of Inorganit Compounds and ATkanes.

Material

‘ F]uorodibromomethane

" Chlorodibromomethane

v

Bromoform

Silicon Tetrébromide,

- Hexachloradisilane

e

Argon

2-methy1prdpane' L  thT¥ﬁpsﬂPei;61eum_Co.-

Source dndfPurity'LeyeT
PCR chemicals

973

Eastman Organic Chemicals

~Eastman Organic'Chemiéals

Alfa Chemicals

~ PCR Chemicals

97

Matheson

. 99,95%
B e

99.8%

Purification

. Distilled at -63°C

trapped at -107°¢c’

Distilled at -23°C

trapped at -78°C

Distilled at 0°C.

“trapped at -78°C
“Distilled at 0°C
.frapped-a;'-78°c

_ Distilled at 0°C
 trdpped at -78°C

_ Passed over Cy at o
350°C and;;g;i |

Molecular Sieve

" Distilled at -107°C

, . -0
- trapped at -131 C: .
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‘l
Table I1 2 | ;
Pur1f1cat10n of Alkenes. | h L
Materja] S Source and Pur1ty Lev!* : ?urification ‘ ,
Ethylene ' Matheson Gas Products . jQiStiiled.dem 516096;
'_ o . 99.98%  trapped at -195% !
Pfopy]énei_ ' Ph11]1ps Petro]eum Co. — 5Dfsti11éd from 4145°Cv
R 99.8% ©  trapped’at -195°
I;Butehg R y ‘Linde Gas Cé; I : .Distf]1ed from -112°C’_f'
_ ; . 9. 8 . trapped at 160°C
t-2-Butene. . Ph1111ps Petro]eum Co o | Distf]led'fkdm ?11260_
| | | 9.8 _"trapped at -160°C"
éﬁﬁethyIJZ-propene:" | .Linde Ga$ Co. S D1st1]1ed from -107° c-
(_i.so-é’;tene) _ ‘ 99.8% o trapped at -160 C
| _2-métﬁhy1-‘2-t‘>u:ten’e ~ Chemical Samples Co. "'o\»stmed Friom -78°C
o _‘ - A'~9§%,. ': o i _1‘_'trapped at -112° C |
2,3-dimethyl-2- Chemical Pracurement Labs, Distilled from -63°C
" butene’ P o 99%. - ‘tnapp_ed,at -107°¢




Material -

Acetylpné o
'l‘\..cvz.tvaty]ene-d.2
Ppppyne

"TfBU£yne o
Z;Bufyne';'

1-Pentyne

2-Pentyne

2,2, 5 5- tetramethy]

3- Hexyne

;Perqupﬁp~ZéButyne-.

Tabje rr;3i ?""

' Purificatjqn of Alkynes.

Source and. Purity Level

Mathésbn.Gas Producfs
| 99.60
Merck, Sharpe and Dohme
of Canada, Ltd.
Mathgson.ﬁé§ Prbducts
_99.7% ‘.cy |
Cheﬁjéa],?fopufement Labs

99%. -

p;g??FékchaﬁfReéearCh Labs

/
’

" Chemical Procurement Labs

© 99%

~ Chemical ProCuremeﬁtlLabs'

-
H

99 |
;Chemiqa]'Sampieé Co.
. A]dr{cﬁ‘Cheﬁi?a1iCof

Purifit@iion

Distilled from -131°¢

trapped at -160°C
" Distilled from -131%"

trapped at -160°C -
Distilled fron -107°C °
trapped‘at'-139°c

'Dlst111ed from —84 C

trapped at -131 c-

'Dist111ed from --64°C -

trapped at -107 C "*

\D1st111ed from -64 c

trapped at 107 c .
Dzsti]]ed from -45°C

: X
“trapped at -107 C

Distilled from 0°C
trappéd'at‘-64°CA

Distilled from -78%
“trapped &t -112%:-. .
R S




Table 1I-4

Gas Chfomatography-AnalysiSv_

76.

Material. Al . Retention time (hin) Purity Level
Acetylene 8.3 ©99.95%
Ethylene * 6.7 99.9%
t-2-Butene 44.5 9.8
Z-Qethyl-z-propene . 44.7 99.2%
¥
':."d'.
f.



TI1. RESULTS

A) Halomethylidyne Sources - . e

The ha]ogenated methanes CHFBrz, CHC]Br2 and CHBr3 were used as
sources of the ha]omethy11dynes CF, CcC1 and CBr, respect1ve1y in this
study since it was reported that the most 1ntense ha]omethy]1dyne o
spectra were obtained from these ha]ogenated methanes (50,51) and also
because of their structural simi]arity The u]trav1o1et absorption
spectra of these hd{ogenated methanes are shown-in Fig. III- 1 and are -
"1n agreement with the reported uv absorpt1on spectra of brom1nated

' 4methanes (154 155)

-
»

B) Halomethylidyne Absorption Spectra | -
1)' F]uoromethylidyne, CF : S :l" Y
 The absorption spectrum shown in Fi~;.III-2,resu1ts'from thetf
photolysis qf:O;lS torr CHFBr2 with 50'-:;fdﬁrgon in a quartz system - ///
iw1th 2900 J flash energy and 20 - usec t1‘ut_1 ay. Three exposures were T
4necessary to obtain the spectrum due to the bacquound absorpt1on of . &

CHFBr2 “As a.result-of: th1s problem the CF absorpt10n intemsity as’

- recorded is weak and the background continuum is- not uniform This

1mposes severe 1nstrumenta1 requ1rements on the k1net1c{measurements of

CF react1ons _ ) ‘
The absorpt1on spectrum observed is due to the Azz X n (l -0) .
tran51t1on of CF. Four rotational bandheads are observable, 0 {;;

5_7(224 2 nm), Py (224.18 mm), P, (223. 88 nm) and 0Qy (223.79 nm) in

agreement w1t}F£revgous observat1ons of\CF absorpt1o spectra 30,37).
AN very weak absorpt1on hav1ng the _same structure as hé lfd band, is

K
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nbackground 3§§orpt1on of CHC]Br2 The spectrum cons1sted of two diffuse

-80.

-

seen at 233 nm after five exposures This systenp is due to the
(0-0) band of the A2z -in trans1t1on
In ear11er flash photo]ys1s studies on CHFBrz, the absorptTOn
spectra of - CBr(X m) and HCF( A ) were observed along with other
un1dent1f1ed transient spectra (122). 1In this study a weak absorpt1on
spectrum due to the-CBr(zA- n) trans1t1on was observed but no spectrUm f“;;”"
attr1buted to HCF could be seen.
For kinetic measurements, the. P2’ P1 and Q1 absorpt1o; bands of
the 1-0 trans1t1on of CF were used
2) Chloromethy] fdyne, CCl |
The absorpt1on spectrum shown in F1g ITI-3 results from photo-
lysis of 0. 30 torr CHC]Brz w1th‘50 torr Argon in a quartz system with
2900 J f]ash energy and 20 psec delay. One'exposure is sufficient .
to record the spectrum which is. due to the A A(b) - X n(a) 0-0 trans-
ition of CCl. The ass1gnment of the’ bandpeaks was made on the basis
of the rotational analysis of,the spectrum by Verma and Mul ¥ ken (46)
Tﬂ!’waveiengths were determined by ecalibration with an 1ron arc )
spectrum and agree with the reported spQZii1 - '\A»' - . (\\
‘ Another absorpt1on system of CC1 was observed very weak?y

PN

fo]]ow1ng the flash photo]yS1s of 0. 60 torr CHC]Br? w1th 100 torr

‘Argon, ~ Six exposures were ngcessary to obta1n the spectrum, due to the ‘ /";

-
°

‘bands with péaks at 230 43 and 231. 15 nm wh1ch are 1n agreement w1thi:

‘an'brev1ous reports (57 92). The snectrum is tentat1ve1y ass1qned to a .t

-

Bzz in trans1tion but no detailed spectral ana]ys1s has yet been done
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P
In other f]ash photo]ys1s exper1ments on CHC]Br2(94), absorptions
due to CBr(X n) were also ohserved, along with the Swan bands of C,
and also bands of . Br2 wh1ch were present at 1onqer delays. Absorption
due to HCCl( A ) was also observed In this study, in addition”tu the -
CC](X M), only the CBr (X m) absorpt1on at 301 nm was observed weakly.
The intense, sharp absorpt1on band at 277.87 nin used for>kinetic
ana]ys1s, wh1ch is a comb1nat1on of two band heads, Q1 and QP21, will

)
be referred to as the Q1 band.

3) Bromomethy1idyne; CBr - o ;q'

| The. trans1ent absorption spectrum shown in F1q IT1-4- resu]ts from

the flash photolys1s of 0.10 torr CHBr3 and 50 térr argon. One exposure
”'was suff1c1ent to record this spectrum wh1ch was - taken w1th an acc1- |

'_dental time de]ay of A5 usec, not normally aVa11ab]e Th1s short

']

82.

delay results inthe observat1on of absorption bands due to v1bratwona11y

.

exc1ted spec1es These absorpt1ons are the (01. 1-1) and(Qz, 1- 1) bands

of the A(a) n(a) trans1twon of -CBr and. were -normally not observable
The ass1gnment of - the bandheads was made on the basis of ’ the rotatwona]
ihalys1s carried out by D1xon and Kroto (68) The wave]enqths were

,‘determ1ned by ca11bration with an iron arc spectrum and agree w1th the

i =
o reported spectrum An attenpt was made to observe the second reported o

‘rabsorpt1on trans1t1on of CBr at 249 and 252 nm (52) A spectrum from
“the flash photo]ys1s of 0.2 torr: CHBr3 1n 100 torr argon w1th a t1me .
“de]ay of m15 usec shGWed no observable absorpt1on in. th1s regxon
a]though the backgroundg;ontinuum was. strong and the A-X absorptvon

1ntensity high. Perhaps more exposures at shorter t1me de]ays wwth’

J &

1

,;higher pressure of CHBr3 are requ1red to observe the absorption a]though .4

I

-



B (e .@.h

E: 8 mon

S

E L

* E :ux - .wZNS ._mo n_c E:.:ooam :o:&oﬂn< *p-111°6

1

>~ o - |
© Dwdypgog -

. 0otD)




N
. no‘compar1son can be made because of the Tack of exper1menta1 det;TT
in the 11terature report (57;9 ' o /Cj ‘
| A carefu] check was aTways made for the absorpt1on spectrum due -
: to the sz - in trans1t1on of CH at 3143 nm due to the claim to CH
product1on from the fTash photoTys1s of- CHBr3 (76-78). FTash photo-
'1ys1s was also carr1ed out 1n a supras1] vesse] but éﬁ'absorpt1on was
never detected The Ql’ 0-0 band of CBr at 301 nm was used for k1net1c

measurements, : . s :

C) \Mea5urement of Beer Absorption'Law» ' , . -

The abSorptfon band intensity of the ha]omethy]idyne is trans-
'formed by the m1crodens1tometer 1nto the absorpt1on peak ‘height. The

\\\‘peak he1ght as recorded is T1near]y proport1ona1 to the optical density

84,

on the photographlc plate. Iherefore the foTTow1ng reTat1onsh1p should :

-

exist

Peak Height o Optical Density = Absorbance = ec] -
; 4

if Beer 3 absorpt1on law is fo]Towed (where e is the molar" ext1nct1on
coeff1c1ent c s the concentration of absorb1ng spec1es and 1 is the :
path Tength) Therefore this relationship must be tested. I it
hons then a p]ot of’ absorpt1on ‘peak hexght vs “path ﬂenqth should be

l _Twnear and pass through ‘the or1g1n of the coordinate system These

graphs were p]otted for each of the ha]omethy11dyne absorpt1on bands
- and are shown in F1g III 5 and III-G " The data were obtained by f]ash

photo]ys1s of the standard mixtures of the ha]omethy11dyne sources'

with various port1ons of the- react1on vesse] covered up, thereby varying o

~ the path Tength, 1. The concentratwon of the ha]omethy11dyne remains
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, constant at a flxed t1me de]ay The graphs demonstrate that wh1Fe the
’Beer.absorpt1on ]aw ho1ds for the P2 and P1 absorpt1|1tmnds of CF, 1t
'fa1ls for the Q1 absorpt1on bands of CF CC] and CBr as shown by the '
negative curvature Thzs negat1ve dev1at1on from Beer s 1aw is’ taused

by poor 1nstrumenta1 reso]ut1on and occurs when the absorpt1on band
A

vw1dth 1s of the saime order as the spectra] band w1dth (60 ]48) ;"‘

such cases, ‘the ‘measured absorbance is no lonqer d1rect1y proport1ona1

‘to the concentrat1on of the absorb1nq spec1es and afmod1f1ed form of B

the -above re]at1on ex1sts 'f}‘ -
/ ' '

~
/

i Absorbanceu=,e(cﬁ)yv = Y
0" : S ﬂ, o o

The Beer coeff/cﬂent, Ys 1s an emp1r1ca1]y determlned correct1on factor

whose value is’ dependent on the type of absorpt1on system stud1ed ~ The

re]at1onsh1p between the absorpt1on peak he1ght and concentrat10n
becomes BN

-

Pealeeight.(P‘;}j.")}'.a~ e(c1)Y

gt

IR = DheeD s ynal . 0

Thus a plot of ]n (P.H.) vs ]n_], at a f1xed t1ye de]ay, g1ves afélooe
B TN
of vy. Fig.IIl 7 shows these p]ots for the Q1 absorpt1on bands of CF,

CC1 and CBr. The slope, Y. was determ1ned by standard least 'squares

ana]ys1s and the average va1ues are 11sted below. Each exper1ment [

LTI . : \Q\ o 3
consisted of - seven po1nts = o . : i

o
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;Absorpt1on Band f* ' k :i - Y_, c ﬁo.(bf_exptS. :
'" 'CF(A2>:+-x2n) LY _-0 -,.-._0-;851*-005 s
X (A% a-X' 2n) Q 00 - 051+.0:08 " T4
. cBr(A2acx n)-.ol», 0-0  0.66% 0.105.,'_ R S
S _ . . . ot - ‘ R Y ! 'V""’J
& ’Q*?'Decay;ofgthe‘HalcmethYItdyne“Spéctra. e ??

Now that the re]at1onsh1p between absorpt1on peak he1ght and
‘halomethy]idyne concentrat1on has been estab11shed, the d1 appearance

'43
L of the ha]omethy]1dyne can be emp]oy d for k1net1c measurements A

: fwrst order express1on f0r the decay of ha]omethy11dyne«1s as fo]lows
ed[CX] k [CX]
dt

- 'which is‘integratea to give; . S
g g o - L -
I CKT = k't + const, R

LY

"M‘*““Frpm"the prevwous]y estab11shed relat1onsh1p P.H. a[CX] cx, the f1na1

s | ]

form of the rate express1on is der1ved

._ ’ 0 i- ' R 4

In (P,H,) x T Ye LK't + const,

’a

%

The decay of each ha]omethy11dyne spectrum was. analyzed and . the best
fit to the data was 91ven by. th1s f1rst order decay express1on as shown
by the 11near proportionality of the graphs of 1n -(P. H ) ; vs t1me for
7 CF, CC1 and CBr spectra (F1g 111-8, III\B}\\ This pseudo-f1rst order -
background decay is in complete'agreement w1th other k1neth measure-

‘ments involving methyiidynefand.halomethy1idyne~react10ns (54,55,73,79

89,

N
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".00°  20.0

4.40

)

LN (P.H.
4.00

- 3 B0

320

80.00 ,_1bo.oo

00 20.00 40..00 60.00
TIME (MICROSEC)

Fig.1I1-9. Ln(Peak Height) vs Time for a) CC}(Q]) and
b)) cer(Qy)
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83,93 ,96). The slope of these plots is: -Y (k' and therefore by
correcting the decay of. each ha]omethy11d}ne spectra by 1ts Beer I
coefficient, Yex > the background rate constant k' can be determ1ned
i‘for each ha]omethy11dyne Tab1es I11-1,2 11st the average values of
k! for each-ha]omethy11dyne spectrum under a var1ety of cond1t10ns
One of the most 1mportant factors to note is that the bacquound rate
constants are fast, almost reach1ng the 11m1ts of measurement of the
flash photo]ys1s techn1que operating on a mﬁcrosecond time sca]e
The fastest decay rgte constants that can be measured are aporoximately
-30-40 msec” » depending upon the 1ntens1ty of the absorption. From
the Timited results, ‘the background rate constants seem to be independ-
ent of wavelength and temperature However Choi (54) found the back-
ground pseudo first order rate constant for CC1 to be dependent on 4
'flash energy and concentration of CHC]Br2 These resu]ts indicate that
the ha]omethy11dynes decay by radical-radical reactions with the

photolytic products.
ke

E) Reaction of Halomethylidynes with.A]kenes

The following series of alkenes was investigated: ethyTene, ‘
propylene, 1-butene, t-2-butene; Z-nethy1—2?propene (isobutene), 2 methy1-
2-butehe (trimethylethylene) and 2.3-dimethyl-2-butene (tétramethy]ethy]l
ene). Figure IT1-10 shows the gas phase ultraviolet absorptionVSpectra
of three ot)the a1kenes, which agree with the 1fterature absorption
spectra (149). The main absorption, V-N, occurs below 200 rm, but with
increasing alkyl substitution, a shoulder due to the R-N absorption band
extends into the far ultraviolet, which is readily apparent for tetra4

methylethylene (203). For trimethylethylene this absorption is much less



- }aﬁ]e IIT-1 Background Rate Constants, kf; for
L. ’ . ! . i ) ‘ RN
rﬁi- o Ha]omethy]idyne Decaya'
Spectral k' (msec']) . 'PhotoTysiS, o ‘Migtures
Transition D . WaVe1éhgih-(ﬁm) " Photolysed J
“ o ' . ' ’ v | | j | . L
- CF(Py) E - S "~ A>165 . 0.15 torr CHFBry+ .
' 10 + 1 x> 200 50 torr 'Ar.
v . . S
CF{Py) 9 1 A > 165 S
NIERE A > 200
CF(Qy) 9+ 1 A> 165 - - wo
12 £ 1 A > 200
' .s e :
cCl1 (Q'I) 20 + 1 i A > 165 0.30 terr CHCI Br‘2+
19 1 LA>2000 50 torr Ar
,‘CBr(Q]) 28 + 1 X > 165 0.10 torr CHBr4+
BT \>200 - 50 torr Ar
“ | . ' ‘
F1ash energy, 2900 J; temperature, 300+ 2 K .
4
-

- 03,



. 1

~Table IIT-2 Background Rate Constant, k', for

CBr Decaya - : . zLﬁ’
| o, |
) -
| k' (msec”)) | . Températdre (deg k)
23 + 1 298+ 1
18 + 1 ’ S 323 3
| 23 + 1 3811
A< I T o 373 41
h; »‘ : 22 £ | | 358 + 1
7 23a 4823 ¥ 1

Photolysis Wavelength, A > 220 nm; flash energy, 2095 J'

gl )

94,
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gf\i intense and for 1sobutene ft is neg]1g1b1e, as’ it is for the other alkenes '

The photoTysis of tetramethylethylenenaypresent some prob1ems in the
b determ1nat1on of react1on rate constants ' . e
:d' In the presence of a react1ve’substrate such as anwalkene, the oo
' Af rate)expressidn fbr the decay of ha1omethfi1dyne, CXV bet:;es o
- _ o \ e

fd[CX] - « [CX] N k2[S][CX] I k"[cx], j .y ’f'ff,'f:“

A

=

.‘q~ o .

- where:[S] = concentrat1on of substrate

‘ . ' k2 = rate c0nstant for reactron of CX w1th S" ' ‘
| K=k k2[S] : o ke
- This express1on 1ntegrates to , =
,3* 'f%?"‘.lﬁICX] = -k“t'# constt'*?fk PR j

" and u51ng the expression re]at1nq absorpt1on peak he1ght and ha]o-

methy11dyne concentrat1on g1ves the fo]low1ng k1net1c expre551on for

%470

the dECay of halomethy11dyne in the preSence of a- substrate

*

'ﬁfiln(Pf‘”"’ Qk"tféweonst, ‘ e

1

Therefore a plot of ln(P H )cx vs' t1me g1ves -y k" as the slope ‘The }ﬁnﬁ5"

' va]ue of the s1ope was determ1ned by standard least squares ana]ys1s

Figures iII 11 to F1gures IIlq15 are typ1ca1 p]ots and show the 1ncreasei? -

L]

in. the slope, k“ (1 e vncrease 1n the decay rate) with 1ncrea51nq';*"
substrate concentrat10n, 1nd1cat1ng reaction of CFy- CC1 and CBr wwth the”*
219 substrate The pressure of a- substrate was conVerted 1nto concentrat1onv

using the Ideal Gas Equation:PV“— nRT

AN .
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TIME (MICROSEC.) - 0, .-80.0

Ln (P._H.)vs_Time-for CF(QT) absorption: peak in presence
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Fig.III-12. Ln (P.H.) vs Time  for CF(PZ) abs"orption peak in presence
~of 1-Butene; A- 0.0 micromolar, & - 5.13 micromolar
and M - 15.9 micromolar. - '
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LN(P.H
3.60 3.80

3.40

3.20

o6

- A, —
10.00  20.00 0.00  70.00 - 80.00

40 §0.00 ° 60.

TIME (MICROSEC.)

Fig.II11-13. Ln (P.H.) vs Time for CF(P]')' absorption .peak in
presence of t-2-Butene; [J - 0.0 micromolar, -

d- ;2.5"7 micromolar and A- 8.02 micromolar. .
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Fig.III-14. Ln (P.H.) vs Time for CC (Q]) absorption 1in
presence of Is’obutene; -0.0 micromolar,

A -6.15 micromolar, M -8.98 micromolar.
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1) Reaction of CF with a]kenes' |

It was ment1oned above that at” Teast 3 exposures have been
necessary to obtain- the CF absorption spectrum. - This requires that
the flash photo1ys1s apparatus f1re of f three times in succession. with
exact]y the same time de]ay Th1s requ1rement for re]1ab]e and
reproduc1b1e time delays was a maJor instrumental problem which took
cons1derab1e~effort and time to resolve.

For CF on the averagethree‘decaxs of”the'absorption\spectrum were
ana]ysed for each concentration of substrate Due to the weak absorption
s1gna1 obta1ned the results are scattered Therefore: for each absorp-
tion peak an average value of chk" was determined. From the kinetic

~ expression derived aboue, k" = k! +.k2[S], the second order plot of k"
‘versu$ [s] gives k, as the s]ooe and k' as the intercept.

For the reaction of CF with ethy]ene a value of k2 was determined
separately for each of the three CF absorpt1on bands, P2, P] and Q:
Within the rough prec1s1on of the experiment, no d1fference was\:?und
between the values of k2, as expected. Therefore the decays of the CF
absorptwon bands were averaged together as fo]lows for each'absorption
band an average value of Ye K" was determined from three decays of the
spectrum.. The Q] absorption band was corrected for its Beer coeff1c1ent,

=0 85 while for the P] and PZ absorpt1on bands th1s was unnecessary
. since y = 1. The valués of k" were averaged together to give an overall
value for the CF absorption spectrum k"(CF). " The values of k"(CF) as a

function of alkene concentrat1on are listed in Table III-3. Fig. III-16

-*shows the cdrreSpond1ng p1ots of k"(CF) versus [S], concentration of

a]kene The s]ope of . these p]ots, wh1ch is k2, the reaction rate

‘constant for CF + alkene, was determined by standard least squares

»,,”“‘%»

T

R
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N g
Taﬁ]e IiI-3 k"(CF) as a Fﬁpction.of Concentration for the Reaction
of CF ﬁjth-a) ethyfenevb) propylene c) t-2-butene and
d) isobuténe.“ l |
a) Ethylene _ | | b) Progz1eﬁe '
conc. (micromolar) k"(msec']) nlconc. (micromoTar)‘ k"(mﬁec;1); R
0.0 1047 0.7 0.0 10.6:0.9
23.8 _ 10.9 0.7 2.9 10.4 £ 0.7
32.3 ©10:7:08 6.4 2.9+ 06
48.6 13.2 1 0.7 8.9 10.8 0.6
62.5 13.9 + 0.8 1.7 1.2 + 0.8
81.2 1382 0.9 15.7 15.5 + 0.8
7.8 . - 13.8:06 179 151 :07
113.8 15.4+1.0 - 21.5 - 16.9 = 0.8
| c) trans—Z—SuFene d) isobutene .
conc. (micromolar) k"(msec"l)' conc. (micromolar) ugﬂjmsec'])
0.0 10304 0ot 1.5+ 0.6
1.8 125+ 0.6 1.45 13.8 0.6
255 137+ 0.5 2.67  12.0:0.8
3.63 ;o 12,4:0.8 . 3.9 10.7 + 0.7
. 5.24 14.9: 0.9 529 15.4 + 0.8
6.57 16,2 £1.0 16.84 19.0 £ 1.1
8.02 17.3 + 0.9 . 7.80 20,0+ 1.6 -
8.77 21.8 ¢ 1.2 8.50 20.0 + 1.4
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analysis Since we’ have an average value of k" with 1ts standard
deviation which is . shown as error bars in: F1g 1I1- 16 a we1ohted least
squares analysis can a]so be performed. No significant d1fference was’
observed between the standard and weighted least mean ﬁsuares analysis.
results. The rate constants determined for the reaEtioh of CF with

alkenes are listed in Table 111-4,

é) Reaction of CCI with A]henes

For the reaction of CC] with alkenes, four decays of ‘the CC](Q])
. absorpt1on peak were analysed for each concentration of the substrate.
Therefore an average value of YCC]k was obta1ned and Table III-5 11sts
" average values of YCC1k for the react1on of CC1 with some alkenes.
F1g ITI-17 shows the plots of Yk" versus concentration. Thé slope of
these plots, which is YCC1k2 was determined by standard and we1qhted
least squares ana]ys1s and no significant difference was' found. \These
values were corrected ?oh the CC1 Beervcoef?icient (y = 0.51 0.04) to’

give the second order reaction rate consiants, ko, for the reaction of

i N
CC1 with alkenes, which are 1isted in Table 111-6.

3) Reaceion of CBr with Alkenes

_ The second order rate constants for the reacfion_of CBr'with
alkenes were determined using the CBr(Q]) absohption band in exactly
the same method as deterhined for the CC1 heactions described above.

The results are shown in Tables III-7 and III-8 and Fig. III-18,

F) Reactions of CBr with Alkynes

| The reactions of CBr with a series of alkynes were also studied:

The alkynes studied were: acety]ene, acetylene—dz, propyne, 1-butyne,
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Table IIT1-4 Second Orderfkate Constants,
k, for the Reaction of CF with Alkenes

9,-1

SuPstrate_ . ks x 107 sec-1 No. of Decays* gzgziggieR?ggﬁr?f '
Ethylene 0,04 £ 0.01 .65 0-213 .
Propylene 0.3 :0. 65 0-0.40
. 1-Butene 0.4 0.1 - 0 - 0.30
tréns-é-Butene | 1.1+ 0.2 . _'Sbf’. 0 -'0.16 |
iso-butene - 1.1+ ) 0 -0.16

0.3 . 68

' *The ‘average number of points,qn-éach decay plot was 6.

rd



a) ethylene, b)

Table I11-5 vk*(cc1)

a) ethylene

as a Function of Concentration

for the Reaction of CC] with

b) 1-butene 5

1 -butene, c) iso- butene d) 2-methyl-2- butene

25.4 .

8

conc.'(mithomo]ér) yk"(msec'l) conc. (micromolar) - yk"(mseg'1)
0.0 -, 9.9+ 0.5 0.0 9.3+ 0.6
14,0 10.1 + 0.4 3.8 12.8+ 0.6
f26:7 11.4 £ 0.5 ~ 5.5 15.1 + 0
$39.9 12.5+0.7 7.9 6.9 + 0.8
53.0 13.2 £ 0.6 11.2 19.9 £ 1.0
66.0 14.7 + 0.4 13.3 22.2 1.2
79.4 16.3 + 0.7 16.5 3.3+ 1.3
94.0 17,1+ 0.8 - 18.8 27.3 £ 1.2
" ¢) isobutene d) 2-methy1a2-bﬁtené -
conc. (micromolar) k" (msec™!) conc.‘(micromolar) ik"(msecf])f
0.0 S 9.8+ 0.8 0.0 9.0 + 0.6
1.60 .- 13.8 + 0.8 0.64 12.9 + 0.6
3.05 15.1 + 0.7 1.32 16.4 £ 1.0
4.49 19.0 £ 0.9 2.30 19.9 + 1.0
- 6.15 199512 2.81" 22.1 £ 1.1
6.8 123.2 ¢ 1.3 3.90 25.8 + 1.4
812 24,4+ 1.3 4.50 25.7 + 1.6
. 8.98 + 2.4 | m

Bt L

108.
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Table III-6 Second Order Rate Constants, ; R
k24 for the React1on of CC] W1th A]kenes -

PR

" Pressure Range ‘ of
Substrate (torr)

‘Substrate: - k, x 10' M 'sec . No. of. Decays

-

ot %"
2

CEthylene . © . 0.16 o o 32 .

o -Propylée - "1 i 0. T 3

SN

1,75 -
- 0.56
-0.35

1+

02 . 30"
0.2 R 38
iso~ butene 'A". 3;5fft 0.3‘f‘,_ 32

S

1-butéﬁe - 1;7‘

trans 2-butene 2;6»:

s

- 0.17
- 0.17

' 2-methy]-2-butene 8 0.084

O O O 0o o o

TR

I

L 2. 3- -dimethy1-2- . L
: butene o 14

i+
N

28

o
N

0.044

*fTheﬂéVerage number of points in éach_decay plot:was 7.

,"“'v'



a) ethylene, b) propy]ene, c) trans 2 butene

for the React1on of CBr with

and d) 2,3- dimethyl-2-butene

a) Ethylene

' b) Propylene

- Table III- 7 yk"(CBr) as a Funct1on of Concentrat1on

1.10

conc. (m1cromo]ar) yk“(mseé'])» conc. (micromolar) 'yk"(msec-])
0.0 17.1 + 6.4 0.0 18.0°% 0.4

5.4 18.0 + 0.5 1.98 24,0 £ 1.0

10.7 ©20.8 £ 0.3 '3.37. . 22.8 0.6

16.2 22,0+ 0.4 4 5.3 27.7 £ 1.2

21.3 23.4 + 0.6 . 6.89 32.8+1.0

26.9 26.4 + 0.7 -~ 8.50 35.7 + 1.7

» 316 27.3: 0.6 10.48 ' 37.5:1.7
37.0 29.6 + 1.1 15.71 84:4 5 2.4

Q) trans-2-butene d) 2,3 dfmethy]-Z-butene "

conc. (micromolar) = yk"(msec™') conc. (micromolar)  yk"(msec™')
0.0 18.7 + 0.5 0.0 18.0 + 0.5

0.42 7 21.8+ 0.5 0.0 22.4 £ 0.6
12" 25.2 £ 0.7 0.10 16.3 + 1.3

1.33 L0235+ 0.8 0.11 28.2 £ 0.8

1.66 27.2 1.2 0.22 » 26.9 + 1.7
2.30 30.3 ¢ 0.9 0.37 25.8 + 0.9°

2.89 33.0 = 0.9 0.37 S311 2.2

) ‘ . 0.53 22,5+ 0.9

0.69 28.0 + 1.0

0.69 '37.5 +1.2

0.86 - 30.8+ 1.6

| 39.4 + 1.9

IS
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 Table III-8 Second Order Rate Constants

for the Reaction of CBr with Alkenes*

P ; -9,-1_ -1 " Pressure Range of
Sybstrate ko x 10 "M "sec No. of Decays Substrate (torr)

0.2 32 - 0.69

,Ethy1éne o 0.52 + | 0
Propylene - 3.0 +0.2 30 0 - 0.29
1-Butene . 3.5 +03 N - 30 0-0.14
trans-2-Butene 7.4 £0:8 3 0 - 0.076
iso-butene 8 + 1. 3N 0 - 0.061
2-methyl-2- = | '
butene 17 s 2 32 0 - 0.023
2,3-dimethyl-2- . | v A
butene I 23 45 : 0 - 0,020

4+
()]

-

* The éverage number of points in each decay p10$'§as 8.

~
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2-putyne, I-pentyne, 2-pentyne, 2,2,5,5- tetramethy1-3fhegyne and
perf]uoro-Z-bUtyne. The reactions were ana]yzed in exactly the same
'manner as before a]though’fewerddecays were taken. Fig. III-19'shows
the change in the decay rate of CBr as a function of 2-butyne_0ressure..
Fig. III-20 iNustrates the reaction of CBr with 3’dIfferent alkynes.
Table III-9 1ists the second order rate constants for the reactions
with ‘alkynes. |

~

G) Temperature Dependence of the Reactions of CBr with Alkenes

To check the effect of temperature on the’ react1ons of CBr w1th
alkenes, a double walled quartz react1on vessel was used. This reaction
_vessel was connected to a Calora temperature bath and ethylene alycol
was eircuIated through the .outer wall of the reaction cell to regulate
the temperature which was varied from 25 - 150°¢. The ethylene glycol
had an absorption begInning at ~ 220 nm, so this was the‘effective
waveIength cutoff. Whenever the etherne'egcoI became colored by
decompoftion, it'was replaced with a freshly distilled sample. The
mixtures were photonzed-with 2095 J of flash energy. The bromoform -
pressure was var1ed SO that the concentrat1on rema1ned constant w1th
temperature The tota] pressure of the mixtures was 75 torr - The
-decays*were ana]yZed Jin egact]y the same manner as descr1bed before
For CBr react1ons The temperature dependence of the second order rate
constants for the react1on of CBr w1th etherne, trans~2 butene, 2,3 -
‘d1methy1 <2- butene and iso- butane is presented 1n Table III =10. " The /, )
Arrhen1us pIotsaof these data are'shown in F1qs I11-21, 22. Standard_-
Ieast mean 'squares ana]ys1s of these Arrhen1us pIots y1e1ded the

. Arrhenius parameters Tisted in Table-II I1- 11.
.§‘
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S R - ' X - ,
CBr + But-2-yne . | -
| 0.006 torr
0.008 _torr
0.013 torr
0.018 torr

40DP>O

Ln Peak Height

- 1 1 |
o 40 60 g0 100
Time (usec) -

Fig.III-jO. Ln (P.H.) vs Time for-CBr(O]) absorption peak in

presence of 2-Butyne.
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TABLE I11-9

_ B1mo]ecu1ar Rate Constants for CBr React1on w1th A]k_ynes

" Substrate - ko x 10 M ]s -1 (298 K)

g, - 0.081-+0:007-" - -

B T PP N -3 N0 F AR
Ly s el 4 8+0 6.
g 6241
1 - Cs”a B 3.6:0.8
2 cs“ax" SRR ”L:wnfrt:,,”..; 2053 O R
(w)CCCC(m)3}  ﬁ< 97+15 R '
2 -TCyFe T 0 020-+o 002 1 Lh
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Table II1I-10. Second Qrdér Rate Constahts;kz,‘for4Reaction;of’CBr with™ ~

Alkenes and Z-methy]propane as a Fuhcgion'of Temperature

423

0.014

0.001

Substrate Temperature (deg K) ky X TOfgﬁM-]sec'ﬁ No. ofrDecaysf
Ethylene 278 0.58.+0.04 31
| 338 . 0.54 + 0.06 6
379 0.46 % 0.06 16
423 ©0.6420.06 16
. t-2-Butene 298 14 £ 1 24
323 SRS ] 16
348 Ms1 16
373 1+ 16
398 9 + 1 16
423 8+ 1 16
JZig-dimethyl=" U273 L. 320k 3 14
_2-butene 208 T - .7 3.3 32
| = 313 31 % 3 16
" 328 31 %3 16
358 25 + 3 16"
383 . 20 + 3 16
403 20 + 3 16
43 18 + 3 16
423, | 15 + 2 16
2-methylpropane 298 0.0016 * 0.0005 " 20
323 0.0042 + 0.0006 8
348 . 0.0066 * 0.0007 8
373 10.0072 + 0.0008 8
398 - 0.0089 * 0.0009 8
+ 12

* The average'numberKOf points in each decay p]dt was 8
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 Table 11411,

L

Ea(kceI mole™!)

Substrate

. Ethylene - - . 0§
taZ-Butene -0.9
2 3 d1methyI -2- butene -1.9
2 methyIpropane " 3.9

t
+
+

*

0.3
0.3

0.3
0.5

L
T

AQ1

e

0-9

M-1sec

;.Arrhenius-Parameter;;fér the Reactions of.CBr.. .

—1).

0.2 -

2.7

1

.7

2

t

+ . %

+

0.1

2 -
1

*  Determined from straight Tine part of Arrhenius plot at high

temperatures (see F1g III -22a). The parameters- determ1ned by a

standard Ieast squares anaIys1s on aII the data are:

E. =212 £ 0.3 keal mole” -1

a

and»A -(4.§ + 2)xIO M 1sec'

121,
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H) Halosilylidyne Sources

The haTogenated silanes S1Br4 and S12C16 were used as sources of
the haToszyT1dynes, SiBr and Sicy respectwvely, s1nce it was reported‘
ethat the flash photoTys1s of these compounds produced the absorpt1on
"spectra of the ‘halosilylidynes (156,157). The uTtraVIOTet'absbrption
spectra of these halogenated,siTanes are shown in Fig, III;23 along .

with that of hexamethdeisiTane.\.

v

- I) Trans1ent Absorpt1on Spectra from PhotoTys1s of S12C16

The absorpt1on spectra shown:in F1q ‘111-24 and I11-25 resuTt frdm '
the fTash photo]ys1s of 0 20 torr S12C16 w1th 50 torr Argon in a quartz _
system. One exposure with a flash energy of 2900 J at 40 microsecond
delay were the cond1t1ons used to obta1n the spectra.

-

The,absorpt1on spectrum shown in Fig.-111-24 occurs 1n the reqhon
274 - 297 nm and is due to two trans1t1ons of the S1CT radwca] Bzz 'AZH
Tand?B' K= in There are a ser1es of v1brat1ona1 bands assoc1ated w1th
the f1rst trans1t10n ~ The wavelengths of the absorption bands were

determ1ned by caT1brat1on w1th an 1ron arc, spectrum and are listed dn.

TTabTe 11- ]2 The aSSTQnments were made by comparwson with the reported =~ -

ispectra (152)

| The absorption- snectrum shown 1n'Fiq III 25" occurs in the req1on .

4d302 340 nm and is ass1gned to the 1B]-—-]A trans1t1on of the’ S1CT2
" radical. The spectrum consists of a séries of vibrational bands whose
waveTengths were determined by ca11brat1on with an iron arc spectrum
and are T1sted in TabTe ITI- 13. The spectrum features a v1brat1ona1

progression w1th an average 1nterva1 of 148 cm ]i
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T e ;ngb1§ ITI-12”:A$$ignQ§nE=gﬁ,thg,SiCifsoecthm o

o Gk

Y3

~Peak No. Assigned WaVéﬁéngth i

nm) T

1 296,93 .

2 - 294.2
1294.13

.292.40 - .
292.32

¢ 28654
} T 286,49
S5 285017
6 | | N 28262
. . o N .282.58 . | .
7 . 232
8 280.99
S 280.93
9 ' 280.68
10 279.77 -
) . 2717.26
12 275.68 ¢ *
" 275.63.
13 274.54

T e
CAl0-0) 18 g

" AG0-0)

A(2-0) 12

A(B-0)py -

-A(3'Q)O:ﬁ s

A . " e - . .
. e - o e - F LS

- - 2 : .
A oy o
.

Transition?®
A(0;1)g, 29700 <
294.21
P2 294.16
. ' 292.43
o, . 292.38
- % 286.52

A(2-1)
| o

285,22
o 282.66 .
23 28260 -
B(0-0)P, - 282.35
P S 281.02
A2-0)q, - © 280.96 -

B(O-0)o;- . 280.7 g

AG3-1)0; 219.77 .

2717.30 .. . ;
o amsag2
275:67" o

A(a-1)0; 274.58

a) There are two electronic. transitions.

A - 82t o

\

2 _] 2
B -8B A-X-Hr
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ST RS .
" “Table 111-13  A§§ignhent'6f"S%cfé'sbeciruh'” .
Pekto. A_(m) e
, “,.}'_.‘ . . 32507 : 30763 (},545
.ué‘ " 323.45° 30917_(135)
3 322.00 31oss;<]51)
4 1320.44 31207 (457)
5 318.84 31364 (101
6 j,317.41". 31505 (1371“)
;;'"" - 316,04 " 31642_(146)
i 314.58 31788 (159)
9 ‘ ‘313.09,_ 31940 (138)"
10 311.74 32078 (g9
1 1310.20 32257v(]57i
12 308.70 | 32394 '
5o \
;



J) Trans1ent Absorpt1on Spectra from the Photolysis of S1Br4

The absorpt1on spectrum shown in Fig. III -26 results from the

128.

photo]ys1s of 0.10 torr S1Br4 with 50 torr Argon in a Supras11 react1on ’

vesse] One exposure w1th a f]ash enerqy of 2900. J at 40 m1crosec0nd

de]ay were the conditions used to obtain the spectrum.

The absorption spectrum observed is due to the Bzz—in transition

- of SiBr and consists of a series of vibrational bands. The. wavelengths

of these absorption bands were determ1ned by calibration with .an iron-

. arc _spectrum and .are listed ip-Table 111-14. Some’ of the. absorptﬂon'-*‘

bands consist of overlaop1ng transitions from the two subsystems,
2.
- splitting of the ground electronic state in SiBr is near]y identica] to
_ the interval between the vibratiopal levels ‘in this state The v1bra-
tional assignments were made on the basis. of the: ass1qnments reported
in reference 151. Absorot1on bands 1-9 and 11 (see Fig. III -26) were
ass1gned wh11e absorption bands 10 arfd 12-21 had not been reported.

The vibrational ass1gnments for the unreported bands were checked by
compar1ng the ca11brated wave]engths w1th . those ca]culated from the
following formu]a given in reference 750.

1. for subsystem 22-2H1/2 where u = v + 1/2

vheae (em™) = 33571.0 + (571.2 u'-2.4 y'?) . (425.3 u"-1.5.u?2)

2. for subsystem 22-2n3/2 where u = v +.1/2
Vo 2 . 2
Yhead (em™') = 33153.0 4+ (571.2 u'-2.4 u ) - (425.3 ut-1.5 yv?)

No other transitions of SiBrfwere-investigated in this study.

L- 2”]/2 and 22 2H3/2 » since the maanitude of the spin orbit coupling
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Table I111-14 WaVelength-Caiibfatﬁon?nf?%heﬁ5,q-;};;;ﬁfQu;;,gﬁ I
o Absorption.Spectrum-OfvSﬁBr f32zéX%n)- RN |

-« .

Absbébfioh:' C Wavelength - SRR Vibrational Asﬁignment
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The absorpt1oh spectrum shown 1n FJq, III 27 resuﬂts from the

e ‘fTash thto]ys1s of T 0 torr S1Br4 w1th 30 torr Arqon ih - quartZ‘syStem e

“One expesure w1th a- flash energy of 2900 J and 50 m1crosecond de]ay were

o the cond1ttons USed to obta1n the spectrum The absorpt1on occurs in.

| “the reg1on 342 - 400 nm . w1th a maximum at 362 hm’ and is assigned from

‘v1brat1ona1 bands 0- O 1-0 and 2-0 respect1ve1y of the 822-2

) The deday of the spectra- fo]lowed f1rst order kinetics with all three

'.’thls study -to the ]B]-]A] tran51t1on of S1Br2 (see D1scussion).

-;K)‘ Ana]ys;s of the S1Br Spectrum and Decay

Three absorpt1on bands of SiBr- were ana]ysed for k1net1c measure- S

‘ments, peaks 1,8 and“ﬂl (see F1g TII~26) wh1ch>correspond to-the’jkf et

My2
e]ectron1c trans1t1on Therefore aT] three trans1t1ons are due to the

ground- v1brat1ona1 and eTectron1c state of SzBr AT three absorpt1on

" peaks were found to obey Beer s absorpt1on law (see Sect1on 111-C)..

peaks hav1nq the same bacquound decay,_k' = 27 + 1 msec -1 (see sect1on
I111-D). When ethylene was added to the, m1xture the 1ntens1ty of the
peaks was strong]y d1m1n1shed and the decay rate became very inconsistent.

The resu]ts are shown in Table I1I-15..

L) Analysis of the SiCT'and'SiC]z Spectral Decay

The S1CT spectrum was weak and decayed too rap1d1y to allow

reliable k1net1c measurements However ‘the S1C12 spectrum decay was

" slow enough for anaTys1s, _The-background decay followed first order

M sec

-1

reaction kinetics, k' = 18 1 msec Tab]e TII-16 shows the results

of add1ng ethy]ene to the react1on m1xture ~An upper limit for react1on

~rate constant of S1C12 + ethyTene can be caTcuTated to be k2 < 1.5 x 107

-1 -1 :
a -
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" Table III-_'lé. D'e‘c'ay of SiBr béhd’é"'i‘n'presén'c'é'bi"ﬁthﬁérié"- |

e - o1y ‘
Conc: (micromolar) L k gmsec ) §
D (0-0) 1-0) "% (2.0)

0.0 26:8+1.1 25408 28540 -

I+

2.4 25,0
4

10,69 30.8 + 3.1 24.6

1+
I+

5. 34 2.9 1.0 27.0'% 2.3

+
H+

1.8 23.7+2.7

- . . e ) o . ——

Table III-16. Decay of SiC1, Absorption in presence of
Ethylene. |

'_Conc. (micromolar) k" msec’]) :

0.0 - 7 17ssas
5.34 - 16.0 + 0.6

+

10.69 1821 0.6

+

. | 16.03 ' 18.8 % 0.8
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~A) Rhotochemistry of Ha]oeenatebyMethaneS“

The absorpt1on spectra of halogenatgd methanes are due to a ng”
electronic trans1t1on, n be1nq the lone 1r orbital on the halogen
and o* the -antibonding orb]taT for the carbon-halogen bond.. The o*
.orb1ta1 is” formed from out of phase combination of the carbon sp3
~orbital and halogen p orbita]eandftherefore possesses a large amount
of p.characteh. Sﬁnce p—p transitions arekforbidden.by the Laporte -
se1ect1on rule, the 1ntens1ty of the n+o* transition is weak resulting
in Tow molar absorption coeff1c1ents (154).

This ultraviolet (no*) photolysis of ha]ogenated ﬁethanes results
in d1ssoc1at1on of the weakest- carbon-halogen bond (60, 153), " The
d1ssoc1at1on energy of the carbon bromine bond in brominated methanes .
is 60-70 kca] mole ] (60,158). From the absorpt1on spectrum of the \
brominated methanes shown in F1g III 1, one can ca]cu1ate the amount

of energy absorbed at the peak maximum and how much excess energy is

iava11ab1e after bop#t dissociation using an average D (Br- CHXBr)‘ f

approximately 65 kcal mole ]. - ’
? : ‘Excess Enerqy'(kcel mole™)"
CHFBr, ————  CHFBr + Br P S
CHC1Br, ‘*;_‘f—"" CHtﬁBr + Br 73
| CHBrg  ———— CHBrZ-% Br | 64

Now the question arises as to the distribution of the excess
. energy. CH3I and CH212 have been investigated with regard to the energy
distribution after photolysis (159,160). The methyl radical from the
.(»“ o~ . - .

ES >
Y

’]34



ergy while the CHZI

-90% of the available.

photolysis of CH3I conta1ned 12% of the excess
'fragment from the photolysis of CHZI2 contained

energy. This difference in energy part1t1on1ng is exp]a1ned in terms

of the 1mpu1s1ve mode] (60)

BC - ‘
E1nt - _ uA-B
B “Wp-BC

where EBC is the 1nterna1 _energy of the fragment BC, E avl is the avail-
ab]e energy, Ha-g is the reduced mass of A and B and Ma-BE is the

reduced mass of A and BC. From the equat1on the internal energ1es of

¢ "the’ ha1omethy1 rad1cals can be est1mated The resu]ts show that ~80%

&
of the excess energy goes into the internal energy of the halomethy?

r?d1ca1s ( 78% for .CHFBr, .79% for CHC1Br and 81% for CHBr2)

Now in order to evaluate Simons and Yarwood s mechan1sm of
halomethylidyne arising from the decompos1t1on of vibrationally
exqwted halomethyl radicals (50,5]), the reaction entha]pies of these
rPaQt1ons must be calcu]ated The enthalpy of format1on of the halo-
methy11dynes and hydrogen halides are reported, but AHf values for two
of the ha1omethy1 radicals have to be estimated (60,113,158). The

reaction enthalpies are calculated and shown beN ow. along w1th 80% of

the excess energy ava11ab1e at the absorpt1on max1mum

~ Excess -1
: AH(kca] mo]e‘1) Ener)q_y(kc‘-f‘l.l mole )
CHFBr  ~ CF + HBr 53 B
‘ —~ CBr + HF~ ~ .59 - 51
CHC1Br — CCl + HBr 70 58
—~ CBr + HC1 60 /. 58
CHBr, = CBr + HBr 61 | 51

s
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It is cTear that ih ellﬁcases, there 1s not enouqh energy ava11ab1e to -
cause the un1molecu1ar decompos1t1on Th1s does not rule.out this -
mechanism -because the difference between required -and ava11ab1e enerqy
is not 1arge and can be accounted for by uncerta1nt1es in the calcula-
tion of the react1on enthalpies and the d1stribution’of the excess
energy. If the bromomethy] radicals receive all of the excess energy
ava11ab1e at the absorpt1on ‘maximum or 80% of the excess energy avail-
able at the short ~wavelength limit of absorpt1on (200 nm) then there
is enouéh to. satisfy the react1on entha1p1es ofuthe unimolecular
decompos1t1ons

The fact that the ha]omethy11dyne absorptwon 1ntens1ty is
"quenched by 1ncreas1ng pressure stronq]y 1nd1cates formation from an
excited precursor There is also the possibility that secondary -
photolysis of the ha]omethy] radical produces halomethylidyne. Laser
photolysis of‘ch1orinated methanes has shown that CC1(A2A) is formed by
absorpt1on of 2-3 ]93 nm photons although the mechanism of photolysis
is uncertain (59).

Therefore the mechanism of formation of the;halomethy1ioyne
suggested by Simons and'Yarwooq should be complemented with the

possibility of secondary photolysis.

CHXBr, . —DY s CHXBr + Br

CHXBrT  —— X + HpBr
——-> CBr + HX

M - CHXBr

CHXBr  —DMY o X + HBr
hv

—— (Br + HX
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s B)v,BackgroundrRéactionS‘andvDécéy of the HaTonethy1idynes

The, background rate decay of the halomethylidynes is best
descr1bed by a first order décay .

g LS

-

Since the ha]omethy11dynes must be reacting wath other species; the

hacquound ratn dafay is pseudo first order

d(CX] . L rper
“’&TL'kb[R”CX] ,
o '
whereii [R] = k' and [R] is effect1ve1y constant dur1ng ‘the .decay of
T CX. The probiem now is to establish what R is and what reactions are

remov1ng CX.

Photo]ys1s of CHXBr2 by the accepted mechanwsm results in a

variety of nhoto]yt1c products . o -
CHXBr + Br
v
CHXBry ~ ——— = CX + HBR + Br
CBr + HX + Br

Therefore the possib1e reactions of CX are the fol]owing:'

1

| LCX CHXBr2 —_—
SCX ¢ “CHXBr —L-
X+ Br 0 —3 e ‘

CX + +CX (':(.}Br) '—'—4‘—"

(X + HBR (HX) —3—
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ke Because ‘the: y1e1d of CX ~CBr, HX HBr 1s thought to be 1ow (154),

ff.fiﬁma1n1y respons1b1e for remova] of CX

react1ons 4 and 5 are neg11qib1e The background rate constant can
‘jbe ca]cu]ated 1f two assumpt1ons are made: ;[ | Y e
- assume. that~e1ther reaction ]‘.or'reactionsh¢2‘ aﬁditéa'areé |
assume that a certaln oercentage of the ha1oqenated methane 1s
,photolysed Two cases w11] be used, 50% and 5% decomp051tnon
F1rst Ihe react1on w1th the parent compound _-1 . w311 be |
exam1ned}/ The average uaTues of k' and the 1n1t1a1 pressures of CHXBré;

wh1ﬂh are used in the calcu]at1ons, are 1fsted a1ong with the

‘f ca]cu]ated va]ues of kb

h Réictfon N-}'_~f", _kl fnsecflj P (CHXBrZ) ok x 10L9ijsecp]
CF+ CHFBr2 S ;id‘;f-{‘};:j,g' 015 25 g

.' ;4cc1 + CHC]Brz L RS 03 25 3

§}53C5ra+ CHBry 8 i;}."o.ro w53

J-These calcu1ated background rate constants are’ very h1qh ~ Comparison
- with, reported rate constants for react1on of CC] w1th ha]oqenated
umethanes {see Tab]e I-G) shows that these calcu]ated rate constants are’
‘nat Teast 1 < 2 orders of magn1tude h1gher and consequent]y this react1on
s:sequence for remova] of CX 1s cons1dered neg11gib1e e _ ”' |
- Now*the background rate constant w111 be calculated 1n the same |
' manner assum1n9 react1ons 2 and 3 are ma:nly respons1b1e for |




< f.ﬂf‘;ﬂ?z
- , . . . P “.. ""”"""'»(.".

‘, s v.]o , _,W. gu, 9] .
- 5 ‘ . " & =y, Tl LU I
.'_React1on S v.k tnsec ) _P(CHXBﬁZl Kb X 10 M 'sec

R R " 5%
CF + CHFBrand Br . - 10 - ,o,qts‘j. AT ;'L 2.
CC1 + CHC1Brand Br - 19 " 0,38 **wg " . 2
CBr + CHBry and Br - . 28 " 010 sl . sp

.These calculated rate COnstants'agree very we11 with measured-radical

- rad1ca1 recomb1nat1on rate constants wh1ch are 1n the range 109 -

10]0 L ] (162) For examp]e,% S ';' E -Eaj ) 'f>§f 5
o cen. s 001, —~  CCl ke 3 x 10‘0 M ]sec (163)
3 3.7 e
.c WCFCl = oy o 10 ,
CF)CT + “CF)C1 “ k=1 x1000 4 gec™ (lsm)«

3 x 109 M ]sec (165)

if

CCFy 4 CFy - FZF{ _»_‘, ok
,‘These resu]ts 1mp1y that‘rad1ca1 rad1da1 react1ons are remov1ng the
:halomethy11dyne There 1s other ev1dence to support this. Ch01 et aT
'(54) found that the pseudo f1rst order rate constant k', 1ncreased
with :ncreas1ng f1ash energy The 1ncrease in flash energy means a
greater degree of photo]ys1s and greauer concentrat1on of the rad1ca1s, o
CHXBr and Br mak1ng the va]ue of k [R] larger

| In this study it was found that k' for CBr was unaffected by
temperature variat1on (see Table I111-2). Th1s is character1st1c of

' rad1ca1 radical react1ons due to zero act1vatnon energy

These resu]ts suggest that removal of‘CX after photolys1s of

| '-.CHXBr2 is ma+n1y due to the fo11ow1ng react1ons

-CX + -CHXBr -~ *'CéHXZBr :
S G :CXBr |
However th1s 1nterpretat10n a1so seems to present some prob]ems

”5?For the rate express1on to be pseudo f1rst order the. concentratlons of



| thereact1ng rad1ca]s, [R], must be essentwal]y constant dur1ng the

decay of the ha1omethy11dyne Rad1ca1 termtnat1on react1ons such as:

. CHXBr  + - CHXBr '-s cznzxzsr2 - 0

... -CHXBr +.Br = lscnxerz
~should be quite fast as shoWn"previous1y'and.wou]d be'expected to
change the rad1ca1 concentrat1oh Nowlthe decay of carbynes has been |
| reported to be pseudo f1rst order by a variety of techn%ques such as:
flash photo]ys1s - kinetic absorpt1on spectroscopy(73 53 -55); pulse
rad101ys1s - kinetic" absorpt1on spectroscopy (83) and laser photolys1s
- f]uorescence spectroscopy (79 93, 96 »121) and a]] of these techn1ques A
generate other rad1cals and are faced with the same prob]em The
'solut1on seems to be that rad1ca1 propagation react1ons are the dom-
"1nant react1ons dur1ng the decay of the ha]omethy11dyne and not the
v‘rad1ca] term1nat1on react1ons mentwoned above

“In. summary, the mechanasms for the . generat1on and decay of |
»halomethy11dynes have been shown to have many uncerta1n factors caused
by the formation of other rad1ca1s and 1ack of exper1menta1 deta1]
As a suggest1on to further research in carbynes, perhaps the photolys1s

of d1f1uoroacety1ene would generate f]uoromethy11dyne c]eanly, wh1ch

wou]d ﬁac111tate convent1ona1 mechan1st1c stud1es

s

'uC, Reaction'ot CBriwith Isobutane

Q

The rate constant fbr the reaction of CBr w1th 2-methy1propane )
(1sobutane) at 298°K is 1.6 x 106 Hf]sec -1 Since CC] and. CBr do not
d1sp]ay any measurab]e react1v1ty w1th pr1mary and secondary carbon -

‘hydrogen bonds ( pote the var1at1on of rate constants in Table I-6 .
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for CC] react1ons w1th a]kanes) th1s measured rate constant must be ,
for reactlon w1th the weaker tertwary C H bond. Th1s va]ue 1s one
order of magn1tude smal]er than the reported rate constant for th1s
react1on (see Table I-8).. S1nce €e. and CBr are expected -to have sim-
la1ar react1v1ty. ‘the rate COnstant measured heré for CBr react1on is
supported by the reported values for ccl react1on with 1sobutane, . A
(4 5 and < 2) x 106 M ]sec (see Table I 6) In contrast, CH
" reacts with perar%p secondary and tertiary C-H bonds_indiscrimiﬁate1y
at rates close to the cotlision frequencﬁes (see“Table;I 4),
The reaction of carbynes with C-H bonds is be]1eved to be a
concerted 1nsert1on react1on Carbethoxymethy]1dyne is reported to
1nsert into C H bonds, but un11ke CH wh1ch reacts 1nd1scr1m1nate1y,
CCO Et is reported to d1scr1m1nate between a11y11c and other C- H bonds _
(95) CC1 and CBr, in their react1ons w1th pr1mary, secondary and
'tert1ary C H bonds, d1sp]ay greater d1scr1m1nat1on |
The explanat1on for th1s is the effect of subst1tuents on the
react1v1ty of carbynes, in the same way as carbenes are affected. '
. s1nglet methylene CH ( A )s inserts very rap1d1y 1nto C-H bonds (see | ._ 5"
Table I 4). However CC]2 and CBr2 discriminate 6$;at1y between C-H |
bonds preferring to react with tertiary and allylic C- H bonds (2). To
explain th1s increased react1v1ty Of'weaker C-H bonds a po]ar1zed
trans1t1on state was proposed in wh1ch there is part1a1 pos1t1ve

charge on the carbon of the react1ng C-H bond(2)

M =C- . -> . } e i . — : - ,
iCXy + >C-H "c*.,/ﬂ‘ - SC-CXHM
’ ' ' - s-C o



R T T

where CX2 represents a halogenated singlet carbene. Ana]ogous]y forA
carbyne reactions, the same po]ar1zed trans1t1on state cou]d exp1a1n Te
the preference of CC1 and CBr for tert1ary C -H bonds
B T TR SO B L T
o - X
For the reaction of CC1 w1th s11anes, it was found that the reac-
tivity of the Si-H bond is in the order tert1ary >secondary > pr1mary
.wh1ch wmsVexp1a1ned by the above insertion rfa€t1on mechan1sms (54)
| The rate constant equatvon determ1ned for the reaction of CBr n1th
'“1sobutane is ky=. 2 x]()gexp (-3. 9/RT) The Arrhen1us plot (fig I1I-21b)
did not ind¥tcate that the reaction with the primary C-H bonds became '
1mportant at higher temperature Therefore the actavat1on energy for
react1on w1th the primary C-H bond shou]d be at least 2 3 kca] mo]e ]
higher. |
.Thtsiistthe only insertion reaction of a carbyne tor which'activa—
tion parameters have been determined to date;‘ Activation parameters and
_ rate constants are not available for insertion reactions ofitheimore

'wideﬂy investigatedbcarbenes with_the\exception'of methy1ene.

v

D. Reaction'of Ha]omethyTidynes with Alkenes

The eXper1menta11y determ1ned rate constants for the react1on of
FQCF CCY and CBr w1th alkenes are 1wsted in the Table IV -1, The react1v-
ity of a]] three ha1omethy11dynes follows an e1ectroph111c trend, that is,

the rate constants increase with increasing a]ky] subst1tut1on on the
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w
' TabTe Iv-1. Rate Constants for Reactions of Methy11dyne
| M and Ha]omethy11dynes with A]kenes
° Substrate - ky X 107° Mi]secfj
T I o @t e
L 69+6 v 16 < . o
Ethylene . b 0.04 + 0.01 0.16 £ 0.01 0.52 £ 0.02 -
oo 130 +50 ) R -
Propylene : - , 0.3 £0.1 1.0 + 0.1 3.0 0.2
1-Butene 0.4 £0.1 ~ 1.7:20.2 3.5 £ 0.3
t-2-Butene | 1.1 £ 0.2 2.6 +0.2  7.4:0.8
Zame£H§1- ' .. : _
. 2-propene - 1;1 0.3 . 3:5 20,3 8]
2-metﬁy1- '
2-butene 8 +1 | }7 *2
© 2,3-dimethy]- o N
2-butene 1423 23 ¢ 6.
cyc]dhexené ’ S o 3.1 + 0.29
1,3-cyclohexadiene . . 1.4:o0.2¢
1.4:cyclohexadiene . 3.7 + 0.29
1a --ref. 83
b < ref. 79
‘€ - this work
d -

ref. 54b
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4 | _ : . \ {
. o1efinic double bond. -Since the rate constants for the reactlons of CC1

and CBr w1th alkanes are very 1ow (Tab]e I-6, Table I1- 10), one can
conciude that the react1ons of ha]omethy11dynes with C- H bonds are
not respons1ble for\the h1gh rate constants observed and therefore the
reactivity trend is due to the 1nteract1on of the ha]omethy11dyne with
the o1ef1n1c double- bond The measured rate constants for the react1ons
of CC1 can be compared to: prev1ous1y reported values (séh Table I 6) ‘4..
The rate constant for ethylene is in good- agreement with wampler s va]ue
while Tyerman S va]ue is.2 t1mes h1gher Tyerman S va]ues are two t1mes
h1gher for propy]ene ‘and three to tour t1mes h1gher for trans 2- butene
“%ﬁﬂ iso-butene. The rate constants - fOr CBr may also be compared to
'prev1ous resu]ts (see Table 1-8). The rate constants are in good agree— e
dment with the values for ethylene and t-2- butene determ1ned by Strausz
_t_ al, h11e their other va]ues are: propylene, 2 times higher; 1- butene,
3 t1mes higher and 2,3 dimethyl-2- butene, 2 times Tower than the values
determined here In th1s regard it must be pointed that the rate
constants for the react%on of CBr with ethy]ene, ‘t=2-butene and 2,3
“dimethyl-2-butene were redeterm1ned in the temperature studies and while
.there is good agreement for ethy1ene, the rate constants for the react1on
with t-2- butene and 2,3 d1methy1 -2- butene are s1gn1f1cant1y higher (see
- Tables . II11-8, III-10). This d1screpancy 1s poss1b1y due to photo]ys1s
of the o]ef1n s1nce the wavelength cutoff was d1fferent in the two
studies  (quartz photo]ys1s A_> 200 nm, Dhoto1ysts_with ethy]ene-glyco1
Cfilter, A > 220mm). | |

From Table IV- 1 the rate constant for the react1on of CH w1th

ethylene is 200 times faster than that for CBr, 625 t1mes faster than

| L : _ | L

-



that for CC1 and 2500 t1mes faster than that for CF. This is exact]y
the trend pred1cted from the molecular orbital descr1pt1on of carbynes.
Donat1on of the halogen lone pair electons through the de]oca11zed mol -«
ecular orb1ta1 reduces the e]ectroph111c reactivity of the carbyne.

' Methy11dyne, CH, has on1y one electron in the w orbital resulting in

a greater reactiyity‘than the ha]omethy]idynes which have four electrons
in the bonding ™ orbitals. -The reactivity trend between halomethyli-
dynes is due to the better overlap between the carbon 2p orb1ta] with
the fluorine 2p orb1ta] than with the 3p and 4p orbitals of chlorine
and bromine, respectively. This results in greater delocalization of
the ™ orbital following the series CF > CC1 > CBr. Therefore the
react1v1ty trend is related to the trend in the bond energies, D (CX)=

131, 81, 75 kca] mole -1 for X = F, C1, Br, respect1ve1y These

. observat1ons 1ead to the conc]us1on that the main factor 1nf1uenc1ng

"‘the reactivity of carbynes is the electron occupancy and de]oca]:zat1on
of the bond1ng m orb1ta1
Now the observat1on that the react1v1ty of ha]omethy11dynes with

a]kenes 1ncreases with a]ky] substitution shows that carbynes are
e]ectroph111c reagents and that the react1on proceeds by electron dona-
tion of the alkene m e]ectrons to the ha]omethy?1dyne.
N/

C
N g
/\
.-Therefore, 1t wou]d be expected that as for other e]ectrophillc
addition react1ons ‘a correlation ex1stS'between 1og k2 and 1on1zat1on

tpotent1a1 of the o]ef1n This 11near corre]at1on ex1sts for all three .

'5.'

145

: S : L
! o S e



146

\
‘halomethylidynes as sthn in Fig Iv-1, 2'3 For CBr the rete constant
for 2,3- d1methy] -2-butene may be considered to dev1ate from the linear
corre]at1onﬁ' Th1s dev1at1on may be.due’ to the photolysis of 2,3-
dimethyl-2-butene, however the ra}é’constant for reaction between. CC1

and 2, 3 d1methy1 2 butene does not appear to deviate from the lanear-
corre]at1on,so therefore the deviation for CBr may be resu]t ofwster1c
factors influencing the reaction and not an experimental art1fact; The
experimenta]yrate constants for redction of CBr and CCl1 with 2,3-
dfmethy]-Z;butenefare relatively nncertain,dne to significant scatter in
the data (see Fig II1-194). The.reported value for the rate constant
for the reaction of CC1 with 1,3 cyclohexadiene deviates signiﬁicant]y,
froh the log k2.vs I[.P. correlation. This may be a result of the exper-
imental cond1t1ons or the effect of conjugation of the | system It must
be po1nted out that these. 11near free .energy correlations must be used
with caut1on and may be valid only for a single . structura1 series since
conJugated olefins may not correlate with mono]ef1ns For ple for
the reaction of S(3P) w1th unsaturates the measured act1va¥ energy
for react1on with 1,3- butad1ene was. h1gher than that expected from the ;
1on1zat1on potential (161). “ -

' It shou]d be mentioned‘that e]ectrophi]ic reactivity has been shown
" in numerous cases to be. caused byvvar1at1ons in the act1vat1on energy of
the react1;n rate constant Therefore a more mean1ngfu1 c0rre1ation has
‘vthe form E vs I.P, which trans]ates into log k2 vs I.P. on]y if the
preexponent1al factors w1th1nbthe ser1es have constant_values.'

The reactivity trend with alkyl substituted alkenes firmly

.establishes halomethy]idynes as_electrophilic reagents and theyefore puts ]
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them in the same cetegory as a number of othér.reactive species. These, .
. ®

o

include carbenes, Group VI A atoms, halomethyl radicals .and v§f1ous
other radicals such as Br( P), NF,s OHGXZH) and C3(] g). This group
contains two types,of rad1cals, one electron deficient species such as -
halomethyl radicals, Br,.NF2 and OH and two electron deficient species

~ such as carbenes and Groub VIA atoms. It is naturally of interest to
‘determine whether these e]ectrophi]ic radica]s react with‘a1kehés via
similar or different mechan1sms and how ‘the react1on of three electron’
def1c1ent ha1omethy11dynes would compare. Therefore it w111 be instruct-
ive to review the current1y accepted theories of these reactions to

‘ig§obtain further insight on the ha]omethylidyne reaction.

Carbene reactiohs will be summarized first. The chéracteristic
reaction of carbenes with alkenes is additien to yield cyc]dpropanee
Singlet methylene adds to doub]e bonds in a stereospec1f{c mechan1sm
'and triplet methylene add1t1on 1s\non stereospec1f1c (60) The obser-.
vation of e1ectroph11;c, stereospec1f1c add1t1on of d1ha10methy1enes
to alkenes 1ed to the deduction of singlet ground state for the dwhalo-
methylenes (166). The e]ectroph111C1ty of the1r add1t1on to alkenes
was represented‘by the imposition of a positive charge on the alkenic

carbons in the intermediate complex or transition state.

R R R
1y BDe—rcl? ey “C——C’ o
R,/-o- ¥ \R \ +\R
2 <t R o L. TRy
C\\x. ) X'l ' : .
Y Y .6

{

That neither structuté I4ﬁ6r II has overriding importance is recognized
by the fact that isobutene has roughly the same- react1v1ty as cis and

trans- 2 butene Therefore the generalized trans1t10n state for s1nglet

RPN



carbene addition to o]ef1ns is’ represented as a loose charge transfer
structure dom1nated by - the 1nteract1on of the a]ken1c s bond with the

empty p orb1ta] of the carbene.

.....

1 ’rCIL_TC \“‘\ R3
. TTEmeo
R \\ . // \R
2 NS 4
Cs-
\"‘./
Xy

Carbene substituents will affect the alkene addit&on in two ways.
First, stabjlization of the carbene by resonance strUctures shoWh below
N :
N\ e N\ o« A\
XYy XY XY
will change the reaction exothermicity.  Second, the substituent yili affect
the energy and position of the transition state a]ong the react1on coor-

"d1nate The react1on coord1nate is suggested by ca]cu]at1ons to cons1st

of a two phase approach (167) The approach to alkenes occurs. in an

" o

electrophilic fashion ( Mrproach) max1m1z1ng ‘overlap .between the f1]1ed

- m orbital of the alkene with the vacaﬁt p orb1ta1 of the carbene Ab
‘lﬂlzlg calculations 1nd1cate§%&at the carbene first approaches the center
vof the bond and. only 1at2§§vé@rs towards one carbon (167). 1In a11 cal:
culated transition statgz\the carbene is off center At shorter distances, -
_the carbene moves towards one of the ethy]ene carbons in a so called

'nucleophilic’ phase in whxch the carbene 10ne pair becames invo]ved in.

bonding ( o approach) It_ls suggested that unselective carbenes have
. ‘¥ ) ' .

N
C




ear]y (n approach) trans1t1on states of low energy because the ‘
carbene 1s on]y s]1ght1y stab111zed by%the subst1tuents wh11e selectwve
carbenes have 'late' (off center o approach) trans1tion states of
h1gher energy because the carbene is s1gn1f1cant1y stab111zed by the

B subst1tuents (167)

. W1th a]kenes Therefore 1t Js eXpect d that ha]omethy11dynes add to

L : RIS : ,:thﬁ
is expected to be high]y exotherm1c.' However, the At%.values of the :

ha]ocyc1opropy1 rad1cals are unknown S0 the react1on exotherm1c1t1es

e

;p cannot be calcu]ated Nevertheless, the ha]ocyc1opropylgzadica1s formed
' are expected to be h1gh1y exc1ted and may undergo rearrangements and
decompos1t1ons Th1s as 111ustrated be]OW’fOF the react1on of CF w1th
_h.ethy]ene. L R i )

'j::':-A('_‘,F +C H P

YoMy e o FHG-CHEGH,

;f%;fT’;]HZQ ‘59559H2. -
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‘”fcarb-ne react1ons (95) :j,';;j'

”?”aexothe 1c1ty for ha]omethy]1dyne add1t10n to a]kenes shou]d resu]t 1n f'
ea ' approach) trans1t1on states of 1ow energy‘ Stab111zat1on of
"the carbyve by the ha1ogen subst1tuent would resu]t in h1gher act1vat1on _
fifp-energles for’the react1on sUggest1ng that the measured rate constants '
L ’.decrease in the order CBr > CC! > CF due to 1ncreas1ng act1vat1on energy

:Therefore t e genera]iZed trans1t1on state for the add1t1on of ha]o-.n

f;fgmethy11dynes to a]kenes can be drawn as fo]lows ' j,"‘1 “:'” »)"f'”
R B ey E ,
\\ ‘Réf’f RN /"‘\~'R4 .
. RERE . \\ L/ ‘
\\\ L C(S—
X ' |

The corre]at1on between 1og k2 and alkene ion1zat1on potent1a1
1s ev1dence for th1s transvt1on state Thns corre]at1on a]so ex1sts :
~ for the react1on of s1nglet carbenes tr1p1et oxygen and sulfur, 0(3P)
'.and S( P) and hydroxyl rad1ca1 OH(X n) W1th a]kenes '_ “y
Tr1p1et oxygen atoms react w1th o]ef1ns to glve the epox1de and 1ts
".1somer1c carbonyl structures, a]dehydes and ketones 1n varying propor—,;:‘

“-;t1ons as well as some fragmentat1on dependlng on experrmenta] cond1twons

‘(168) These rearrangements are due to the thermochem1stry. Oxygen 3
’"fonns strong s1ng]e and doub]e tonds resu1t1ng 1n a large exotherm1c1ty
‘.f'for the react1on t:, ' - : ‘ |

A R
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Tr1p]et su]fur react1ons result in on]y one product, the ep1su1f1de
(169). Th1s is. due to the weaker bond1ng propert1es of squur resu1t1nq

in an exotherm1c react1on of smaJTer magn1tude‘ S

154

The add1t1on of tr1p1et sulfur to olef1ns was found to.be’ comp]ete]y ,'

sterospec1f1c wh1Te the stereospec1f1c1ty of thqA0xygen react1on was

k_ found to be temperature dependent Determ1nat1on of the act1vat1on para-
vmeters showed the change An act1vat1on energy was responsible for the/
electroph111c trend and these act1vat1on energ1es cou]d be corre]ated
with’ the aTkene 1on1zat1on potent1a1 (169 170) =»h;_‘l,'

. Therefore the react1v1t1es of tr1p1et oxygen and squur atoms with
a]kenes are character1zed by the same features as s1ngTet carbene ',;7

» reactlons For oxygen and sulfur add1t1ons, the ac;epted mechan1sm is

. f, that the: trip]et atom + aTkene reactants corre]ate w1th ‘the tr1p1et

""p‘

h exc1ted state of the product epox1de and. ep1su1f1de respect1ve1y in an

exdtherm1c reactwon The trans1t1on state can be drawn -as beTow

RN TN, Mtriplet!
2 N 4 e
‘ A 8- ' i g

For carbenes, 1t was suggested that subst1tuent stab111zat1on was
;the maaor factor 1nf]uenc1ng react1v1ty by var1at1ons in the act1vat1on

v;energy For 0( P) and S(° P) add1t1ons, the exper1menta11y determ1ned

| act1vat1on energ1es are very close (1 4 kcal mole - for oxygen and 1 6

kca] mo]e A for sulfur é d1t1on to ethy]ene) (170 171) These Tow

:vaTues of the act1vation energles 1mp1y ear]y (n approach) trans1t1on{}b5"""

2y
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The hydroxyT radlcal OH(X m, reacts w1th alkenes predom1nant]y

-v1a add1t1on to form the radical adduct. AbsoTute rate constants

_fo]]ow anelectroph111c trend and the exper1menta11y determ1ned act1va-

\\‘t1on parameters 1nd1cate the act1vat1on energy to be cqnstant ~-1.0

' kca] m01e, for atl oTeflns stud1ed and the preexponent1a1 factors

increase to account for the e]ectroph111c react1v1ty (172) These

X N

jmeasurements are at var1ance with the observation that act1vat1on energy

v changes account for electroph111c react1v1ty

There are two 1mportant features of the e]ectroph111c react1v1ty

tof OH. F1rst the. hydroxyT radwca] react1on rate constant with ethylene.'

15 found tobe pressure dependent wh11e for 0(3P) no pressure dependence

““is found (172) The reason for this: is 'due to the thermochem1stry of

the reactlon systems For 0( P) the h1gh1y energet1c add1t1on products

can fragment to products other than the 1n1t1a1 reactants or be collis-
1ona]1y stab111zed whereas for OH(X H), fragmentat1on of the adduct to
products other than the 1n1t1a1 reactants 1s thermochem1ca11y unfavorable

and co]11s1ona1 stab111zat1on of the adduct competes‘w1th decomp051t1on

- back to 1n1t1a1 reactants _ For 0( P) react1ons the effect of pressure',

is to a]ter the product d1str1but1on whi]e for OH(X H) the effect of

.pressure 1s to a]ter the react1on rate constant The second feature

1s that the high pressure 11m1t room temperature rate constants for

~ OH(X H) react1ons w1th aTkenes are sign1f1cant1y h1gher than the

corresponding O( P) react1ons (173) The reason for th1s 1s the differ-:
ence 1n the:activat1on energy Th1s suggests that the react1on mechan-

1sm for. OH add1t1on to aTkenes d1ffers from that of 0(3P)

-



'react1on with propy]ene and h1gher a]kenes had no pressure dependence

(172).

-~ . CBr w1th 1sobutane, ethylene, trans 2 butene and 2, 3 d1methy] 2 butene

156

The: effect of these features on -the ha]omethy11dyne react1v1ty

must be assessed : The reactlon rate constants were a]l determIned at

. the same pressure and the effect of pressure was not measured. Perhaps-

the differences 1n rate constants between the ha]omethy11dynes are due -

to d1fferent pressure dependenc1es Th1s exp]anat1on can be d1scounted

for two reasons First, the- measured rate constant for the react1on of -

CC1 w1th ethylene agrees very c]ose]y w1th the value reported by Wampler

et al (127) who- observed no pressure dependence between § and 100 torr

rgon. Second the relative react1v1t1es of CF, CC] and CBr remain

'approx1mate1y the same for f1ve a]kenes It was found that the OH

o,

It was suggested that the'increase in rate. constant'between C?;"

CC1 and CBr for the react1on with. a]kenes was due to the . 1ncrease 1n

¢

the: stab111ty of the ha]omethylldyne caus1ng the act1vat10n energy to
":-decrease Therefore the 1nvestigat1on of the act1vat1on parameters of

. the reactions of halomethy11dynes w1th alkenes was undertaken

E. TemperatUre,Dependence of the Reactivity of CBr with Aikenes:

The act1vat10n parameters have been measured for the react1on of -

" The, data for the alkene reactions are. listed in Tab1e IV -2 a]ong w1th

»y'other rate parameters for similar rad1ca1 add1t1ons to a]kenes

The va]ues of the rate constants for 1so butane suggest that

,react1on of. CBr w1th the C H bond in a]kenes is un1mportant for a]]

'temperatures and the actavat1on parameters determ1ned for zﬁgeﬂés are

v s

. A
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Table IV-2. Acfivat{on'ParameterS.for Radical Addition to Alkenes*

substrate  cBr(X’m?  0(%)® 53¢ . owpdmyd  phecr®

. AR A E A E A E oA

CEthylene  -0.6 0.2 1.4 5.3 1.6 7.9 0.8 1.0

- Propylene ©0.33 4.9 0.45-8.3 -1.1 2.5

1-Hexene 1.1 0028

Ct-2-Butene 1.0 27 002 M - .1 67
c-2-Butene - -0.27 6.7 -0.2 2.8 -0.97 6.3 |
t-2-Pentene S R 1.0 0.054

Coaethyl T - L
2%butene o S -0.90 11.4 -0.77 0.044

: r

)

2 3bimetryl Lo o
2 butene RERARANE RN C134s 1.7 0,019

SRy kel mote™) T A (107 plec)

a-thiswork . o S
bo=ref, AT

o -ref. 170 <

d - Y‘Ef.]72 .
e - ref. 174 ( activation pafdﬁéteﬁs<dé}grminedyinLSOTUtion)

r
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':'for the-reactionbhith'the n‘bond - The main features for th1s react1on
are a negat1ve activation energy for a11 three a]kenes and curvature
in the Arrhen1us plot for 2, 3 d1methy1 2- butene (see F1g III 22a)
Negat1ve act1vat1on energ1es for a gas phase b1mo]ecu1ar react1on
.1were f1rst determlned for the react1on of Te( P) with 2 3 d1methy1-2-
‘butene (175) Activation parameters detennlned for the react1on of
JO( P). and S( P) with a]kenes show - that the act1vat10n energ1es become
',negat1ve when the 3on1zat1on potent1a1 of the alkene becomes Tow enough
(170) -For the- reactien of OH(X H) w1th alkenes, a]] activat1on ener~ ’
gies determwned are negat1ve (172).: There haue been var1ous exp]anat1ons
g1ven for thgs phenomenon of negat1ve act1vat1on energy. .
The explanat1on for the negat1ve temperature dependence of the |
react1ons of(Sroup VI Aatoms w1th some a]kenes was cons1dered in terms
of cross1ng of potent1a1 energy surfaces. It was proposed that the atom
”dand o]ef1n 1n1t1a11y approach on a potent1a1 energy surface with a
sha]low m1n1mum The repu]s1ve part of th1s surface 1ntersects w1th an-
- attract1ve potent1a1 surface and the rate of the react1on would be
determ1ned by the fo]]ow1ng parameters | ‘ - |
’a) the pos1t1on of the- 1ntersect1on of the two - surfaces re]at1ve .
' to the zero level of the separated reactants | o
Ie'ldb)” the number of 1nterna] degrees of freedom in. the reaction
“conplex, 5 » : . | o _
‘¢). the temperature dependent probab1]1ty of. cross1ng of the :
system between the two surfaces. | ' ;
The positwve temperature dependence of the ethy]ene react1on can

be exp1a1ned by a cross1ng occurrvng at an energy above that of the ‘



the separated reactants and the negat1ve temperature dependence of the

2, 3 d1methy1 2- butene react1on, by a cross1ng at .an energy below that

of the seperated reactants Th1s is. qua11tat1ve1y 111ustrated in F1g IV 4,

Another p0551b1e 1nterpretat1on of the phenomenon has-. been

offered based upon transition. state theory (172) The radical add1t1on

to a]kenes is v1ewed as a b1m01ecu1ar process with ;ero or’ near zero

act1vat1on energy In this case the temperature dependence of the rate
constant is determ1ned by the temperature dependence of the preexponen-

tial factor which is gjven frOm'trans1t1on4stateftheory by,

Y

./ | , ' - ( ) QR alkene o

Qikene %R

where t. is;the transmiSsionxcoefticfent_g-;e
‘%}h is the frequency factor '. ”
Q is the;partitton functton |
< R :is the radical o
. For the react1on of thgghydroxy1 rad1ca1 w1th a1kenes the -.
preexponent1a1 factor becomes, ‘ '
A a_.( Qonéajkgne')_T-a/z

'Qalkene I B  ::#&:,

-because for the OH" rad1ca1 the v1brat1ona1 part1t1on funct1on w111 be

approx1mate1y un1ty over the temperature range stud1ed and the trans-,v

r«fi]at1ona1 and rotational - part1t1on funct1ons have temperature depend-‘

ernc1es of T3/2 and T

1

- funct1on of the trans1t1on state over ‘the" part1t1on function of the

a1kene (QOH a]kene/Qa1kene)’TS temperature lndependent then A var1es as .

respect1ve1y. Hence, 1f the rat1o of the part1t1on
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TI3/2. For zero activation energy, the rate-constantS'will also vary

as 1°3/2

as is experimentally determined over a temperarure range of
297-425°K for the reactions-of OH(XZH) with atkenes (172). The assump-
tion of ( QOH a]kene/Qa]kene) be1ng temperature 1ndependent implies a
very loose trans1t1on state.
4 However, for the reactions of 0(3P) with alkenes, mone thorodgh
~and detailed studies based on the same approach did not support the '
above explanation (176). It was shown that inclusion of two new vibra-
tional frequencies, due to the-oxygen a]kene bond, in the part1t1on
function of the trans1t1on state cou]d account for some but not all,
of the features of the Arrhen1us plots. In particular a negat1ve act1—
vation epergy had to be 1nvoked for the 0( P) + 2,3- d1methy1 2- butene
reacb1on _

There is: now a wide]y_accepted interpretation for the phenomenon
of negative temperature dependencevfor bimolecular reactions, which is,
:.tbat‘the reaction undernjnVestigation’is moltistep_and involves at Teast
.,one intermediate'that possesses at least tno channels for reaction(174.
176 177) The possible mechan1sm for rdical add1t10n to alkenes can
be written as follows.

K | k| | ko

R+ a’lkene———,_r]_‘mtermedwte ——p products

’If it is assumed that there is an equ111br1um between the. reactants
and the nntermed1ate and that the second. step is- the rate determ1n1ng

- step, then the observed rate 1s, ’
kk """“'.:’
- ggﬂ]. = »ﬁ 1 [R] [aTkene]
1 . '
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. .and the observed act1vat1on energy is E b --El + E2 - E -1 CIf E1 is
cons1dered to be zero then a negat1ve activation energy ar1ses when
Ez\ “< E-l.

This is a simplified kinetic descr1pt10n of the surface cr0551ng

,.mechan1sm 1]1ustrated in Fig. IV-4, The energy barriers can be drawn

on these curves to show_the relationship as below.

" To satisfy the re]atighs,- k_y >>k, and' é?i'> E,» the relationship
vbetween the A factors must be A .1 > Aé The trans1t1on state-to form

- the products, point C, must be more constra1ned than the conf1gurat1on

; of reactants at po1nt D. However for’ the react1on of s1ng]et carbenes, '
ha]omethy11dynes, Group VIA atoms and the hydroxyl rad1ca1 with ;
a]kenes, the trans1t1on state is conc]uded to: be Toose resulting in h1qh
A factors. Therefore, in order to satisfy the re]at1on A 1 >> Az, A .1
_must be very h1gh close to the c0111s1ona1 fquency A]so the rat_e‘-'

t be close to the

vconstant to form the 1ntermed1ate comp]ex kl’
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collision frequency

Th1s kinetic descr1pt1on can also be used to explain, the observed 4

curvature in the Arrhen1us p]ot for the reaction of CBr with 2,3- d1methy1
-2- butene which has also been observed for the reaction of pheny]ch]oro—
carbene with the same alkene in so]ut1on(174) In solution the rate
constant k] was equated to .the diffusion constant wh1ch could be tal-
culated. At high temperature in this mechamsm,‘k2 is the rate deter-
mining step and a negative temperature dependence will be observed.
However, 1f the temperature decreases 5uff1c1ent1y. the diffusion rate
constant k], will become the rate determining step and s1nce it has. a

positive temperature dependence curvature 1n the Arrhen1us p]ot w111

result. _ .
The same idea can be applied with some modification to the
reaction of CBr w1th 2,3-dimethyl-2Zputene in the gas phase. The rate
constant, k], can be ca1cufated by assuming a certa1n fractlon of

'éé111s1ons result in the intermediate. comp]ex The equat1on for k] 1s'A

- 8T ]/2
k1 polL ( _?FIT_')
where.fp = sterjc factor L = Avogadro constant
] ='co1lision.cross section . + W = reduced mass of reactants
K= Bo]tzmann constant |

The va]ue of k] 'Will depend upon thé va]dg?for pc:, the react1ve Cross
SECt1on By choosing an appropriate value for pg., a temperature
dependence for k].can be calculated which fits the éxperimental

4

Arrhenius curve at low temperature. In other words the observed rate
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o)

,'constant k obsd® is approximated by k1 at a suff1c1ent1y Tow temperature
as shown in Fig. IV-5. ‘In thjs figure: k1 was calcutated using po =

0.16 nmz. - From this value p may be obtained since the co1ﬁision cross
sect1on can be ca]cu]ated by using rough est1mates for the mo]ecu]ar :
d1ameter of CBr and 2,3- d1methy] 2 butene R(CBr) 0.40 nm. and R(

CeHy2)
= 0.60,nm (178). From th1s calculation a steric factor p 0.05 is

ca]cu]ated‘ . ' ..g’ £
| The nature of .the carbyne/alkene: 1ntermed1ate is not revealed by
the k1net1cs however. A structure that is cons1stent with the proposed
| reaction mechanism is one in wh1ch the T electrons'of the a]kene

interact w1th the " orbital of the carbyne resu1t1ng in the format1on

“of a loose charge transfer comp]ex '

In summary the negative temperature-dependence of the reaot1on .
of bromomethy11dyne with a]kenes is postulated to be due to the forma—‘
"tion of an 1ntermed1ate comp]ex which v1a curve crossing will convert:
Io products. These complexes are very weak]y ‘bound and of the charge
transfer type This k1net1c model is in agreement w1th the suggested
' reactlon mechanism for the add1t1on of ha]omethylldynes to a]kenes via
loose ( ﬂ approach ) trans1t1on states Ab initio calcu]at1ons on.
A _—

the react1on of CH w1th ethylene suggested asymmetric addition would T

<

proceed w1th zero act1vat1on energy (179)

e

F. Reaction of CBr with A]kvnes
4 . L : L:
The rate constants determlned for the react1on of CBr with alkynes

are 11sted inTableIv-3 along with values for CH, CC] 0( P) S(3P) and
OH. It is seen fran tht?‘tab#e that the.reagents CBr(X“H ), CC](X n),
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Fig. IV-5. Arrhenius:Plots”fbr‘Reaction of CBr with -
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. {fand decreases w1th fluoroalky] substituents attached to the acety11n1c

', PR

A.fd:.O( p) and s( P) exh1b1t a d1st1nct e]ectroph111c character in: the sense

'_ffthat the1r react1v1ty 1ncreases w1th the number of alky1 subst1tuents

'carbon ComparTSon of the rate constant for react1on wmth acety]ene e

'apattern 1n reactiv1ty based upon theg

o

-'t'ldo not seem to be able to d1scr1m1nate Between CC] and CBr

. .oﬂ(xzn) reacttons with aikenes and'a'kynes Showsbfhat both the'\d’

freact1on w1th ethylene For a11

v»*ifbr CH CC] and CBr shows that the CH reaction 1s 2 to 3 orders of

' 7?{magn1tude faster than those of CC1 and CBr Th1s 1s the expected

rev1ous d1scu5510n of the

kenes CBr was found to be more

“'A?reactive than CC] (see Table IV 3) For a]kynes thws trend seems only
l'ftO ho]d for ]ess subst1tuted substrates The more subst1tuted a]kynes

A plot of 1og k2 Vs 1on1zat1on potent1a] of the alkynes for CC]

';'“and CBr shows a good llnear corre]at1on prov1d1ng add1t1ona1 ev1dence

.-;gfor the electroph111c nature{Q\‘these reactwonsfF1gs IV 6 7) The values

'4 rance or photo]ys1s of the a]kyne as. d1scussed before. However‘the

ﬂev1dence from the alkene reactions and act1vat1on parameters suggests

that ster1c h1ndrance causes the dev1at1on

e

{_ﬂ“electroph111c1ty of carbynes and paya lels the trend observed for the o |

":‘latxon for both CCI and CBr. Th1s effect may be caused by ster1c hwnd{’ﬁ
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fgi'for 2, 2 5 5. tetramethyl 3 hexyne c]early dev1ate from the 11near corre- o

A conpar1son'between the react1v1t1es of CCl and CBr WIth a]kynes - B

;"and alkenes reveals that, 1n general aTkynes appear to be somewhat

»t1s 5—6 t1mes less react1ve than ethylene towards*CCI and CBr Determ-j

{:more reactivetﬂthan a]kenes w1th the except1on ;of acetyiene wh1cthf!ﬁ;A¥7fa-

‘rlnatzon of the act1vat1on parameters of: the reacti “'f 0(3P), S(GP) and;ﬁrfﬁﬁf'TJ







QR [




',act1vat1on energy and A factors 1ncrease for alkynes compared to aTkenes
(186 172) The 1ncrease in the act1vatlonvenergy 1s proposed to be due ‘
to the 1on1zat1on potent1a1 dlfferences of the substrates (169) The |
’“1ncrease 1n ‘the A factors was attr1buted to the ga1n of entropy 1n:f
going from a T1near acety]en1c moTecuTe to a non-]1near act1vated com— |
r,p]ex (186) ATkynes react more sTowTy than aTkenes w1th 0( P) S(3P)
'_.and OH(X H) therefore the 1ncrease 1n act1vat1on energy is the dom1nant
‘factcr 1nf1Uenc1ng these reactxons By anaTogy 1t 1s proposed that an 1:1f»
' 1ncrease 1n act1vat1on energy'isrespons1b1e for the Tower react1v1ty -
:Uof ccl and CBr towards acetyTene compared to ethyTene whereas an .. )
:1ncrease 1n A factors accounts\for the greater react1v1ty of subst1tuted
N aTkynes compared to aTkenes TR S o
v The reactlon\products of . haTomethyT1dynes WTth aTkynes are }'_:'
3; expected to be s1m11ar to those postu]ated fhr the aTkene reactlon

sThe react1on shou]d y1er the cyc]opropeny] rad1ca] Wh1ch may rear:;SQé"

'fffto the aTTenyT rad1ca1

AN

4

ot

| -» R- c-c CXR

- The tran51t1on state 1s proposed to be s1m11ar to that of add1t1on to

*;ﬂ,,alkenes as shown be]ow

N R T g T D
U VR
A HEER A S, ..-‘j./, .

The Tower reactiv1ty of acety]ene can be exp1a1ned by not1ng that th1s

trans1t)on state,has“unfavorable v1ny1 cat1on character
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| S1ng]et carbenes undergo e]ectroph111c concerted add1t1on to

>

:&~;”acety1enes to form the cycToprOpenes and re}at1ve react1v1ty stud1es s '_}J’F
jlind1cate that cyc]oadd1t1on to alkenes 1s fasored over the a1kyne "4

. reaé%hon (2). Th1s observat1on re1nforces the carbenE-carbyne re]at1on~'33,

_sh1p For the react1ons w1th a]kynes, of° P) and S( P) are postu]ated

to have un1que react1on mechan1sms 1nvo1v1ng the format1on of tr1p1et

’__ carbenes as the pr1mary products .For oxygen the;reactlon:

( P) + R- :c-R ST e URCCR(T))

s

"“products are CO alkenes and unsaturated ketones formed in pressure ' '_
: .;dependent y1e1ds as we11 as‘%olymer (187 188) _ For suQPhur the react1on'.‘ O

f" products are carbon d1su1ph1de, benZene and th1ophene der1vat1ves as -

a f‘well as: po]ymer (186)

'"*‘ G ¢Absorpt1on Spectra of S1C12 and S1Br2 : "’7a Lt

%~ 1) D1chloros11ylene N S1C12 _ j,;}’ "'ﬂsj '
' The absorpt1on spectrum shown 1n F1g III-24 and assigned to s-
ZQS1C12 is a broad band w1th vibrat1onal structure and an’ absorpt1on 5

'1max1mum at 317 nm Prev1ous1y observed absorpt1oh bands, recorded at e:if h‘

o h1gh temperature (133) and 1n a 1eu\$emperature matr1x (134) were

;-structure]ess ntthS_he same absorpt1on maximumJ»

.The emﬁssion spectrumvv'




A states were g1ven as 29952 and 28295 cm -1 above the ground state, IA"

k"em1551on from two upper states of S1C12, The energ1es of these two upper N ;
,THe upper state at. 29952 cm” -1 1s’thought to be 181 (123)
E : .v1brat1ona1 analys1s of thxs trans1tlon, 181 lAl, seen“in the emwss1on o

' .:spectrum, gave the fOIIOW1ng v1brat1ona1 frequenc1es

v, = 540 ‘_;:m‘l T 445 St
Vo = 248_Cm o 2 R Vz s 20] .cm s

r - "

-"However these va]ues for the ground state v1brat1ona1 frequenc1es do not '¥r“;

;'agree wel] w1th 1nfrared spectrum of matr1x 1solated 51012 wh1ch gave f

;' | lm 513 o <1 and vz"?. 202 cm'l (134 135) e ;;. ‘”p.' : t:4f -#ﬁ ff:
The spectrum ofh i 12 observed in th1s work is easi]y analyzed o "y/fr'i

.71n terms of a. s1ngle progress1on with an 1nterva1 of 148cn1] :Based '- | h :

fon the observat1on that the absorpt1on spectra of CEZ(31) CBr2(189), _;_4/ {;

SiF, (132) GeF (190) GeC] (191) and SnF (192) dre al] dom1nated by a

- Progre551on 1n Vz . the measured 1nterva1 of 1481Cm 1(15 as:igned to o
, ,the bend1ng frequency, Vo s of the upper state, Bl : Numer1cal

"ass1gnment of each leve] 1$ not poss1b1e w1thout further 1nformat10n

"7However a tentat1ve ass1gnment of each v1brat1ona} trans1tion may be

e made by analogy For the above mentwnpd Group IVA dwhahdes, the

efl’most 1ntense absorpt1on occurs for the trans1t1on to v2 5 1eve1 for ;YfEV”

) _:CEQ andHS;yz, to the v2d = 9 1evel for GeC]2 and Ger and to the v2X= 6

o -,_.v‘v

T:ti A (0 0 0) transwtion th pan err_r of +i 1n the assignment This iiif P
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v resu]ts in an electron1c energy of the upper state of S1C12 ( B ) of -
B . T .

T, = 30295 +150cm1.rb T ]
;:.2) ﬁjbr0m0511y1ene,'51Br2 o -
a In the photogys:s of S]Br4 an absorpt1on band occurs in ‘the reg1on
'/340-400 nm.. Under ad1abat1c cond1t1ons the 1ntens1ty is h1gh but the-
| 1ntens1tf is strong]y quenched upon add1t10n of buffer gas. The spec-'}
o trum does not correspond to the- known spectra of S1Br or Br2 The
e]ectron1c absorpt1on spectra of.S1Br3 and S1Br2 are. unknown and it 1s
probab]e that the absorpt1on is due to one of these spec1es The
- absorpt1on Spectrum observed in th1s work 1s assigned to. the 1B1 1A1
trans1t1on of 518;2 based upon ana]ogy W1th the observed spectra of GPOUD
‘~ WA d1f1uorydes and d1ch10r1des other than carbon (see Table IV-4).
: The e]ectron1cenergiesofthe upper states of S1, Ge; Sn. and Pb d1f1uor~.
‘ ides have roughly the same va]ue and th1s reTationsh1p occurs for the ol
':eanalogous d1ch10r1des as we11 Therefore it 1s postulated that the
. e]ectron1c energ1es of‘the upper 181 states of Si, Ge, Sn and Pb |
¥ 'd1br;m1des are approx1mate1y equa] The observat1on of an absorpt1on ualﬁ
for. SnBr2 at 27 0 cm (193) agrees Very well w1th the va]ue of N
¢ 27600 e "1 obse ed in. th1s work for S1Br2 , B ;o o
| ::“ The on]y report on the electronic spectrum of S1Br2 1n the A Tif
.'T1terature ment1ons that an emission 1n 425-595 m reg1on from a gTow }'TT '
: d1scharge in, S1Br4 vapor may be due to the STBrz spectrum (194)
V1brationa1 analys1s of thfs system gave‘oround s%'%e stretching and
bendfng frequenc1es of 425 and 120 cm wh1ch 1s 1n reasonable agreé-

ment WTth the a551gnments from the 1nfrared spectrum of matrix iso]ated

’
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Tab]e IV-4 Electron1c Trans1t1ons and V15ratlona1 Frequenc1es of

Holecule: '

CF
cc

_SJF2 

SicT., -
C o sigr,

GeF2
'H:GeC]z
" GeBr

. SnCJ

:SnBrz_

. PbF
-~ PbCT
' PbBr

¥

Group IVA D1ha11des

]H
Bih

~ (em” )'

-~

.w

36878 - -

17093

14962

a

44109

30295%, "
2760070

43843

30969

L4

;“40741
31055%
“27400"

40560

©31000°

26310
22900
20400

22700

855
512
402

- 286

| 22237'_-‘

e

345

202
120

162

110

180

640

110
785
468

872 -

501

400,

120

145
103

83

296

228

626

| S

54":j_2"'

494
08
186 588

,-252..

148

135,194

les 4

‘120

189 -
189

189
123

1190

o1
196.

192
191

193,197 -

,{Aw; .
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14 t :

123

’*

o197 g

a - ass1gned from this work

S f}b - engxgy calcuiated from band maxamum‘n t band orfgin 3

 7~»?c - vibrattonal frequency of ]B] state
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SiBry (195). Moreover emission has been observed from SiCTz,lGeC]Z
and SnC]2 speCies‘which is assigned to a 3 1A1 trans1t1on (171), &

.Therefore it is possible that the reported -emission is due to the

3

B, - 1A1 transition of SiBr,. -

- H. The Photochemistry of HaTogenated‘Silanes ' )

»

There 1s a comp]ete anaTogy between the electronic trans1t1ons of

s11anes and a]kanes conc%rn1ng the orwg1nat1ng orb1taTs as well .as. the o
orbltals associated with the excited electron in the , Tower exc1ted

states Therefore the ultraviolet absorpt1ons of a]ky] and fluorine -

substituted silanes are due to trans1t1ons from a bond1ng o orb1taT 7

\

re

to 1ntermed1ate type Rydberg orbitals and there is no evidence for the
'1nvoTvement of 3d orbitals (%99) For ch]oros11anes, the'Tone pair
electrons of the subst1tuent chTor1ne ‘have at0m1c orb1ta1 energ1es

suff1c1ent]y close to those of the 5111con 3d atomic orb1tals so that
‘Q%here is part1a1 Toss .of lone pair character and gain in bOnd1ng
character of the h1ghest occup1gd orb1ta1 This is the reason for the
increase in bond sﬂrength in pass1ng from -carbon to the s111con ‘com-
pounds, The Uv\band of Towest freﬂﬁgncy in-alkyl chlor1des is known o
to- be 'nfcf where the o orbital is ant1bond1ng in the C-C1 bond (199).
On the bas1s of the above argument thws band 1n Chlorosilanes o *(Pﬂ)

} 1s expected to move to- hlgher frequencies However, this band is

not fouﬂd and most of the ban, 1n these'spectra can be attributed as “

‘,bewng due to trans1t1ons to i ermed1ate Rydberg = va]ence sheTT type

"'exc1ted states (199) ‘ Therefore the flash photolysis of S1Br4 shoqu

YN e

%
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~

result in exc1tat1on to these states which could then dissociate Yn two

’

ways, bond d1ssoc1at1on and molecular el1m1nat1on

AH (kcal nQJe-])

. Sibr, - - SiBry +.Br 7

- S1’Br2 + Br2 94

A v

-

Now 1n\the flash photons1s of S1Br4, the spectra of SiBr and
S1Br2 are observed For alkanes photolys1s results in Rydberg states
which are found to undergo molecular el1m1nat1on (60). For halogenated'
methanes, photolys1s in the f1rst absorpt1on band is due toano*
valence shell trans1t1on which results in bond- d1ssoc1at1on as dls-r

cussed prev1ously Therefore photolyS1s of S1Br4, wh1ch 1s expected

‘_ to result in an 1ntermed1ate Rydberg valence shell type exc1ted state

should: result in both dissociation and molecular el1m1nat1on Th1s

\would be s1m1lar to the photolys1s of monos1lane (l24) However there
is also the p0551b1l1ty that S1Br2 is formed by decompos1t1on of S1Br3.
The quest1on alzziar1ses, as it d1d for the halogenated ‘

methanes, as to how the novalent radacal. 1n th1s case S1Br, 1s formed

)
The overall reactlon enthalpy 1s too endotherm1c, .

SiBr, =~  SiBr+ Brz *#Br AH = }82 keal mole”!

tq be caused by photolys1s w1th A 165 nm. Therefore decompos$t1onb»
, of a v1brat1onally excwted 1ntermed1ate is ruled out and secondary

: photolys1s must occur E1ther S1Bc3 or S1Br2 may be photolyzed

o
o AH(kcal mole ) Wavelength Requ1rement ’
SiBry 2 siBr4Br, 0 112 < 285 m
. ‘“3 ] M 2 . i v ,
siBr, W osigr+opr 8 ' A< 32 m

. ) e .
: .
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The wave]ength cutoff rules out the poss1b111ty that the ohotoly51s of
‘S1Br2 in the reg1on 340 400 nm‘résults in d1ssoc1at1on Therefore SiBr -

probably arises from secondary vacuum UV photo]ys1s of S1Br3 and/qr
S1Br 8 . _‘ j 7

The f]ash photolysis of S12C16 results in. the absorptvon spectra
of Sit] and S1C12 The therma] decompos1t10n of S12C16 resuTts in S1C14
and S1C12 (200) Therefore it is poss1b]e that S1C12~Ts-formed‘hy;*—_w,

mo]ecular 614m1nat1on fo]]ow1ng photo]y51s The absorption band in
po]ys11anes is due toa o+ o* trans1t1on (201) The photo]ys1s of

£
cyclic. and 11near permethy]ated p01y511anes resu]ts in s1Ty1ene

-
“extrusion-(141).

-

XMeZSi)G' }s273§2;29 (Me,Si)g + :SiMe,

However, the photolysis of Si'zMe6 only results in si]icon - silicon
bondvcleavage (202). 1t is 11ke1y then that the photo]ys1s of S12C16 K
. results in two pr1mary processés . - S - R

. -~ ’S12C16 -——-7—-—cS1CT4 +YS1CJ2 . ¥
. v .
. The monovalent silicon radica] SiCT may ar1se from secondary photo-

Tysis‘or decomposftion of the primary products The absqrptlon of S1C12

.;,» 1n the reg1on 300-340 m will not causewd1ssoc1at1on6to,form Sicl due )
i ; tb 1nsuff1c1ent energy g ; S
.. o o

. R C : ) L ’ o ’ o -
v : ; . . -

! . SRR R N i
.i S1C1 -~ §iCl + C1- AH = 102 kcal molé,] - Wavelength Requirement

A < 280 nm
'." ; "fL“

Tiee o
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In summary, .the photochemistry of ha]ogenated s1]anes is not well

understood ~due to lack of exper1ment31 deta11 The flash photolys1s of

-Subst1tuted di- and tr1s11anes appears to offer a method of observ1ng

o

RS
) ” - .

‘the ¢ gas phase absorptvon spectra of subst1tuted s11yﬂenes
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i V. ‘SUMMARY‘AND CONCLUSIONS
n This research prOJéct 1nvest1gated the react1vaty of halo-.'

methylidynes by measur1ng rate constants for react1on with alkenes
and alkynes us1ng the techn1que of kinetic Spectroscopy, and attempted
to measure s1m11ar rate constants for ha1os1]y11dynes Some new absorp-
t1on spectra vere a]so observed for dihalosilylene rad1cals

The ha]omethy11dynes CF,cC1 and CBr. were generated in suff1c1ent
cqncentrat1on for spectroscop1c measurements by the flash photolys1s .
of the appropr1ate ha]ogen subst1tuted dlbromomethane CHXBr2 , ( X =
'F, C1, Br). One carbon = bromine bong.1s dlsspc1ated upon photo}ys1s .
resu]twng in a ha1ogenated methyl rad1ca1 "CHXBr, wh1ch undergoes
further dissociation resulting “in the ha]omethy11dyne radwcal Th1s
,secondary d1ssoc1at1on may be caused by excess v1brat1ona1 exc1tat1on
;u'secondary photolysis and- 1t is unc]ear to what ‘extent each prdcess
contr1butes to halomethy}1dyne productlon

The concentrat1on of ha]omethy11dyne rad1cals <was. mon1tored

by absorpt1bn Spectroscopy and the decay of. the absorption swgna] was

'found to be f1rst order in the halomethylldyne S o ' Ot
-d [ex] | k'[cx] - I
S | S 2 g 1] -
Thws observaf’on 1s in agreement with aT] other((n@est1dat1ons of . )

,carbyne react1v1ty us1ng a var1ety of techn1ques Thns pseudo~f1rst" ' _
order decay is believed to be caused by a 1arge‘eXcess of. rad1gals "Lﬂ°,'
J;relatlve to the halomethyT?dyne and: the1r decay 1s relat1ve1y s]ow 5
compared to that of the halomethy11dynq Introduction of a react}ve .
substrate caused an 1ncrease in the pseudo f1rst order decay Due to

»

o ST I

3 .
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f' the 11mt\atﬁons of the flash photo]ys1s - klnet1c spectroscopy tech-

i ffanue, only a sma11 1ncrease 1n”the pseudo- f1rst order decay cou1d be

. ;'measured From averages of these measurements. the rate constants'f'
'for ha]amethydeyne reactlons cou}d be determ1ned\ - FM ) ‘

The nature of the react1ons of ha]omEthy11dynes w1th alkanes..,
a]kenes and a1kynes*was deduced on the bas1s of “ '

‘ y the var1at1@ of the rate constants W'bth subst1tuted alkenes and

. a1kynes, '“dl_ R ‘”;"“"f,g _ie o

L. the determ1nat1on of act1vat1on parameters for the react1ons of L

CBr w1th aTkenes
.

- the reported chem1stry of CH and CCO\Et 4 3
_g-thepred1ct1on that doublet ground state ha]omethy11dy9es wou]d"‘
: d1§'1ay‘chem1ca1 propertwes analogous to s1ng1et ground State

d1ha1omethy1enes.v

he ha1omethy11dynes CF CC] and CBr. are much Te55 react1ve"

e

.:fhthan methy11dyne, CH Th1s 1s due to the donat1on of 1one pair- e]ec—

trons. of the:halogen to the carbon through the mo]ecular morbital.

‘_The ha]ometHy11dynes are-consequently less e]ectroph111c and d1sp1ay; 4 ﬂ
: se]ectww1ty in the1r react1ons w1th'a1kanes, a]kenes and alkynes

The react1v1ty of CCI and CBr w1th the C H bond is much lTess

"'fthan w1th the unsaturated G-C bond and this same behav1our 1s predwcted d

o Jfor CF The react1v1ty of CC] and CBr w1th C H. bonds is in the order '

__tert1ary > secondary >. pr1mary and ha]omethy11dynes ‘are be11eved to

inseért into C-H bonds.!lgfa po]ar1zed trans1t1on state.

o B . . . !A"_v ’ T . ¢ r“c .\ . .
oo, X+ .—‘,C-H. o= =L --;H - =C-CHX
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‘f'it; :'.','4%: ”f j”d.p'Ji;‘:'} B -'}"1’ - 1-.;1. :.‘.' :‘f]ai:
. ilh"-' .r.. ’_ ‘ ,_. ] . | . - : ) 4
“For the react+on of CBr w1th tert1ary C H bond of 2 methy]propane the ~~
| rate constant was determ1n@d to be k2 2 leﬁg exp( 3. 9/RT) M~ sec ];‘
The rate constants for the reactions of ha]omethy11dynes wwth
‘ a]kenes anﬂ a]kynes range from 107 to 10]0 M ]sec -1, The react1v1ty s
vfserxes between halomethy11dynes for react1on w1th a]kenes is found to ‘
| be CF < CC1 < CBr Th1s 1s expected on the baSlswf the'electron - |
| donat1ng ab111ty of the ha]ogen and po1nts to the‘electroph111c nature
of ha1omethy11dynes FUrther ev1dence for th1s is prov1ded by the )
4'observat1on that the rate constant for a1kene react1on\1ncreasegru1th :
‘f'alkyl subst1tut1on for all ha]omethy11dynes and the 1inear corre1ataon."
.between the 1ogar1thm of - the rate constant and the Ion1zat1on potent1;1
of the a]kene Based upon these facts and the wel] estab11shed cyc1o- o

. addition react1on of d1ha]omethy1enes to a]kenes, the reaction of

-
-

halomethy]adynes w1fh a]kenes is be]1eved to proceed v1a a polar1zed

i acyc11c transwt1on state to yle]d the cyc]opropy1 rad1ca1 in a stereo—

LN

. speCTflc mechan1sm L , o o

. N s \ 5+ 7 N/
CX + C=C. - C—=—=0C - C—_¢C
A ‘-.C," N~ o/ \‘C‘/ N

S1nce these react1ons are expected to be very exotherm1c, the cyclo—
propyl rad1ca1 w111 be exc1ted and may undergo decompos1t1on It would
[,idbe very usefu] to determ1ne the products of halomethy11dyne react1ons
"with a]kenes us1ng a c]ean source source of ha]omethy11dyne to’ conf1rm
. thls(ﬁroposed meghan1sm R . .”,' a /* 

“The-rate - constants for the react1on of CCY and CBr with afﬁynes

T are sligh"y greater than for a]kenes with acetylene d1sp1ay1ng

- a- lower act1v1ty The react1ons are e]ectroph111c 1n hature



v oF

1 spectroscopy folTow1ng the fTash photoqys1s of'S12C16 and SiBr

_ compounds The trans1t1on for 51612 was concTuded to be’,

KR

and therefore the reactwon of ha]omethy11dynes W1th a]kynes is

]

. belweved to. proceed 1n the same fash1on as w1th a]kenes that qs v1a

‘a po]ar1zed acyc11c tran51t1on state to y1er a cyc]opropenyl rad1ca1 '

:'CX + '-CEC-,.__‘ - CE=EL L =L
e e N \/“r

@ C. . - CG- . Y‘ T C‘ ¥
. o J ‘ x S . X

The ﬁncrease 1n the rate constant w1th aTky] subst1tut1on fOr .‘.;1
the reactwon of ha]omethvlldynes with doubTe and tr1pTe bonds iy

be11eved to be caused by a decrease in the act1vat1on energv for .

B

add1t10n as- has been demonstrated for other e]ectroph111c rad1caTs
The act1vét1on parameters for the reactton of CBr w1th ethy]ene trans-'
2 butene and 2 3- d1methy1 2 butené were determlned and 1t 'Was found

that the act1vat1on energ1es did in fact decrease result»ng in Targer

]
. \ '

rate constants However, the activation energ1es determ1ned ‘were

- negat1ve and the Arrhen1us pTot for the ‘reaction of CBr with.2, 3-“"

d1methy1 -2-butene was found to be curved These features are best,~
exp1a1ned by a react1on sequence in which the haTomethyT1dyne and .
alkene form~an 1ntermed1ate “best descr1bed as a 1005e g comp]ex,ifi""ﬂ
wh1ch forms the product v1a a curve cross1ng at an energy Tevel '?\”
]ower than that of the seperated reactants “' |
- The haTos1Ty11dynes, SiCl and S1Br were observed by absorpt1on -
4

respect1veTx, as expected No rate constants for react1on w1th \

ethy]ene cou]d be determ1ned The absorpt1on spectra of S1CTZ and -~

~

. S1Br2 were also observed in the fTash photo]ys1s of the same

]

-



'r,and the v1brat1ona1 bands Were ana]yzed to g1ve a bend1ng frequency

_-in the upper state v2 = 148 cm. ?, by analogy to other absorpt1on - -
“spectra of Group IVA d1ha11des The e]ectron1c energy of the uh\_r

| state,_1B] ‘s was est1mated to be 30295 cm 1 ,The prev1ous1y unreported

| e]ectron1c absorpt1on spectrum of S1Br2 is ass1gned to the ] | ' /

4

"t.”an‘siti on” by-fanalogy»*’to other Grow/'lle; di ha,ﬁ&é ,.'ab,sorpti-.o.,

Fhe absorpt1on band 1s cont1nuous with a max1mum at 362 nm (27, Oxcm']) A
N The photo]ys1s of appropr1ate1y subst1tuted d1s11anes shou1d prov1de |

- an opportun1ty to observe sw]ylene e]ectron1c absorpt1on spectra

v




B1b11ography

‘:-7; 1. N Pryor, :Free Rad1ca1s" ‘McGraw H111 New qk (1966) -
L a) "Carbenes“, M Jones Jr and R A._Moss EID Vo) s II John .{iv” ’
rw1]ey and Sons, New York (1973 1975) b) w K1rmse, "Carbene }’; .
Chem1stry"; 2nd ed . Academ1c Press, New York (1971) | ceo
ffcsl'a) O' Mackay in "Carbenes", M. Jones Jr and R A. Moss Ed ; Nol 11, \;g'
v}p“xdohn N11ey and Sons, NEW York (19*&) pp 1-?‘ R b) w Braun A M o
Bass, D.D.: Dav1s and J.D. S1mmons, Proc.-Roy‘ Soc (Lond Y. i312
| (1969) 417; ¢) D. Husa1n and L. J. Kirsch, Chem. Phys. Lett., 8
- "(1971) 543; d) 0 Husa1n and L.J. K1rsch Trans Farad. soc,§ 57
| (1971) 2025 - 734 : f; - f A ‘;“i a..f |
4, R A Moss Acc Chem. Res , 13 (1980) 58 . N | ) |
' sf.G Harzberg, "Spectra of D1atom1c Molecu]es", 2nd ed 'Van Nostrand
‘New York (1950) S ).
6. a) P. Sw1ngs and 0 Struve Phys Rev » 39 (1932) 142 b) w S. Adam,
Astrophys. “., 93 (194]) N ) P Sw1ngs C.T. E]vey and H N

' Babcodk Astrophys J ;9 (1941) 320 f'

K

7. a) KK geib and V.. Va1dya Proc Roy Soc (Lond ), A178 (1941)

351 b) A.G. Gaydon @nd H .G. wolfhand Proc Roy Soc (Lond ),
C /“

A194 (1948) 169 IR _

'8, E. Fagerho1m, Ark Mat Astron Fys1k 27A (1940) 19

1 "9, H.M. Harkins, Trans Farad Soc , 30 (1934) 221

10. R.G:.W. Norr1sh G. Porter and B A Thrush Proc Roy Soc (Lond )

.A216 (1953) 165 I o ;; R ,“: T |
w]] R.A. Anderson J. Peacher and D M W11cox J Chem Phys , 63 (1975)
o 5287 ' '

12. E.H. Fink and K.H. weTge,;J.'ChemafPhys,, 3§jt196j)]4315-;

S

8



S 1‘cf?f’["}ﬂ.i‘,ﬁ‘?1? SN f‘n{“i_"f}3_ﬁlff_»fﬂ;f.j}35:‘ i

13 3. E Hesserv id- B.LY 'utz”’Astrophys a : 159 (1970) 703 f:‘ff“

14}'a) Ja H1nze G;Calee and B Liu Astrophys J ':196 (1975) 62] R
"._b) K. H Becker, H He Bren1g and T ywatarczyk. Chem Phys Lett -
:{‘* 71 (1980) 242 *”“f:tf‘;gs'ﬁifﬁEijcf,~afg:ff- a .* _7«'7
'15. G *herzberg and J w C. Johns Astrophvs_ﬁJ v 158 (13@5) 399
BT Fe]dman z Naturfo;sch 25 (o70) e Ll
\S\;:jtb A‘iﬁasdan E. Herbst and M. C ¢t1neberger, Chem Phys Lett
1 (1975) 78 o -.f“;ﬂ;‘._» | r.-,‘hy_- N “,k‘
3Cif18.'H sﬂ; and K. F Freed Chem Phys Lett » 78 (]981) 53] ;]
"gqu{‘R H, Barnes C.E. Moe]]er, g F K1rcher and. C M Verber, App]
ComtLazpemsn o,
'P,2dr I. Mess1ng, C. H Sadowsk1 and S.V. F1lseth Chem. Phys Lett,, _:h N
‘:66 (1979) 95 L o '»‘E?}‘V | f’_ L | R ‘
,.21;TJ E. But1er, L P Goss M c. L1n and J.H. Hudgens Chem. Phys

" Lett, 63 (1979) o4 5gjf‘

_ 22;'C Fotak1s M. Hart1n, Ki P Law]ey and R J Donovan Chem Phys
. Lett., 67 (1979) 1 ' |

230 W M Jackson J.B. Ha]pern and C. S Lmu Chem. Phys Lett

. RS \‘"' T

"55 (1978) 254 . ‘ : o o S
24, E B Andrews and R. F Barrow, Proc Phys Soc; (Loﬁq;),'gggf,j

¢~

‘u0951)481_

‘Eésgud E. Hesser and K Dressler, J. Chem Phys s 45 (1966) 3149
~té6.»Y Y. Kuzyakov and V.T. Tatevsklz, Opt Spect 5 (1958) 699
ST Porter. D.E. Mann and N. Acqu1sta J. Mal. Spect., 351‘?d‘

;-;(1965) 228 L

\;281 P.K. Carrol] "and T.P. Grennan J. Phys B, 3.{1970) 865



2.
. 1;348'_ o h, Eﬁ ‘g'”_, T .’7f€if:“d35
":?30

‘."32.,‘.

|33,

. { ."’“

- -36.

‘3a.

.

38,

39,

”440

LM

43,
a8
45,
f46,

‘-42;

M E.. Jacox and D E M111gan J. Chem.iPhys 50 (1969) 3252 L
TF.B Wamp1er J J T1ee W. w R1ce and R C Oldenburg. J Chem ~'

’ EdPhys 2 2L (1979) 3926 - ’jj'f ;j;,, f_' ‘,ﬁ_,_‘ TR
_ 1J J Tnee F’B wamp1er andw w R1ce, Chef”idn§s;'
’ ?F ¢. van den Heuve]
8 (1982) 59 tfj'f Q' -

'K Kawaguch1, C. Yamada\ Y Hamada and E Hirotag J 'M°1&L595¢t;;

_@ D. Verma and R S.

A,

D.E: tamy, WP Grotda and 8.5, Saiires, 0. Crem. Phys., 22 (1950)

s ]
.

J,P S1mons and A J Yarwood Proc. Chem Soc s (1962) 62 S
B A Thrush and J J Zwo]en1k Trans Farad Soé v 59 (]963) 582

S B N NE R P

“W.L."Meerts and A. Dymanus, Chem. :Phye. Lett?. -~

o -

86 (1981) 136 ‘“;{31-' d7ﬁ._ﬂ -‘ - f,*;*y-*f:?f i:*;; f‘?."”/”
37, AL Carr1ngton and B. Howard Mo1. Phys', 18 (1970) 225 B
ID s Hsu,. u E Umstead and\M c L1n Acs Symp Ser . 66 (1978) 128
D. L H11denbrand Chem Phys Lett 4 32 (1975) 523

ﬁ;T H.: Dunn1ng. w P. wh1te P M P1tzer and C w Mathews J Mo]

J

v;Spect 75 (1979) 297 i }_ jf' fﬁ {%j;_f- ;*:’?*" “)u~jx :-if*’
_ w_R K. Asund1 and S: M Kar1m, Proc Ind Acad Sc1 .. 6A (1937) 328
g2,

I, Hor1e Phys nat# Soc Jap., 2 (193@) 143

P Venkateswarlu Phys Rev x 77 (1950) 79 _

Y.Y. Kuzyakov and V.M. Tatevsk11, Opt Spect ; 7 (1959) 301
G. Pannetver and P Laf1tte Compt Rend e 226 (148) 72

e 1ken J Mo] Spect s (1961) 419

R.D. Gordon and 6.M. Klng, Can. a“ Phys .39 (1961) 252 .
- .‘ ’4.8"
19, (1955) 294 .

I.E. Ovcharenko Y Y Kuzyakov and V M Tatevsk11, Opt Spect



ey

- s . ; . W . '.'.‘

| 49 A J. Merer, D N Trav1s andsJ K G watson Can J. Phys » 44 (1966)

o :50;1J p S1mons and A J varwooa Trans Farad Soc., 57 (1951) 2157 :

62 B B1a]sk1 and F. Greln J. Mol. Spect., 61 (1976) 321

L

| A?'5T§:J P S1mons and A J Yarwood Trans Farad'fSoc.. 59 (1963) 90
'7f521~D Husa1n Nature ]95 (1962) 796 T

| égi‘F C. James, H. K J Cho1, 0. P Strausz and T N. Be11 chém,lph&s.,:..,,,
""Lett 53 (]gqg) 205 o )

'ﬁf“54l_a) n K J Cho1, F C.. James 0 P Strausz and T.N. Bel] Chem Phys‘”'

7"15Lett . 68 (1979) 131. b) WK Cho1, PhD. Thesis, Un1versity
o T :
j'of A]berta, 1981 ’ : .

5

AR Tyefm

S . ' . L : ¢

n Trans. Farad Soc . 65 (1969) 2948 o

56 WJLR. Tyerman, J Chem Soc. A; (1969) 283 |
'*-,ssﬁﬁ}w J. R Tyerman Spect Acta , 26A ( 1970) 215 S
;GFSSQTC Yamada K Naga1 and E. H1rota J. Mol. Spect. ;85 T1981) a6
_(n?éé,td d. T1ee F B. wampler and w U R1ce, J Chem. Phys s 72 (1980)
”'“”'”wzgzs B | o
ISOE'H Okabe, "Photochem1stry of Sma]] Me]ecu]es ", w11ey Intersc1ence,
New York (#78) 7 |

' :_61.~H Kupfer and G. Herzberg, “Constants of D1atom1c Molecu]es“ |

Voi. IV Van Nostrand New York (1979)

‘-’63. E. H CoTeman and A G Gaydon Farad Soc Disc., 2 (1947) 166 |

'64. G. Pannet1er and P. Laf1tte Compt Rend 226 (1948) 72
© 65. R.A. Durfhoand T. Iredale, Trans. Farad. Soc., 44 (1948) 806
n‘66.,P Venkateswar]u, Proc Inds Acad. Sci. 25A (1947) 138
67 R.D. Verma, Proc. Ind. Acad. Sci., 47 °(1958) 196 i
68;,R N. D1xon and H. w Kroto Trans. Faraﬂ Soc.,59 (1963) 1484



. 188.

'.'o :

af 69‘ "Tab]es of Interatom1c D1stances", Chem Soc Lond (195&)

“i*;;7o A. J Merer and.D.N. Trav1s, Can.J. Phys. 43 °(1965) 1795

T ReE Rebbert and«P :A. Ausoos, "J. Photochem. ,vl (1972/73) m,

"f72 w Braun A, M. Bass and M, P1111ng, J» Cha? Phys.; 52 (}970) 5131 . ‘ﬁ"
ff73 . - Braun, IR McNesby and A.M. Bass, J. Chem, Phys.. L (1957)

74, A H Laufer and H Okabe J Am. Chem Soc 93 (1971) 4137

75, A. H Laufer ahd K Okabe *J Phys. Chem ; 76 (1972) 3504
_\76 M C. Lin, Int. . Chem K1net 6 (1974) 1 ', _\*'ﬂ
h;:'77,.n.c tin, J. Phys Chem .11 (1973) 2726

78 M. Lin, J. Chem. Phys., .61 (1974) ]835 ;ﬁ, o

794~J E. 'But]er, L. P Goss, H C. L1n and J W.. Hudgens Chem Phys y

56 (1981) 355 ‘“?:,_"i | I -~
. 80. J.R. HcDona]d A.P. Baronavska and V H Doneilyg Chem.:PHysi,igg

| f(1973) 161 N L -

8. S.E B1a]kowsk1 and W.A. Gu11]ory. J. Chem. Phys 68 (1978) 3339
-82 J Ca]]oman and D.A. Ramsay. Can. J Phys . 35 (]957) 129
83 M w Bosna]1 and D. Perner. b Naturforsch., 26A (1971) 625 , _
84. G M. Reaburn and D. Perner Nature 212 (?966) 1042 f SR .
- 85.- T. Rose, C. Hackay and R. WOlfgang, J. Am. Chem Soc., 88 (1966)

1065

Y

86. C. Mackay, dJ. N1cho1as and R. WO1fgang. J. Am Chem Soc » 89
 (19%7) 5788 SR L

'87 P.N. Clough, S. E. Schwartz and B.A. Thrush Proc Roy. Sec. (Lond )
| A1701970) 575 o

88 R. E Rebbert and P.A. Aus]oos, J. Photochem » 8 (]978) 17

g, R.E. Rebbert and P.A. Austoos, J. Photochen. , 4 (1975) 419

»



T,
LI

’ 90 R. E Rebbert and P A Ausloos, J Photochem_. 6 L]976/77) 265

N

92.
- 93.

Jd.
4

J T1ee F. B. gampler and N w R1ce Chem Phys Lett. 65 (1979), S

" .

M. E Jacox and D. E M1111gan, J Chem Phys_, 53 (1970)\2688

R.S. McDa 1e1 R D1ckson F C James, 0 P Strausz and T N Be]l

:.C

T94,
95,

hem. Phys Lett 43 (1976) 130

A J. Merer and D N Trav1s, Can J Phys B 44 (1966) 525 :

0 P. Strausz” G Kennepoh1 F. Garneau T Dom1nh B K1m, S. Valenty

y a

9%,

97.
98.
99.

100.
101.
102.

103.
104.

1.

74
A.
M.
C

nd‘? S. Skell . Am Chem Soc »-96 (1974) 5723 B
Mess1ng, C Sadowsk1, T Carr1ngton and S, F1lseth J Chem Phys R
4 (1981) 3874 o gj¢ -
Font1Jn, Prog React K1net » 6 (1971) 75
MacGregor and R S. Berry, J. Phys. B, 6 (1973) 181
Vlnck1er J Phys Chem., 83 (1979) 1234*

.
N. Basco and R G.W. Norr1sh Can J Chem. R 38 (1960) 1769.

B. R Brook's and H.F. Scaefer. J. Chem. Phys » 67 (1977) 5146

P.P. Porter, AH. Clark, W.E. Kashan and W.G. Braun, 1th Symp.
(Int ) on Combustion, The Combust1on Inst1tute (1967) P 907

'A H. Laufer Revs. Chem.’ I_ i 4 (1981) 225

D. Husain, S.K. M1tra, and AN. Young, J Chem Soc. Farad I1,

105.
106.

70 1974) 1721 | | -

R. Gordon and P.A. Aus]oos J. Chem ths " 46 (1967) 4823
W. Braun, K.H. Welge and J.R. McNesby, J. Chem Phys . 45 (1966)

' 2650 ' s

107.

108.

109.

A.P. Wolf, Adv. Phys. Org. Chem., 2 (1964) zo
D. Hsu and M.C. Lin, Int. J. Chem Kinet., 10 (1978) 839
A.P. Modica, J. Chem. Phys., 44 (1966) 1585

89

NV



-1,

“om

BTk

; ‘]14
?7;115

'116.
117.
ne.
9.
120.

i21.

122.
123
128,

125.

126.

’§iw

bl

T.L.

. R.E.
“ 2.

6.5,

Burks “and M C L1n J Chem Phys s 64”(1?76) 4235
Rebbert J. Photochen. , 8 (]978) 3 :ﬁﬁ -

Hammond J Am Chem Soc .. 77 (1955) 334 v

Benson., 'Thermochem1ca1 K1net1cs , J W11ey and Sons, ,

New York (1976) . ‘]7 o

-P. S Ske11 and M S. Cho]od J Am Chem Soc ’ 91 (]969) 7]31 .

D D.

S J
S.J.

R. A

J. J
519

Dav1s, J Fi Schm1dt C M. Nee]y and R Js Hanrahan, J. Phys

' Chem .79 '1975) n ' IR

Va]enty and P. S. Ske11 J Org ChEm s 38 (1973) 3937
Va]enty and P. S Ske]] J. Am Chem Soc. , 95 (1973) 5042
) and M, 'Kaufman J “Phys. Chem., 76 (1972) 3586 |
E Umstead and M C L1n ACS Symp. Ser., 66 (1978) 128
M1tsch and A.S. Rodgers, Int J. Chem K1net ) 1 (1969) 439

Tiee, F.B. Wampler\and W W. R1ce Chem Phys Lett., Z§_(1980) .

M ,ch B

o | , e -
A.J.‘Ierer and D.N. Travis, Can. J.;Phys., 44 (1966) 1541

H. Burger and R. »ﬁujen Top Curr. Chem.,, 50 (1974$ 7

P.P.

%éspar.' S11y1enes . chapters. 1n React1ve Intermed1ates,

M Jones, Jr. and R.A. Moss, Ed1tors, Vo] 1 and II W11ey

Intersc1ence New York (1977 1981)

R.K.
581
0.M.
Lib.

Asund1, M. Karim and R. Samuel Proc Phys Soc., 50 (1938) . " :

’ B

Nefedov S.p. Ko]esn1kov and A.I. Ieffe, J. Organemef. Chem.
, 5 (1977) 181 e Shee

127, W.H. Atwell and D.R. Neyenberg, Angew Chem Ingi Ed 8 (1969) 469
128..A.J. Souval, So]ar Phys., 10 (1969) 319 |

e

[N



[/ :
~ 2

]29 a) T J. H;Tﬁar; AStrbphys Space Sc1 N 72 (1980) 509 4

. b) J L Turner and‘AfFﬁa]grano Astrophys Jos 213 (1977) 386

| 130 A Ma1r1d1s and J. F Harr1son J. Phys Chem " 86 (1982) 1979

.131 J F Harrison,,R. C. Liedtke, and J F Llebman. J Am Chem Soc. .
101 (1979) 7162 | '

";/ .

132, V.M. Khanna t6. Besenbruch and J. L. Margrave J. Chem Phys.,

46 (]967) 2310 ',‘ai - _' , S

133. K. W1e1and and M. He1se Angew Chem . 63 (1951) 438 \_:TL'

134, D E. M1111gan and M.E, Jacox J. Chem Phys » 49 (1968) 1938

.;u135 G Maas, R. Hauge and J L Margrave Z Anorg Allgem. Chem R a
392 (1972)295 . '

-~ 136. L A. Kuznetsova and Y.Y. Kuzyakov J App] Spect » 10 (1969) 278

137. E A. Chernyshev N G Koma]enkova and S. A Baskeaeva ', Uspekhi.
Khim.,45 (1976) 82 . - O

+138. M A. R1ng, ' ‘Homoatomic R1ngs Chalns and HacromoTecu]es of Ma1n

| Group E]ements s AL Rhe1ngo]d Ed . E1sev1er, Amsterdam (1977)

p 26] 275 :_ - h . C e

139, LM, T Dav1dson and M. E. De]f J Chem Soc Farad@rf?ansﬁf;,
12 (1976) 1912 o

140, M. A, Rvng, Inorg. Chem.,12 (1973) 2968 B s |

' 14L.&M. Ishikawa and M. K umada, Revs. S1 -Ge, Sn, Pb des . 4 (1979) 7

142 R. West, M. Fink and J. Michi Sc1ence, 214 (1981) 1343

- 143.°E. Ch;mnyshev T Krasnova V Stepanov and M. Labartova, Zh.h .

. Obsch. knim., 48 (1978), 2798 | |

| ﬂ44 J. L Margrave and P.W. Wilson, Acc. Chem. Res., 4 (]971) 145

‘; 145 gL Hargrave and D L. Perry, Inorg. Chenm. , 16 (1977) 1820

h 146 D Seyferth and D. P Duncan. J Am. Chem Soc., 100 (]978) 7734



f147

R

153.

154.

155.
156.

157,
158.

- 159.

" 160.

16T 0

162.

» .

G Porter 1n "Techn1ques of 0rgan1c Chem1sthy", 8, w11ey,

t
Ay

New YOrk (1963) p. ?055
J R. HaJer and J. P S1mons Adv Photochem . 2 (1963) 137

K. Kimura: and S Nagakura. Sect. Act p 17 (1961) ]66

G.A. 01der{:aw and K. Rob1nson Trans. Farad. Soc, 57 (1971)?870

G.A. Oldershaw and K. Rob1nson J. Mol. Spect ;38 (1971) 305 Rk ‘iya;fsz”

"Handbook of Chem1stry and Phys1cs", 55th ed R. Neast,vEd.

CRC’ Press. Cleve]and (1975) R“”- S ~”f . ‘?

P.M. Kroger P C. Demou and S.J. R11ey, J. Chem Phys , 65 (1976)

1823

S.J. R11ey ahd K.R. W1150n Farad. D1sc Chem Soc , 53 (1972) 132
0.P. Strausz W. B 0 Ca]]aghan, E. M Lown and H.E. Gunn1ng. \ _

J. Am Chem, Soc. . 93 (1971) 559

.‘q,

. ’ .Q '
)

J.c. Thompson A, PtS Wr1ght and . F. Reynolds 9. Am Chen. Soc .
101 (1979) 2236 "’“'1,‘ ; 'P"’°* R L
i&éé_H Strobe1 : "Chemwca] Instumentat1on" 2nd ed Addf555:§3§1§yﬁ DU
0 Newy York (1973) | I PR
“‘f149: L C Jones Jr. and L w Tay]ar, Ana] Chem Gy 27 (1955) 228 :
150$ W. Jevons and L A. Bashford Proc Phys Soc » 49 (1937) 554
L.A. Kuznetsova N.E. KUzmenko and Y Y Kuzyakov. Mosdbw Un1 Lt
_‘Chem,: Bu]l , 23 (1968) 18 : %:‘} SR, Aaf-;ﬁ7*"4“,.;j,-, 5337 iuuP
J]Eé. a) k. Ovcharenko and Y ¥, Kuzyakov, Opt Spect s 13 (1962) 362 o \'Pﬂ__
J b) 1. Ovcharenko Y Y Kuzyakov and V Tatevski1 Opt Spect , | "fgﬁv,;
Supp1 s 2_L1363)~6_~__~ O Lﬂd e “~~—wt—f—»_ ‘: n,~f;—;;——i;—;f;'

v .

L. Bertrand, G. R. DeMare G Huybrechts J. Olbregts and M Toth - df'f
o Chem Phys Lett., 5 (1970) 183 . }f;fijf“ ‘



. a n . . v T T : K L = . y e R c [ ' K : .

LS AV R N . L DI : Lo T » T ST I . R L

ST , s, : Sl PO '4\'-»‘-" . T v . S - i S . . . S
et - R - . . . T vt U . . : ) '
T »\u . \ ER AN 1S T (I 9t . ‘ ,‘. R . . '_ . tLeLd LEREE I

]63 J M Tedder and J C Wa]ton Chem Gomm,, (1966) 140

164 J R Hajer, C Olavsen and J C Robb Trans Farad Soc s 65 (1969Y R
2988 ?;»-;7'5 f . .'*};f; L "?,*’V {5:17”'1f~}f-ﬂ7a_f'5i e

jii 165 N Basco and F. G Hathorn. Chem
Pse P s Skell and'A v earner.;'.

}:yé. Lett\. 8*(1971) 291

%4 Chem. Socan 8 (1956) 5430 o
‘467 N G Rondan K N Houk and R.A. MOSS. JAmv Chem Sog 102,$l9§0) diz‘»

S 1770 L -.d.,;_,;' m«‘ SRR " |

]68 R Cvetanov1c Adv Photochem , (1963) 115 5 L a
169 0 P Strausz Pure App1 Chem: 4 (1972) 165" >f A ‘d ‘ff' o
170. A van Roodeselaar, Ph D Thes1s; Un1vers1ty of A]berta ;1976 |

| ‘]71 R Atk1nson and.J N;“P1bts Jr » ¥ Chem Phys ' 67 (1977) 38

Cntfi 172 J N. P1tts Jrv, R Atk1n50n, K Darnell A W1ner and A. K1031d

FRRE Advj?Phoﬁdchem , 12 (1979) 375 ’*;ﬁ~“;:.-~a<q | .4~*-:"

. _:‘ - . . N A

Aoy

‘ *173f J S. Gaffney and S. Z. Lev1ne, Int “Je. Chem K1net 11 (1979) 1197 :

A{w 174 N J Turro G. Lehr J. Butcher, w Gdo and R.A:HMoss o Am. Chem fﬂf;lV.’

‘““3{,'g' Soc , 104 (1982) 1754 ,;ﬂ;,' 3 ;j vg'ﬁ*~iif{’f'7?§i¥‘}&5 .

o 175 J Connor, A, van Roodeselaar R W Fa1r ‘and 0 P Strausz J Am. '\’-;;@
7h;91 A Chenuesoc . 93 (1971; 5§o~ < x‘x, -;;%5¢1 ; :QF?;'

T ey

176 D L S1ngleton and R. Cvetanov1c, J Am Chem Soc ,?f (]

' of Gases and L1qu1ds"; John N11ey and Spns, New York (1954)

Lo

179 RK. Gosavw, 0.P.. Strausz and H E Gunn1ng, Chem Phys Lett Z~,“

18714 F Stuh] and H (1971) 3954 j
’ 182 C A Arrlngton and D Ji Cox. J Phys Chem ' 79 (1975) 2584 :
E . . i



B o S '!" 194‘ .
| : R A L e

‘;"183 M. Brown and B.A. Thrush, Trans Farad Soc., 63 (1967) 630
"-;»]84 P Herbrechtsme1er and H.G. Wagner, Ber Bunsenges Phys Chem , o
‘i&579 (1975) 451 ' ‘ .
* ;185:?P Herbrechtsmewer and H G. Wagner, Ber Bnnsenges. Phys. Chem.,

. 79.(1975) 673 o ~,+£;¢d..

>'1186. A yan Roodese]aar. I Safar1k 0 P. Strausz and H E. Gunn1ng,s S

G e Chen. Soc.., 100 (1978) 4068 |

._ 187. J. Fenw1ck G Frater, K Og1 and 0. P Strausz J Am Chem Soc o

95 (1973) 124 | i |

© 188, H.E. Avery and S.d. Heath;, Trans Farad Soc;, 58 (1972) 512
;ng..v E. Bondybey and J H Eng11sh J Mol. Spect.,‘79 (1980)-4}6-
190;—R,_Hauge, V.M. Khanne and‘dfh. MargraVe,‘J,_Mol Spect 27 (1968)

191, JiW: Hastie, R. Hauge and J.L: Margrave, J,'M01.‘Spect.;dggj(1969)_‘
| j52. o S . . o .

1192 R. Hauge, J.H. Hastjeﬁand‘J;L..Margravé, J;ﬂﬁﬁiﬁ;hCﬁémf‘{Zg;iTgsa)f?f'w*

. 3810 o

“193.;5 5. Batsanov, S S Derbeneva and N A Shestakova, Izv Akad

o ‘Nauk .S.S.S. R . Neorg Mater , 2 (1966) 2259
“.i94.‘L A. Kuznetsova and Y Y. Kuzyakov, J App]. Spect 10, (1969) 278

196; F, Isabe] G Sm1th,R McGraw and W. Gu111ory, J Chem Phys.. ,'

LI

Jf;g[-;ss (1973) 818 if,;;;?? ‘:=,;J&;ﬂﬁ53~,?=7:9e;ﬂ~~",z~étJr~43 ;kw}f R Y

":197. H. Huber, G A Oz1n and A. vander Voet Nature(Lond ) Phys Sc1 s
Coa (19&1) 166 ‘g: ,v.;_g9;¢g‘*’-4l‘f-.¢;; ’;7"' ’
198, 1. R Beattle ‘and R_D‘;Perry, J Chem Soc A, (1970) 2429 v S
'fﬁféé.”R Roberge C Sandorf}fend 0 P. Strausz, Theor Ch1m Acta (Berl),- n.j

| ‘-52 (1979) 171 ST g DO RO

"



195 "
AN } Tl R o
yeoa;fhlmf‘ﬁbhéaétér aﬁd?ﬁ.‘hélsh,;J."ChEm;fSOCJLEakad,‘T?éns. I, (1980)-

_)’———"“—“\_ P
[ 7. N -

- 201. B 'G. Ramsey, “E]ectron1c Trans1t1ons 1n 0rganometa1101ds“, Academ1c

Press, New Yok% (1969)

"202 P. - Boudjouk and R.D.. Kbob, 'J, Am. Chem. Soc., 97 (ﬂ975) 5595
2208, A.J. Herer and R S. Mu]11ken. Chem. Revs . 69 (]969) 639



-~

_.\\!

APRENDIX -

- The negative dev1at1on from Beer's- absorpt1on Taw is due to the

.,narrow sharp,Q] absorpt1on bands of CF, CCT and CBr and the 1nab311ty

) of the m1crodens1tometer to adequate]y reso]ve them. S1nce the emp1r1ca1

Beer correct1on factors are soTe]y dependent on the operatmona] para-
meters of the m1crodens1tometer, it is 1mportant to deta11 them

‘ _ The two Cr1t1ca1 factors for measur1ng optical dens1ty are the
spectral band w1dth and the scannlng speed.

For: the Joyce loebl. M1crodens1tometer, the effect1ve sTit width
is the width oﬁ\the final physical aperture divided by the totaT'
optical magnification. The total optical magndfication is that due to
the objective plus a projection factor of 2 2. The object1ve Tens 1s a(
Vickers N7221 w1th a 10/0 25 (x40) magn1f1cat1on The w1dth of the
f1na1‘phys1ca1 aperture.was aJwaysXD,Qobmm. The!effect1ve slnt w1dth

. , P

was therefore; = .. I

!
Pt

Effective slit Widthv= Final Physical Aperture Width
Magn1f1cat1on (0bJect1ve x Projection Factor)
0. 40 mm
40 x 2 .2

.
~
N
\

0.0045 mm .

This. effect1ve s]1t w1dth can be comb1ned With the d1sperston of the

spectrograph in any wavelength reg1on to y1e]d the spectra] band w1dth.
-The scann1ng speed is. controlled by the speed of the recbnd1ng

‘chart tab]e d1v1ded by the sett1ng of the rat1o arm which 11nks the

.!

scann1ng tab]e to the record1ng chart tab]e The recbrd1ng chart table '

4 speed was_usua]ly 2.0 mm/sec. For the CCT»and CBr Qj-absorpttonfbands

ST
. _l‘

196



&the rat1o arm sétt1ng was 20 g1v1ng a scann1ng speed of 0:1 mm/sec.
' 'For the CF absorpt1on bands, the rat1o arm sett1ng was, 10 g1v1ng a

scann1ng speed of 0. 2 mm/sec |



