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INTRODUCTION

A consgiderable amount of work has been done on the
study of free radical reactions since Gomberg, at the turn
of this century, isolated the triphenylmethyl radical,

These studies did include chlorine atom reactlons
and yielded among other information in 1918 the now
famous "Nernst chaln mechanisn" which explained the photo=-
chemical production of HCl from molecular chlorine and
hydrogen. Up to the last decades studies concerned with
the reactivity of Cl atoms followed the path cleared by
Nernst and dealt mainly with the photolysis of molecular
chlorine in the presence of various substrates. These
investigations yielded congsiderable informaetion regarding
chain reactions in general and regarding Cl atom induced
chains in particular. It 1s, however, extremely difficult
to obtain accurate and detailed information from investi-
gatlions in which long chains are produced., It is, after
all, difficult to stop such'reactions at a stage where
little conversion has taken place and, furthermore, the
effect of trace amounts of impurities is magnified in
long chain systems where the reactants are rapidly de-
pleted,

Chain reactions, in systems containing molecular
chlorine and orgenic chemicals, are causgsed by the fact

that the C-Cl bond is much stronger than the C1-Cl bond,
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Thus, a R radical, produced by the reaction
ClL+RH ——= R + HCl, will react with molecular chlorine
according to the reaction B + 012 ~—> RC1 + Cl, start-

ing a chaln reazaction by regeneraticn of the Cl atom.

using sources of Cl atoms cther than molecular chlorine,
Fal

In this study Cl atoms were produced by photolysis of

CClh, CHC1l, and CHZClO. In particular a detalled study
’ ‘o

3
of the photo;ysis, at room temperature, of CClu in the
presence of C2H501 has been made., The absence cf chain
reactions has been confirmed and a considerable amount
of information has heen gained not only regarding the

reactivity of Cl atoms but also regarding the reactivity

of chlorine substituted methyl and ethyl radicals.
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HISTORICAL

This study deals with free radical reactions and
it seems, therefore, appropriate to review briefly the
history and significance of free radical reactions. The
term "radical" or "free radical" is used when referring
to a natural atom or group of atoms containing an unpaired
electron.

The first free radical, recognized as such, was
synthesized by Gomberg in 1900 (1). In attempting to
prepare hexaphenylethane, he treated triphenylmethyl
chloride with silver in benzene solution and free tri-
phenylmethyl radicals were produced.

Tn 1929, Paneth and Hofeditz (2) demonstrated the
existence of free alkyl radicals., They used a modified
method by Which hydrogen atoms had been previously studied
(3). A stream of inert gas saturated with tetramethyllead
vapor was allowed to flow through a glassﬂtube. The tube
was heated to a sufficient temperature to cause the de-
composition of the tetramethyllead which was visible by
the deposit of a lead mirror'on the wall of the tube. The
gaseous products from the decomposition were passed
further down the tube to a previousely deposited metallic
mirror which was observed to gradually disappear. The
‘products formed from the reaction of the radicals with the

mirrors were identified‘as metallic alkyls.
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Ly
During the early years of 1930 Rice znd his co-

workers (K) showed how the results obtained in the study
of the thermal decompositions of CHBCHO and other hydro-

arbons could be expleined in terms of chain mechanisms
involving free radicals.

The investigation of the additicns of hydrogen
breomlide to allyl bromide by Kharasch, Engelmann and Mayo
in 1937 (5) have proved the "anti-Markownikow" reaction
zlso involving radicals. They explained the formastion of

1,3-dibromopropans in terms of the scheme:
Br + CHU,=CHECH,Br -—> 3IrlH,CICI,Br

= ArAT o - . ——
BrCe,CHCH, Br + By =2 BErCE,CH,CH,3r
o~ F 9

particular the photochemical laws, radiant energy (phobto-
lysis or radiolysis) becanme 2 popular method of initiating
free radical reactions. Stark in 1908 and EBinstein in

1912 (£) applied the concept of the guantum of energy to

photochemical resctions of molecules., They stated that

guantur of radlatlion, atsorbed by a molecule, activates

this molecule into an excited state. This excited molew

(¢

cule nay then decompose to give two free redicals.
Once a nmolecule hag Dbecome photoactivated or
excited by the absorption of a photon it can lose the

energy in several ways. In addition to decomposition
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into free radicals it may decompose via a molecular

elimination such as (7)

% :
CHZCH —_— CHBCH=CH2 + HZ

CH 3

3

or it can lose some of its excess energy by a collisional

deactivation o

% .
CH + H, +
3CH20H3 M —_—> CHBCHZCH3 M

where M may be some third body species present in the
system or the unactivated molecule itself. The excited
molecule may also lose its energy by emission of radiation
in the form of fluorescence or phosphorescence.

Besides direct excitation by light, photosensitized
reactions for producing free radicals are generally used.
A molecules M absorbs a photon of energy and then transfers
all or part of this energy to a molecule A:B by collision.
If the energy transferred is large enough the exclited
molecule, A:B*, may decompose to give the radicals A and
B . The first evidence for chemical quenching of photo-
excited metal atoms was that of Cario and Franck (8) in
1922. They illuminated a gaseous mixture of hydrogen and
mercury with 2537 A resonance radiation and detected
"getive hydrogen' capable of reducing metallic oxides.
The formation of hydrogen atoms was subsequently verified
by thermal conductivity measurements. The results of

Cario and Franck are explained by the processes
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Hg('s,) +nv(25378) —> Hg(’P,)
Bg(p)) + m,  — He('s)) +2:(°sy)

It is well known today (9) that the energy transfer from
the excited mercury to the substrate molecule takes pléce
through the formation of Hg-substrate complex intermediate.
The study of free radicals and their reactions has
~increased considerably since the end of the Second World
War. The tremendous improvement of analytical instrumen-~
tation has made the kinetic studies on free radical re-
actions, expecially in gas phase, not only more convenient
but also more precise and meaningful. Much has been done
with techniques such as: flash photolysis, where radicals
in large concentrations are produced; mass spectrometry
for the detection and mass determination of radicals as
well as the products formed by radicals; gas chro-
matography, a most valuable tool for the detection and
identification of trace amounts of products; electron
spin resonance for the detection and identification of
radicals trapped in solid or viscous media or in theilr

natural state,

FREE RADICAL REACTIONS

The kinetic studies on free radical reactions have
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been formulated largely in terms of the coliision theory
(10). The specific rate constant, k, for the free radical

reaction, obeys the familiar Arrhenius relation:

3*
1&:=Ae"E /RT. In the collision theory the pre-exponenial

factor, A, is factored into a steric factor, P, and the

collision frequency, Z, The Arrhenius relation then be-

-
comes: k=PZe E /RT. The value of Z for bimolecular

-10 4o 10-9

to 1015 mole '1cc.sec.'1.

collisions is usually in the range from 10
molecules ~‘cc.sec.”t or 1014
In the collision theory, the frequency factor, Z, glves
the number of collisions occurring per sec, in one cc. at
a temperature T, between two spherical particies. The
steric factor P was introduced to account for the fact
that the number of effective collisions (e.g. collision
resulting in a reaction) is always smaller than calculated
from considerations based upon the activation energy E and
the actual collision number Z. The steric factor P varies
from about 0.1 to about 10 depending upon the type of
reaction taking place.

The presence of unpaired electrons in free radicals
is of the same overriding importance in determining their
chemical as well as thelir physical properties. All
radical reactions occur in such a way as to reduce the
instability associated with the unpaired electrons. Free

radicals may undergo serveral different types of reactions.

The most important are: recombination and dis-
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proportionation, abstraction, addition to an wnmsaturated

compound, and decomposition reactions,.

Recombination and disgorovnortionation: Both recombination

and disproportionation reactions involve two free radicals,
In a recombination reaction two radicals combine to form
a2 stable compound., This reaction mey be considered as

the reverse of the decomposition of a normal molecul

(¢

.

The dispropertionation reaction, on the cther hand, is a

reaction between two free radicals to fornm two stable come-
pounds having a different degree of saturation. When two

ethyl radlicales react they may elther combine to form

butane or digproporitionate to form an equimolar nixture

.V:IB H, + CI—I3CH2 — CHBCHZCHZCHB
C?.:T.BCHZ o+ CHBCHZ —_— CHBCH3 + cz—z?fc*rz (disp.)

The activation energies of disproportionation reactions

ko]

are generally slightly larger than those for combinatlion
reactions which usually have zero activatlion energles in
the gas phase. The differences are 0.8, 0.9 and 0,5 keal,
for ethyl, s=-propyl and s-butyl respectively (11). The
possitility of a disproportionation reactions nust be

considered whenever a recombination reaction occurs.
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The disproportionation of ethyl radicals could
take place in “wo ways. The radicals might meet head to
head and form an excited butane molecule, which could
decompose into ethylene and ethane., Alternatively the
two radicals could meet head to tail where one radical
couid abstract a hydrogen atom from the other, This
point has been clarified by Wijnen and Steacie (12) in
the study of the vhotolysis of (CHBCDZ)ECO‘ The two
CHBCD2 radicals disproportionate to CHZCDQ and CHBCDZH.
From the experimental fact of ilsotopic distribution, they
were able to postulate the structure of the activated
complex as such

o7

CHBCDZ---—H—~~~~VL20D2

with a head to tall configuration. Xerr and Trotman-
Dickenson (13) as well ag Bradley (14) suggested a common
intermediate complex for the disproportionation and
recombination reaction. They suggested that dimer complex

might be formed as indicated in the figure below,

L*—__.---'——--“"CDZ CH3

b b

Q- -=-==--
o]

|
¢

H? 5
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If bond Ya" breaks the reaction is one of the re-

combination but if the bonds "b" break the reaction would
be disvroportionation.

We speak of dimerization in the case of two
identical free radicals combining to form stable compound,
while in the case of two different radicals we speak of
crosscombinations. The relationship between the rate

congtants of dimerization and crossconbination reactions

nay be made clear by © following reactlons
¥,
A+ A —= A,
k
B+2 —=> 3,
-
k.,

A+ 3B ——=> AB

s
Prom these recactions we ohtain RAE/(RE Bp ) = Lq/xik§
Lo ¢ s
- f) ?
£ Z
where R denotes th ate of production of compound X.
~r Py "oke

114 be approximetely equal to two. It can be seen
from Table 1 that almost all values for alkyl radicals

are about equal to two.
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Tsble 1., Cross~recombinations of alkyl radicals

Badicals k3/k§k§‘ Reference

Methyl + Hethylmd3 1.9 15
Methyl + Ethyl 1.9, 2.0 16, 17
Nethyl-d, + Ethyl 1.8 18
llethyl + Acetyl 2.0, 2.2 19, 20
Ethyl + Isopropyl 2.0, 2.1 21, 22
Chloroethyl +

2e5 23, 2U
Trichloromethyl
Isopropyl + n-Butyl 242 25

In regard to wnsubstituted alkyl radicals, it
appears that secondery radicals are relatively nore
likely to disproportionate than primary radicals. The
reason may be thet the combination of secondary radicals .
is retarded by steric effects, or that the primery
radicals have fewer hydrogen atoms suitably placed for
renoval by dispropcitionation, Allst of values obtained

for k& iz given in Table 2, where kd and kc are the

1r
d’ e
rate constants for disproporticnation and combination

reactions respectively.
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Table 2. Disproportionation of alkyl radicals

Radicals kd/kC Reference
Ethyl + Ethyl 0.1 26, 27, 28, 29, 30,
Isopropyl + Isopropyl 0,54 21, 31, 33, 34
L=Butyl + t-Putyl .6, 2.2 31, 35, 36
Ethyl + Chlorocthyl C.22 2
Chleoroethyl + Chloroethyl 0.05 23, 2k
Methyl + Acebtyl 0.05 15
Sthyl + Trichlorcmethyl 0.22 254
Chloroethyl +

0.12 23, 2b
Trichloromethyl
Todine Atem + Tthyl 0.33 37

bhatroction: Abstractlon reactions, also called transfer

reaction, may be reprezsented by the equaticn
L4+ R —>» R + HA

where A 1s an altonm or a radical and RH is & substrate.

Tn most instances the sgpecies absgtracted 1s o hydrogen

{

atom. However other atomic species, such as halogen

o

atoms, may be absg

W
©

3
©

tracted although these reactlon

CJ

vsually slower than H atom abstractlon reactlions.
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13

It 1s reasonable to expect that the energy

required for the rupture of a strong bond is likely to be

ct

higher than that for the rupture of a wesk bond. But the

4

whole plcture obtained from free radical studies seens to

iy

quite 2 bit more complicated., It is well knowm that the

=

chlorine atom attacks the hydrocarbon molecule only to

C

brezk a carvon=-hydrogen bond rather than a carbon-carhon
bond even though the latter bond is weak {(The bond disg-
zociation energles for C-H and C-C are sbhout 100 to 83
keal per mole respectively). This is probably due in
bility of forming the hydrogen-chlorine
bond (stronger than carbon-chlorine) and in part to the

re ghielded, belng surrounded

)
o
o
(<
<t
3
193
[
o+
ny
(@]
[e]
juy)
3
[0}
@]
=
[
©
¢t
Q
24
[ 62}
Yy
=

entirely by hydrogen atoms. There is also a great deal

of evidence tec indicate That activation energles rather

than steric effects appear to be the controlling factor
in the rate at which the abstraction reactions occur. It
is therefore postulated that a transition state of the

form

A R
R SV

exists., The energy or part of the energy that is regquired
to bresk the R-H bond lg supplied by the formation of the
A=Y bond. A chlorine aton, one of the most reactive
radicals, redqulires less than 1 keal., activation energy

to react with carbon-hydrogen bonds as strong as those in
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th
ethane (38).

Cl +*RH —> HC1 + R

The transition state for the above reaction will prbbably
involve a very unegual bonding between the atoms

undergoing change (39),

Cl ---------- H-—-CH20H3

- the bond order for C-H and Cl-H are about 0.9 and 0.1
respectively, while the reaction of methyl radical with
ethane is a very symmetrical reaction since the bond

broken is very like the bond formed. The reaction

CH, + 02H6 — CH[# + C2H5

3

will, therefore, probably involve equal bonding between
the hydrogens and the two carbon atoms at the seat of

reaction in the transition state.

In this case the bond orders for both C-H bonds are about
0.5. It might, therefore, be expected that the activation
energy for H-atom abstraction from ethane by methyl
radicals should be higher than the one for chlorine atoms.
This is in agreement with experimental obseractions.

The greater reactivity of tertiary than of

secondary and of secondary than primary hydrogen atoms is
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general observed in radical ab#tractioﬁ reaétions. R
This effect has beén shown by Trotman;Dickson and Steacie
(L0) in the sfudy of methyl radicals with alkanes. These
gradations in reactivity may reflect changes in the
strengths of the bonds. The stabilizablility of activated
complex in transition state due to resonance may also
play an important role in determining the activation
energies of the reactions.

Johnston and Parr (41) have applied the simple
valence bond theory to derive the minimum potential
energy of the complex through considerations of the
bonding and anti-bonding contributions at the reaction
site in the transition state. They were able to estime
the activation energy for H-abstraction reactions. Good
agreement 1s obtained between experimental and
"theoretical" energies of activation in the case of alkyl
radicals.,

The important feature of abstraction reactions 1is
their ability to form new radicals. Thus we can use
this reaction to produce radicals which can not be
produced_by a direct photochemical process elther because
fhe compound. from which these radicals are desired does
‘not ébsorb light in a convenient wavelength region or
bécauée the compound decomposes ylelding other radicals

than those desired.
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Addition: The addition of a radical to an

unsaturated compound.
R+ C=C -——> R-C-C

The reverse of this reaction is the decomposition of a
large radical into a smaller radical and an unsaturated
compound. The radical formed by this type of addition
may possess an excess amount of energy due to the
difference between the energy liberated in the R-C bond
formation and the energy required to break the ethylenic
pi=-bond. Such radicals are usually referred to as "hot"
radicals and are susceptible to decomposition if some of
the excess energy 1s not removed. However, once
deactivation of the excited radical has taken place, it
may undergo the normal radical reactions. This includes
further addition to the unsatured molecule to start a
polymerization process. Indeed most of the early research
on addition reactions was concerned with polymerization
studieé. There are three main steps in free radical
polymerization mechanisms; the initiation step producing
a free radical, the pfopagation or chaincarrying step in
which the radical reacts with the monomer to produce a
polymeric radical which in its turn can add to the
monomer, and the termination step in which the radicals
are destroyed. Termination may occur by the pairing of

two radicals or by a disproportionation reaction between
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two radicals.

The activation energy for addition reactions
differs from one system to another. Smitz and coworkers
(42) observed that the activation energy required for Cl
atom addition to ethylene is zero, while methyl radical
addition to ethylene requires an activation energy of as

much as 7 keal. (43)

Decomposition: This type of reaction may be represented

by the equation.
R-C~C —> R+ + C=C

Certain unstable radicals such as the CHBCO radical,
formed by the photochemical decomposition of acetone,
undergo decomposition to yield a methyl radical and carbon
monoxide.

In the study of H atom addition to propylene,
Falconer, Rabinovitch and Cvetanovic (44) recognized that
"hot!" propyl radicals would readily undefgo decomposition

into methyl radicals and ethylene.

o+ =0 | %*
H CHBCH CHy, —> CHBCHZCH3

CH,,CH * 5 cHm

CH 3 3

3 + CH2=CH2

In addition to "hot" radical decomposition,

thermal decomposition reactions are observed., The
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activation energies required for the thermal

decomposition reaction of a free radical depends very much
upon the nature of the free radical. Wijnen(l5) observed
that the activation energy for thermal decomposition of

ethoxy radical into CHZO and methyl radical requires about

13 keal.

C,H.O —> CH

3

The activation energy for thermal decomposition of t-butoxy

radical into CH3 and CHBCOCH3 is about 12 kecal.

(CH3)BCO -_ CHB'FCHBCOCH3

reported by several authors.(46, 47, 48, 49)
On the other hand Bywater and Steacie (50) obtained a
value of 39.5 kcal/mole for the decomposition of the ethyl

radicals into H atoms and ethylene.

Scavenging: This type of reaction is a reaction between

a thermal radical and a scavenging molecule. The
scavenging reaction needs no or a very low activation
energy and it procedes wiﬁh such efficiency and that it
occurs within the first few collisions between the radical
and the scavenging molecule.

A molecule such as oxygen, having an unpaired
electron, is an excellent free radical scavenger. The

reaction of free radicals with oxygen usuvally leads to
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unstable products such as

and for this reason other

1
peroxides and hydroperoxides

Q
7

free radical scavengers are cften

preferred. Iodine and/or hydrogen iodide and free
redical scavengers wlill yleld reasonably stable products
which can yeadily be identified by analytical techniques.
Free radical scavengsres are used to deternine whether
the reactlon products originate from fres radical
reactloneg or other reactlions.

Diradical Reaction: A dilrodical is a species with two
mwnpalred electrons. lMethylene, “HQ: has tiwo unshared
electrons that may be either paired or unpaired; if the
electrong are uwnpalired, it is a diredical.

Diralicals are Just ag reactlve as the ordinary
radicals. One of The earliest prcofs of the existence of
methylene was obtalned in 1933 by Horrish and his co-~
workers, as 2 result of the Investigation of the photo-
chenmical decomposition of kebone. (51)

1z may readl

-
L

]
as

and insertior sactbiong

a

cyclopropanc derivative;

:CHJ + B—CszCH

2
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_ o 20
the abstraction reaction by a diradical is made clear

by the following reaction

:CH2 + H2 —_— -CH3 + H

The activation energy for above reaction observed by
Steacie is less than 2 kcal. (52)
In the insertion reactions the diradical inserts intself

into a normal molecule to form a stable compound such

as:
: + ——
CH2 CHBCH3 C3H8

When methylene reacts with saturated hydrocarbons the
insertion occurs mainly into the carbon-hydrogen bond.
There is no attack on the carbon-carbon single bohds in
these molecules. In the case of alkyl halides the

insertion into C-H and into C-Cl bonds has been observed.

(53)

Stereochemistry of free radicals Brown, Kharasch and

Chao (54) studied the free radical chlorination of optical-
ly active 2-methylbutyl chloride and found that the 1,2~
dichloro-2~-methyl butane formed was racemic. This shows

that the intermediate radicals racemized.

CH CH
3 | 3
CHBCH2-$-CH201 + ¢1 —_— HCl1 + CHBCHZ-CCHZCl
‘ H
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Fliel énd his coworkers (55) observed that the
dimerization of two 2-phenyl-2-butyl radicals produced a
mixture of meso- and racemic-3,4-diphenyl-3,bk-dimethyl-
hexane., This shows that the free radical reactions can

produce different stereochemical isomers.
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EXPERIMENTAL

High Vaccum System

All experiments were carried out in a high vacuum
system of conventional design (Figure 1). The main
purpose of this high vacuum system is to be able to degas
all starting materials and thus to provide the opportunity
to photolyse compounds in the absence of oxygen. This is
extremely important since oxygen is an excellent free
radical scavenger. Traces of oxygen might react with free
radicals thus producing undesefable side products which

“would complicate the interpretation of the data immensely.

The high vacuum system consistéd of two parts, the
high vacuum part in which the experiments were carried
out and the low vacuum part which was used to control
the mercury levels in the various measuring devices. The
high and low vacuum systems were connected by a stopcock
thus allowing the evacuation of (and the admission of air
in case of a shut-down) in both systems at an equal rate.
A diagram of the high vacuum system 1s whown in Figure 1.
The high vacuum side of the system was evacuated by means
of a two stage mercury diffusion pump followed by a
mechanical vacuum pump. The low vacuum side was evacuated
by a mechanical pump only since it was not necessary to
maintain as good a vacuum in this part of the system.

The vacuum in the system was measured with a
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Figure 1. | ~High Vacuum System

Where S=Stopcock, B=Ball-joint, L.V,=Low Vacuum, S'=High vacuum stopcock (telflon)



2L
McLeod Gauge which was capable of measure a minimum

pressure of 0.001 micron. All the experiments were
carried out af a vacuum of 0.1 micron or better.

Two 1-liter reservoirs were used to store gaseous
reactants. The reservoirs were painted with black paint
to avoild any possible photochemical decomposition by
daylight.

A mercury manometer was used to measure the
pressure of the gasous reactants in the reservoirs and to
measure the initial presures of the starting materials -
that were admitted into the quartz reaction cell,

The quartz reaction cell was eylindrical and was
about 12 cm. long and 5 cm. in diameter. Its volume was
250 ml. The illumlated volume was 230 ml. The reaction
cell was covered with blackened aluminum foil to exclude
light except of course for the part which faced the
light source.

A narrow and small cold finger, with a volume of
about 2ml., (Figure 2) was attached near the reaction cell
direct to the high vacuum system via a teflon high vacuum
stopcock. The cold finger was provided with a perforation
type rubber stopper which served in two ways. Chemicals
could be injected with a Hamilton microliter syringe into
the system or withdrawn from it.

After photolysis, the reactants and products were

collected at liquid nitrogen temperature in the cold
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finger or in a U-tube sample trap (Figure 3). The

products could then be transferred to the gas
chromatographic analysis system by injection or by
connecting the sample trap to the gas chromatograph via

ball-joints B, and By (Figure 4). Both techniques will

3
be described later. The volume of the U-tube was 9.2 ml.

The stopcocks, connected to the reservoirs and
the cold finger tube, were teflon high vacuum stopcocks
(no grease needed). All other stopcocks on the high
vacuum side of the system were pyrex high vacuum

stopcocks greased with Ascolube F (fluorocarbon)

stopcock grease.

Light Source~—==- Ultra Violet Light

A Hanovia model 100 SH medium pressure mecury arc
was employed as the ultra violet source in all
experiments. The mecury arc was collimated by an aluminum
shade and reflector. The spectrum of the light source
ranges from 2000 A° through the visible region. Mecury
rhotosensitization can not occur since at these pressure
the 2537 A® resonsnce line of the arc is reversed. The
mercury arc was allowed a warm-up time of at least 15
minutes before exposure in order to permit the lamp to
reach 1its operating temperature and, thus, a uwmiform

intensity and wavelength distribution through out all
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experiments was insured. The distance between mecury

afc and the reaction cell was about 10 cm and was kept - -
constant. Appropriate Corning filterswere placed between
thu arc and the reaction éell in order to study the
variation of products as a function of the energy of the

incident radiation.

Analysis

The photolysis of carbon tetrachloride in the

rresence of ethyl chloride produced as major reaction

products: CHCL CH CHClCHClCH3 (meso and racemic form),

3’

CHBCH01CHZCH201, CH3 3 20013 and 02016.

All the products mentioned above were identified and

3
CHC1CCl

’ CH201CH
quantitatively determined using a2 Burell Kromo-Tog

(model KD) gas chromatograph having thermal conductivity
detectors. The detector current was 200 milliamperes.

A 8-ft. colum packed with silicone grease on 30/60
firebrick was used for the analysis. Trace amounts of
(CHZCHZCI)2 were also observed.,

To determine the retention times of, and the
sensitivity of the detector toward the various products,
a known amount of each products was injected directly
6nto the column by using a Hamilton microliter syrings
or a Hamilton gas tight syringe (plungers teflon coated).

- The peak area on the gas chromatography chart
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was measufed with an Ott-planimetér calibrated at
0.084 cmz. per planimeter unit (P.U.) and related to the
actual amount of product injected. In any sensitivity
determination, three or more samples were analyzed and
the results average. The average deviation in these
determ;nations was 1% or less. The quantitative analysis
of the reaction products was always carried out in the
presence of a large excess of undecompossed starting
material, As will be shown later, the actual conversion
of the starting material was usually less than one
percent., In order to obtain very precise quantitative
data, samples were prepared in which all known products
were diluted by the starting material to approach the
conditions of the analysis in the photochemical
experiments.

The sensitivities of some compounds such as 2,3=-
dichlorobutane (meso and racemic forms) could not be
determined directly since these compounds are not
available commercislly. In such cases sensitivities for
these compounds were calculated. These calculations
were based upon (a) their molecular weight and (b) their
reténtion time in the gas chromatographic analysis. It is
possible that a systematic error may thus be introduced.
This error, if an error at all, must however be Very
smalllas shown by similar calculations for compounds with

expermentally obtained sensitivites.
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It was of course not possible to check the
retention time of products not oomﬁercially available,
Thus, there was some doubt regarding the correct
assignment or identification of some products. As will
be shown later it is, as a rule, relatively easy to
deduce the formulas of some unknown products provided
many other products can be determined. Never the less,
other checks were carried out to remove any doubt
regarding the correct assignment. As an example may be

taken CCl CHZCH Cl which was not available commercially.

3 2

However, Roquitte and Wijnen (23) identified this
compound by mass spectrometric analysis as a reaction
product in the photolysis of CClu in the presence of Czﬂa.

Thus CC1l CHZCH201 was prepared pvhotochemically by this

3
method and its retention time on the gas chromatography
was thus obtained.

Products, produced by the photolysis of chloroform
in the presence of ethane and ethylene were CH2012,
(CHC12)2, CH201CHZCHC12, CHBCHZCC13, CH201CH20013 and

CH012001 A1l these products were routinely measured

3.
during the analysis.

In the case of the photolysis of CCle in the
presence of CZHé an additional product, CH3CH2CH2CH3’ was
observed. Due to the large excess of undecompossed

ethane it was not possible to measure this product

routinely. The amount of butane produced was, therefore,

o
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calculated. This calculation was made possible by
previous data reported in the literature and the method
will be explained later. Spot check were, never the
less, carried out and comparisons were made between
calculated and experimentally obtained data. The two
sets of data were in excellent agreement and did not
vary by more than ten percent.

The gas chromatography column used in this study
igs listed in Table 3. Also shown are the flow rate of
the helium carrier gas, the approximate column temperatures
and the retention times of the compounds analyzed on the
column. It should be made clear that many experiments
were necessary before a suitable column and suitable
column temperatures were obtained. At least ten ex-
periments were usually necessary before the correct
column and operating conditions could be obtained. The
operating conditions (flow rate and temperature pro-
gramming) were always chosen so that maximun separation
between the various products would be obtained.

Periodic checks on the sensitivities were made

during a series to test possible deteriorations of the

thermistors.

Materials

The chemicals used in the various experiments were

ReprodUced with permission of the copyright owner. Further reproduction prohibited without permission.



32
Table 3 Gas Chromatography Column

Packing ) * Compounds and
and ?;iyh?§t§ gg;;at%gg) Their Retention
Length - * Time (min.)
Silicone L2 50 CH2012 3.8
Grease " 85 CHCl3 542
on 30/60 " 135 CHBCHZCH012 6.6
firebrick " 165 CClu ' 7.8
8 feet long " 260 2,3 DCB 10.8
(meso)
" 275 2,3 DCB 11.6
(racemic)
" f 1,3 DCB 13.5
" " 1,4 DCB 15.6
" n C,H,CL, 16.2
" n CCl1.CHC ] 21,
13 lCP3 1.0
" " CClBCHZCHZCI 21.8
" " CZH015 23,2
" " C,CLg 37.5

‘¥ The analysis was started at 25°C. After three minutes
the temperature programmer was turned on, increasing
the temperature at a rate of 30°C/min,. At 275°C the
programming would stop, maintaining a temperature of

27500 until the snalysis was completed.

##% DCB represents dichlorobutane
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 02Hu? 02H6, C2H501, CClu and CHC1 All the gaseous

3
matérialé were obtained in lecture bottles from the
Matheson Company,‘Inc;, East Rutherford, New Jersey. A
list of the gases, their purities and possible iﬁpurities
present (56) is shown in Table 4, |

All gases were :admitted to the high vacuum system
by attaéhing the lecture bottle via pressure tubing to
pyrex joint P, (Figure 1). The tubing was flushed
through the open end mercury reservoir with the gas to
be admitted. Thusg all air inside the tubing would be
replaced by the gas. The gas would then be admitted into
the reservolr of the high vacuum system via gtopcock Sl
at such a rate that slow bubbling through the mercury
reservolr would be maintained. This guaranteed a
positive internal pressure and prevented alr leaking
inward., This technique also served as a precaution to
avoid the possibility of an explosion since under these
conditions 1t is impossible to admit more than one
atmosphere pressure into the high vacuum system. The
gas then was frozen into a reservoir at 80°K and degassed
to remove all air.

The carbon tetrachloride and chloroform were
obtained in Fisher Certificate Reagent grade from Fisher
Scientific Company, Pittsburgh, Pa.. Chloroform was
further purified by fractional distillation in order to

get rid of the added preservative C9H5OH. A Vigreux
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Table 4 Purity of Gas Reactants (56)

Gas gg?gig Possible Impurities
CoHgCL 99.7%(min;) Residue (0,0008%)
CoHg 99.0 moleZ%(min,) Small amounts of C,H,,
03H6’ and C3H8; trace
amount of CHQ
CoHy, 99 molef CO, (30 p.p.m), 03H8(5 p.p.m)

czHé(SO P-Pom), 02(10 p'p'm)
CZHZ(io DePeln), H,0(5 p.p.m)

Abbreviations used in above table: min, = minimum;
p.p.m = parts per million

Table 5 Purity of Liquid used as Reactants (57)

riquia  SEATE Possible Impurities

ccl,, 99 mole% Residue(0.0002%); Sulfur
compouwnds (0.0005%); Chloride
(0,0002); Heavy Metals pb
(0.0001%)

CHCl3 99 molef Residue (0.00005%0; Acetone

and Aldehyde(0.005%)
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columm was used and insulated by Wrapping with
asbestos paper.

All reactants were degassed three times a 80°kK.
Samples taken from the reservoirs after degassing showed
no impurities when tested on the gas chromatography. The
only exception was CHCl3 which still contained a trace
amount of alecohol (0.01%). Frequent checks were made on

reactant purity through each experiment series,

Bxperimental Procedure

(A) Photolysis of Ethyl Chloride: The experimental
technigue used in studying the photolysis of ethyl
chloride will be described first since it is less com-
plicated than the technique used in stu ving the photolysis
of mizxture. Ethyl chlcride was admitted to the reaction
cell., The pressure was neasured via the menometer. The
guartz feaction cell was then closed and exposed to ultra
viclet radiation. fter photolysis, the reactant and
products were collected in the evacuated U-tube sample
trap at 80°K for five minutes. The sample trap was then
degassed at liquid nitrogen temperature for one minute

to remove any traceg of alr that might have leaked in
through the ball-joints during the collection process.
Then, the sample trap was connected to the gas chromato-

graphy via ball-joints B3 and B) as shown in Figure b,
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The bottom portion éf the sample trap was immersed
into a dewar filled with liquid nitrogen. ‘The alr in the
top portion of the sample trap was passed through the

. column by opening the 4-way stopcock. At this stage the
detector was in off position in order to minimize
detector oxidation and to prolong life of the detector.
After all air had passed through the detecteor, the detector
was turned on and allowed a warm up time of at least 10
minutes before the start of the analysis in order to
permit the detector to stabilize. The liguid nitrogen
was then removed and the sample trap was heated by wires
wapped around it with the current through the wires
controlled by a variac. As a rule the sample trap was
heated to a temperature of about 8500. The sample trap
was heated in order to vaporize as many products as
possible. This is necesssary to produce sharp, well
defined, peaks on the gas chromatograph.. Compounds
which do not completely vaporize show long trailing
peaks on the chromatogram which make the scparation and
quantitative determination extremely difficult.

In order to have a good separation for the
volatile compounds, the column temperature was cooled to
OOC.by immersing the column in ice water. After three
minutes the cooling container was removed and the éolumn
was heated by turning on the temperature progiammer,

increasing the temperature at a rate of BOOC/min. The
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programmer would automatically stop at a previously
set température (2?500), and maintain this temperature
until the anal?sis was completed,
Some of the photochemical products ohtained were
high Ptoiling compownds, such ag 1,3-dichl oro%utwne,
U~dwcaloroquan end hexachloroethane with bolling

. 0 .
points of 132-C, 162°C, and 186

high bolling products evay

therefore on the gas chronmatogran in the form of lon
tailing peake. It would of course have been possible to

hest the sanmple trap to & higher temperature in order

gaseous state before they were swept on to the gas
chromatograpnic column by the helivm carrisr gas. This
was not done in order to avoid possible thermal de-

composgltion reactlions of some of the products., A

jay

sanples by which the samples were injected directly onto

(B) Photolysi

Eal
ggence of

m

of Carbon Tetrachloride in the p

=

Ethyl Chloride: Xnowm amounts of degassed.ethyl chloride

were 2dnitted to the reaction cell and frozen into the
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cold finger connected to the cell by using liquid
nitrogen. The pressure of CClu was then measured in a
known volume outside the cell and frozen into the re-
action cell on the top of the ethyl chloride. The cold
finger was warmed up quickly with boiling water in order
to obtain a homogenous distribution of the reactants in
the cell. Most of the products formed by the photolysis
were nonvolatile compounds and the injection technique
was, therefore, used to analyse for the products.

After photolysis, 21l the reactants and products
were frozen into the cold finger storage tubhe at SOOK.
The teflon stopcock, connecting the cold finger to the
reaction cell was closed and the liquid nitrogen was re-
moved. The needle of a hypodermic was then inserted
through the rubber stopper so that the unreacted ethyl
chloride could escape through this needle., Thigs was
necessary since too high a pressure might build up in
this cold finger storage area. The volume of thedcold
finger was about 2 ml compared to a volume of 250 ml of
the reaction cell. As soon as the products were trans-
formed from the solid into the liquld phase a sample was
withdrawn with a hypodermic and injected onto the gas
chromatographic column. It was of course impossible to
withdraw the total sample. The unreacted CCl, was,
therefore, used as an internal standard. The amount of

CClu in the cell before the photolysis was known by
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pressure measurements. Less than 1% of initially
present CCla was decomposed during the photolysis,
measurement of the CCI@ peak permitted the determination
of the fraction of the original sample injected and
through this accurate data regarding the rates of for-

mation of all products were obtalned.

(C) Photolysis of Ethane in the Presence of Chloroform:

In general the experimental procedure was similar to the
one described before except that'it was necessary to use
both the sample trap and the ‘injectlon technique to
analyses for the reaction products. The injection
technique was necessary because of the formation of
C2H2014 and other high boiling products. The injection
technique could, however, not be used for the analysis of
butane which was formed as a2 product. Since the butane
would evaporate with the unreacted ethane thus escaping
analysis. Duplicate experiments were carried out in
which one experiment ﬁould be analysed by the injection
technique and the other by the sample trap technique.

Some products such as CH2012, C3H6012 and 03H5013 could

be determined by both techniques. It is extremely
gratifying to report that within experimental error (f 5%)
identical data were obtained for these compounds regardless of

which method had been used for analysis.
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was firest caerried out to study the amount of rroducts as
a fTunchbion of photelysis time while keening the substrate
nressure constant. A plot of these data obtained in the

photolysis of carbon tetrachloride in the presence of

I

ethyl chleride at room teaperature is shown in Figure 5,

This plot is typic2l of the others ohtained in this study.

uging an irradiztion time well within the linear rezion of

T
i1
-
=3
B
3
o)

43 K e 39 wr s - 1 4. - 48 - Ay
the time study to insure that the reaction produc
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Total number of molecules x 10'17

»3

-0
0 5 10 15 20 min.
Where O= CHCl3, @ = (CHyCHCL),, A = CH,GHCICH)Cl
¥ = CyClg, [= CH,CHCLCCL,, B = CQEhClCClB

Fig. 5 Time study of the photolysis of CCl)'L in the presence of CZHSC]'
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RESULTS

(I). Photolysis of Carbon Tetrachloride in the Présence

of Ethylchloride,

The photclysis of carbon tetrachloride in the
presence of ethyl chloride was carried out at various
CCL, to C,H.Cl ratios. Less then 1% of the carbon tetra-
chloride initially present was decomposed during the
photolysis. The results of these experiments are re-
ported in Table 6.

The first column of Table é gives the number of
the experiment, the second and the third columns give the
initisal pressure of CClu and 02H5C1 repectively. The
initial pressures are expressed in molecules/cc.. The
rates of the products formed are given in molecules/(sec.cc.).
A corning filter 9-54 was used in experiment run number 4
to omit raditation below 2200°A. All experiments given
in Table 6 were carried out at room temperature.

To explain the formation and distribution of the

reaction products, the following reaction mechanism 1is

rroposed.
CClu + hv —> CCl3 + Cl (1)
CH30H201 + C1 — CHBCH01 + HC1 (2)
CHBCHZCI +Cl — CHZCH2C1 + HC1 (3)
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Table 6

Photolysis of Carbon Tetrachloride in the presence of Ethyl Chloride

mﬁiéﬁaliiﬁﬁé.xlo -17
©Cl)  GoHgCL
20,12 6.83
3.70 3.32
13.65  19.89

12,81 13.01

u.zé‘ 23.7h
19.99 6.63
1h.01  13.30
6.35  30.10
13.59 6.57
13.65 8.9L
12,51 13.16

- 13.39  13.68

1.02
0.52
0.90
0.11
0.53
0.95
.13
0.61
0.94
0.93
1.17

1.17

meso

0.88
0.h2
0.79
0.07
0.49
0.81
0.90
0.55
0.8L
0.83
0.78

0.80

0.82
0.40
0.68
0.07
O.LbL
0.55
0.91
0.50
0.70
0.73
0.80

0.78

 Note: All experiments were carried out at room temperature.

0.62

0.32

- 0.57

0.05

0.38

0.5h
0.60
0.36
0.58
0.61
0.62

0.70

3 Expériment No. L was carried out with Corning filter 9-5L.

Rates of products in molecules/(sec. cc) x 107t
‘racemic

\ -
CHClB (CH3CH01)2 (CHBCHCl o CHBCHClCZHth CHBCHClcclB» CClBCZHth

3.87
1,72

0.3h

2.29

3.31
3.85
2.23
3.60
3.L2
3.81
3.8L

0.75

0.32

0.79

0.06

0,68

0.77
0.39
0.72
0.68
0.80

0.83

CoClg.

1.91

0.87 ,
178
10;15‘75: |

1,05

‘ ,1.6hv5 “

o5
1.11
1.85

1.67

1.84
2.09
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2CCl; —> C,Cl, ()
ZCHBCH—Cl — (CHBCHCl)z (5)

(meso and racemic)
2CH4CHCL —> C,HLCL + CyH,CL (6)
2CH,CH,CL  —>  (CH,CH,C1), (7)
2CH,CH,Cl  —> CpHLCL + CpH,Cl (8)
2CH,CH,C1  —> C,H, + C,H Cl, (9)
CH4CHC1 + CCly —> CH4CHCICCl, (10)
CHyCHCL + CCly ——> CCI,H + C,H,Cl (11)
CHoCH,C1 + CCly  —> CC14CH,CH,Cl (12)
CHpCH,Cl + CCly  —> CCI5H + C,H,CL (13)
CH,CH,C1 + CH,CHCl ~ ——> CH,CHCICH,CH,C1 (14)
CH,CH,C1 + CHuCHCL  ——> CpH,CL + CyH,Cl (15)
CHpCH,CL + CH,CHCL  —> C,H;Cl, + C,H), (16)

The primary step in the photolysis of CClu produces CC13
radicals and Cl atoms as shown in reaction 1. This
reaction is well established by earlier studies of
rhotolysis and radiolysis of carbon tetrachloride (re-
ferences 58 to 62). The chlorine atoms, produced by

photolysis of 0014; may abstract H atoms from either the
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CH, side of CH,CH,CL to produce primary CH,CH,C1

3
radicals (reaction 3)yor‘from the CH,C1 side of CHBCH201
to produce secondary CHqCHCI radicals (reaction2). Thus,
reactions 1, 2 and 3 produce CClB, CH3CH01 and CHZCHzcl
radicals. A qualitative proof for the fact that indeed
CCl? radicals are produced is clearly shown by the
products C,Clg, CCIBCHC1CH3, CClBCHZCH201 and CClBH since
all these products have a CCJ.3 radical in common.
Similarly the presence of CHBCHCI and of CHZCH2C1 radicals
is shown by the formation of (CHBCHC1)2, CClBCHC1CH3 and
of CC1 CHC1CH

CHZCH201 and CH CH2C1. Reactions 4 to 16

3 3 2
discuss the fate of CCl CH CH?Cl and CHBCHCI radicals

3’ 2

produced by reactions 1 to 3.

In particular, the formation of CéClé is explain-
ed by the recombination of CClq radicals (reaction 4)..
The formati&n of the meso and racemic forms of 2,3-..
dichlorobutane is explained by recombination of two
CHBCHCl radicals (reaction 5), and the production of
trace amounts of 1,4-dichlorobutane by recombination of
CHZCH201 radicals (reaction 7). It should be mentioned
here that 1,4-dichlorobutane was formed in trace quan-
tities only and for this reason this compound is not re-
ported in Table 6. Later an explaination will be given
for the fact that this compound was produced in minute

quantities only. Reactions 6, 8, and 9 represent

possible disproportionation reactions of CHBCHC1 and
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CHZCH201 radicals. In the presence of a large excess

of C2H501 it was impossible to analyse for small amounts

of CZHM’ 02H501 and CZHBCl possibly produced by these
reactions. These reactions.have been included to represent
2 picture as complete as possible. Furthermore,

literature data on some of these reactions will be dis-
cussed later,

Elementary kinetics requires that two radicals A
and B will not react exclusively to form A2 and B2 but
will also react by cross combination to form AB. Thus,
it is possible to explain the formation of 1,1,1,2-tetra-
chloropropane by cross combination of CCl3 and CHBCHCI
radicals (reaction 10); of 1,1,1,3-tetrachloropropane
Cl radicals (reaction 12) and finally

via CCl, and CHZCH

3 2
the formation of 1,3-dichlorobutane from CHZCH201 and
CHBCH01 radicals (reaction 14). Reactions 11 and 13 are
disproportionation reactions which must be considered to
explain the fgrmation of CC13H as a reaction product.
Reactions 15 and 16 represent possible cross dispro-
portionation reactions of CHBCHCI and CHZCH201 radicals.
The above reaction mechanism does not include the
photochemical decomposition of ethyl chloride. The
reason for this is that the absorption coefficient of
CZH5C1 is considerably smaller than CClu. The UV

spectra of carbon tetrachloride and ethyl chloride are

shown in Figure 6 (63). These spectra clearly indicate
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that most, if not all, of the incident light will be
absorbed by CClu. The experimental data to confirm this
will be discussed later.

It is clear that the reaction mechanism explains
in a qualitative way all the reaction products which have
cbserved.

It is now interesting to study data in a quan-
titative manner. According to the reaction mechanism the

following equation can be derived.

R

CH,CHC1CC1 klO(CHBCHCI) (CC13)

3

N W

EY
RZ R

0

1
2
(C013) kS(CH CHC1)

P

(CH3CHC1), X 5

X1
2

%
klo/kE k5

The equation indicates that the ratio of

o

Ren_cneicer.’ R“02016}'{ (CH,CEC1,), should be constant

3 3 3

regardless of the initial pressures of CZHSCl and CCl,.
The data in Table 7 clearly establish that the ratio of
1 1
R / R*® R®
CH,CHC1CC1 C,C1
3 3 %% (O

experimental error. The particular value obtained for

CH CHCl)2 is constant within

the ratio, reported in Table 7, will be discussed later.,

From the rates formation of CHBCHCICHZCH201, (CHBCHCl)Z,

CH,CHC1CCl.,, and CC1i CH20H201 the following equation may

3 3

be obtained.

3
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CH CHClCHZCHZCl CH,CHC1CC1

3 3 3

R ~ R
(CHBCH01)2 CCl CHZCH2C1

3

k14(0H3CH01)(CHZCH201) klO(CHBCHC1)(CC13)

T 2 ‘
k5(CH3CrIC1)2 k12(CH2CH2C1)(CCIB)

=Yy Ky o/kekyp

The experimentally datzs for the ratio kloklu/k5k12 are

given in column 4, Table 7.

mental error, constant value was obtained,

Again a, within experi-

According to the reaction mechanism, chloroform

is produced exclusively by disproportionation reactions

11 and 13.

These reactions are repeated here for clari-

fication together with the corresponding recombination

reactions 10 and 13.

CH,CH + CC —> CH,CHC1CC
3CIC]_ 13 3 13

CH,CHC1 + CCl, —> C E + C,LE-C1
3 15 €1, 2H3

CHZCHZCl + 0013 e CClBCHZCHZCl

CH?CHZCI + CCl, —> CC1l,.H + C,H,C1

3 3 3

Thus, R

R

(10)

(11)

(12)

(13)

CH013(tota1)=RCH013(11)%RCHC13(13). Where

CHCIB(ll) denotes the rate of formation of chlorcform
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Table 7 Ratios of rate constants for the photolysis of CClh in the presence of 02H501

Exp. No. Rop4cHC10C1 Rener,(11)  Foncneicor forgcreic i c1 Rscn,cn 01
R%H CHCLCHC1CH Rlaé cl ReH.CcHC1CCl, Rccl c H, €1 ReH CHC1CHC1CH R cu_cHcl
3 3 246 3 3 3727} 3 3 =73
1 2,21 0.2l 1.9 0.17
2 2.08 . 0.28 2.1 0.16
3 2.33 0,22 1.9 0.18
L 2,32 0.29 2.0 | 0.15
5 2,30 0.23 | 2.1 0.16
6 2,22 0.26 1.9 0.17
7 2,05 0.27 1.7 0.16
8 2.13 0.25 2.0 0.17
9 2.1L : 0.2L 1.9 0.17
10 2.15 0.25 2.0 0.17
11 242l 0.28 1.9 0.18
12 2,11 0.26 2,0 0.19

- Note: R, = Rate of formation of compound x in molecules/(sec. cc.)x_'l.O']:2



R 51

from reaction 11 and CHClB(lj) that from reaction 13,
Although it is of course impossible to measure directly
which fraction of CHCl3 is produced by reaction 11 or 13
it 1s, never the less, quite clear that the following

relationships must hold if the mechanism is correct:

R (11) k

CE,CHC1)(CCl,) k
3 3

11( 3

klO(CHBCH01)(0013) k

CHC1 11

Roe1.cH,CE-C1 10

373
By the same token, the rate formation of wvinyl chloride
or chloroform from reaction 13 over the rate of re-
combination of CH,CH,CLl and CCl3 radicals in reaction 12

may be given by:

\
Roner, (13 By g(CH,CHC1) (COL )

k, 5 (CH,CH,C1) (CC1,) LA

7

R

CCl CHZCHZCl

3

Roguitte and ¥Wijnen obtained the value of qu/k12=0.12(24).
~
Since the rate of production of CClBCHZCH2C1 is known
from experimental results, BC“Cl (13) can be calculated
Badatie!

-
as indicated in the following equation.

= 0.12 R

R (13)
CHC1, CC14CH,CH,C1

The chloroform produced by reaction 11 can now be obtained:
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Bepey, (11) = RBoyeq (total) - Bags, (13)
3 CHCL, 3
= Rr (total) - 0.12 Baws o
cHel CC14CH,CH,C1

Thus, 1t is possible to obtain kll/klo from the equation
given on the previous page. In spite of the rather
cumbersome method employed to calculate kll/klo a within
experimental error constant value 1s obtained as shown in
column 3 of Table 7.

As stated before, the chlorine atom can abstract a
hydrogen atom from either the CH3 side or the CH201 side

of the CHSCH201 molecule as shown by resctions 2 and 3.

CH CH2C1 +C1 —> CH,CHC1l + HHC1 (?)

3 3

CE,CH,C1 + C1 —> CH

5CH, 2CH201 + HC1 (3)

From these reactions it is clear that:

R kZ(CHBCHZC1)(C1) k

‘CHBCH01 2
lal
RCHZCH201 kB(CH CH C1)(C1) k3
In the above expression BCH?CHC1 indicates the

rate of production of CHBCHCI radicals and is given by

Bem, cac1 = ° RCH3CH01C1CHCH3 (meso + racemic forms) +
J
Rey_cmeicm,on,c1 * Bem cmcicer, * 0+%0
3 2772 3 3
R

*CHBCH010013”
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Where 0.25 RCHBCHC10013 is to account for CClBH
produced by reaction 11. The term of 2 RCH CHC1C1CHC

3 3
indicates that two CHBCHCI radicals are used up to
produce one molecule of 2,3-dichlorobutane. The rate of

CH20H201 radicals production is given by

R = R + R + 0,12
CHZCHZCI CHBCHCICHZCH2C1 CHZCHZCICCI3
Ben. cu,c1ccl
272 3
Where 0,12 RCHZCH2C10013 accounts for the CHZCHZCl

radicals reacting with 0013 radicals to form CHCl3 and

C,HACL (reaction 13). Not included in the above cal~

3

culations are the CHZCH201 radicals reacting to form
1,4-dichlorobutane. As pointed out earlier 1,4-dichloro-
butane is produced in trace amounts only. Neglecting to

account for B(CHZCHZCl)Z should therefore not upset the

3 1
material balance calculations for RCHZCHQCI radicals to
any appreciable extent. The observed value of RCH CH C1/

27727

R is equal to 0.1740.02 and is reported in Table 7.

CH,C]
H3 HC1

This value and its meaning will be discussed in detail

later,

Since trichloromethane radicals and chlorine atons
are both produced in the primary step, it 1s clear that
RCCIB/RCl should be equal to unity. If Cl atom react
exclusively with C2H5CI to form either CHZCH2C1 or

CH,CHC1 radicals than the rate of production of Cl atoms

3

is of course equal to the rate production of the sum of
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CH,CECL and CHZC£201 radicals, Thus,

fo1 = Popcmycn Mo, cmol
o ary --2 e wdom Wl
= 2 R {men apamd “m e
= 2 R, ep  (mEso + racemlc forms) +
CH,CEC1CLCHCH,
J
- T - + P -y + .25:
fencncic,cu,c1 * Femoncicen, T 9425
S Fae £ 3 J
cu_cpcicer, T Romscn,ciccn, T
by AV N wil P WA
gPHOICEL O, B CI00
12 R, + R )
0.1 ,cmcieel, * fem,crcicn,on,
J

The rate of CCl3 adicals preduction is glven by

B = Rap puaeromy T 0625 Do mopn e +
C\J13 uflq'u;'lulu u_}.j \J.‘_'iBCJ.'lU.l.vclr_\
~ 4
R + 0,12 1 -
Pa T I L2l T Tr T
CCl,CH,CELCL * CCL,CEACHAC
J [ 2 ;i -~ L
2 R
- “C? Cl,(\
where 2 B, A accounts for the fact that one molecule of
~n vl(
C,Cl, requlres two CCl, radlicals.
— ' -~

4

cther prcof of

O
b
o
D
-
et
D
b}
<t
(3
(O]
(lq
o
[
d<
l..o
4]
o
=
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(II). Photolysis of other Chlorinated Systems

Some experiments on the photolysis of related
compounds were carried oﬁt in order to provide additional
evidence and support for the reactions and quantitative
data obtained in the study of the photolysis of carbon
tetrachloride in the presence of ethyl chloride. Ad-

~ditional systems, which have been investigated are:

A. Photolysis of Methylene Chloride in the

presence of Ethyl Chloride

B. Photolysis of Ethyl Chloride at room

temperature

C. Photolysis of Chloroform in the presence of

Ethylene

D. Photolysis of Chloroform in the presence of

Ethane

A, Photolysis of Methylene Chloride in the presence of

Ethyl Chloride

It is well known (64) that the primary step in

the photolysis of methylene chloride is given by:

CH,C1

5 + hy  —> CH,C1 + C1 (17)

2

This step 1s, of course, completely analogous to the
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observed C- Cl rupture in the photolysis of CCL

In the previous section it has beeﬁwéuggested that Cl
atoms produced by the photo”vc s of CClu abstract I atoms
from C Col SCl to produce “FZC“?C] and CuﬂC%“l radlicals.
These two radicals were considered to be responsible for
the observed formation of meso- and racemic-2,3-dichloro-

butane and of 1,3~dichlorobutans. It is obvious that, if

umption is correct, these products must z2lso be

2]

these as
formed by the photclysis of CH2012 in the presence of
ethyl chloride.

It is also clear that the over-all reaction mech-

anism of the photolysis of CELCl, in the pregencs of
J 2 2 &

case with CCl, and C?u,01. In the casc of Ciﬁvl?, the Cl

the primary step me not only

0
o
9
13
{2
(]
=
C
[
o
Q
@
o
l_-J .
H
¥
¢
«©
S
o
ot
[9s]
prn
3
©
(@]
¥

1 atoms from C,H,.Cl but also from CH,Cl,. Thus recom-
bt ~ .

5"
bination and disproportionation reaction between CH,CHCI,

138}

CHE,CL, CHZCl and CHC1
one single experiment wag carried out on the photolysis
«Cl not with the purpose
of investigating this relatively complex system but

rather with the aim to obtain sdditicnal evidence for

o
oy
0]

reactions leading to 2,3~ and 1,3-dichlorobutance,.
It was extremely gratifying to observe that these
products were indeed produced. Even more significant was

. R . s
the fact that the ratio "meso=-2,3~dichlorobutane over

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57
Bracemio-Z,3-dichlorobutane was equal to unity in
excellent agreement with the ratios reported in the pre-

vious section.

B. Photolysis of Ethyl Chloride at room temperature

The single experiment on the photolysis of CH2012
in the presence of CQHSCl confirmed the reaction mech-
anism proposed to explalin the products observed in the
"photolysis of CCl), in the presence cf CZH501. Vever the
less, some doubt remained. In systems where quite a few
products are formed therz is always the possibility that
some products might have coincided in the gas chroma-~
tographic analysis thus producing erroneous result§ for
the calculated rate constants. Although this possibility
seemed extremely remote since different gas chromato-
graphic columns had yielded identical results some ez
rerimnets were carried out on the direct photolysis of
ethyl chloride. The reaction produects of this photo-
lysis were: butane, l-chlorobutane, 2-chlorobutane, neso
2,3~-dichlorobutane, racemic 2,3-dichlorobutane and 1,3~
dichlorobutane. The photolysis was carried out at room
tenperature and the rates of formation of aliwproduots
except butane are reported in Table 8. It was extremely
difficult to separate butane from the large excess of

undecomposed C?H501 and butane was, therefore, not
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Table 8 Photolysis of Ethyl Chloride at room temperature
Init. conc., in Relative rates of reaction products

Exp. molec./cc X 10-17

No. meso racemic Lo o 2-C)HgCl 1,3-DCB ,

C2H5Cl 2_CbH901 n—ChH901 2,3-DCB  2,3-DCB | n-CjHgCl 2,3-DCB 1,3-DCB

1 6.75 98 16 140 128 1.09 168 T2

2 6.28 100 10 97 95 1.02 2,16 12

3 5.40 200 28 168 152 1.10 - -

L. 5.11 100 16 68 6l 1.06 - 2.27 _ L8

5. 10.05 188 20 80 76 1.05 2.16 36

6 3.85 12l 16 52 L8 1.08 2,02 26

7 8.50 2140 2l 138 130 1.06 2.38 6L

Note: DQB = Dichlorobutane



R
\O

routinely measured. The formation of butane was,
however, confirmed by a special analysis in which the gas
chromatographic columns were cooled to_—?8°C to obtain a
separation betwsen Cquo and. C2H501' As mentioned earlier
two techniques were generally used to analyse for the
products on the gas chromatograph. In the "sample trap”
technique all products and excess starting material would
be frozen into a sample trap which would then be trans-
ferred to th@ gas chromatograph, The sample trap would
be heated and the content would be swept in to the colummns
by the carrier gas. Unfortunately in this particular case
the relaﬁively high boiling dichlorobutanes did not evapo-
rate immediately and appeared therefore on the gas chroma-
togram as long tailing peaks which made it extremely
difficult to obtain quantitative measurements. The in-
jectlon technique wag, therefore, used. In this technique
the products and excess starting material are frozen into
a small cold finger. The material is then allowed to’
liquefy and part of it is withdrawn by a hypodermic insert-
ed through a2 puncture type stopper. In this case, however,
~even this technique was difficult since CoHCL boils at
12.2°C. The syringe was therefore cooled by placing it
on top of some dry ice before the products and excess
CZH501 were withdrawn. In spite of these precautions
there is no guarantee that some 02H501 may have evaporated

from the syringe before injection in the gas chromato-
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graphic column., The products given in Table 8 are

therefore not reported in absolute rates but in relative
rates. An example may be used to clarify this. It was
not possible to determine how much meso-and racemic-2,.,2-
dichlorobutane were formed in experiments 1 (Table 8)
but 1t was possible to determine that the ratio

R

: was egual .00,
'meso—z,B—DCB/Rracemlc—Z,BnDcB s equal to 1.09

To explain the formation and relative distribution
of the reaction products observed in the photolysis of

C9H501 the following mechanism is proposed.

027-501 + Ny — CZHS + 01 (18)
CH.CH.Cl + ¢ —> C(H.CEC1 + HC1 (19)
372 3
CH,CH,C1 + €1 —>  CH,CH,C1 +iC1 (20)
) 25 -
2027-15 —>  CH, + CoH, (21)
T ] * T T 2
C2H5 + cuaczm —_— Cr{BCPIZC;;Cl.CrIB (22)
021{5 + CH,CH, 1 —> CT{BCU?C-IZCITZ\J (23)
2CH,CHC1 ~——> cz4~13<:z~zc.1c}zc1CH,_1 (24)
J J
(meso and racemic)
CH,CEC1 + CH,CH,Cl—> CH,.CHC1CH,CH,Cl (25)
2 2 o 3 < 2

In order to keep the mechanism simple, possible dis-
proportionatlion reactions between ethyl and C,H,Cl

Jo a4
radicals have noft been included. Products formed by dis-

proportionation are all low boilers (such as C?Hé, C?HM
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C,H,Cl) and can not interfere with the analysis for the
J

2
heavier products which are important for comparison with
the previous by reported data.

The weak link in the CZH5Cl molecule is the C-Cl
bond and primary step 16 needs almost no further ex-
planation. "he formation of ethyl radicals is clearly
‘shown by the production of butane, 1,-and 2-chlorobutane;
compouwnds which contain at least one ethyl radical.

The chlorine atom zbstraction reactions and the
subsequent reactions of CHBCHC1,and CHZCH201 radlcals are
completely analogous to those observed in the photolysis
of CClu in the pressence of C2H501‘

The ratio Rmeso 243 DCE/Rracemio 2,3 DCB =

in excellent agreement with the date from the rreviou

165]

section, where DCB represent dichlorobutans,

Some additional and new information may be gained
from these data., TFrom the reaction mechanism the follow-
ing equation may be derived:

R

R

2-C)FoC1 ~1,3-DCB

R R
1-C,ECL “2,3-DCB

kzz(csz)(CHBCHCl) kZS(CHBCH01)(CHZCHZCl)

k23(02H5)(CHZCH2C1) k24(0H30H01)(CH30H01)

1«:2 3k2 I
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Data for k22k25/k23k?

of Table 8 and indicate that this ratio is egqual to:

2.1%0.2.

C. Photolvsgis of

Chloroform in the presence of Ethylane

2L

are given in the last column

A considerable amount of information has been
galined in the previous section regarding combination and
cross combination reactions of CHBCH01, CHZCHzcl and
various chlorinated methyl radicals,
ing to expand this knowledge by studying yet ancther
system: the photolysis of chloroform in the presence of
ethylene. From the information gained in the previous

sections it was expected that the following reactions

would ocecur:

2 CHC1
2 CZHMCI

2 C2H4C1

caci, + C

5 2Hu’Cl

2

l

l

l

l

—
—_—
—_—

CHC1, + C1

H, C1
CZJQC“

cCl, + HCI

2
~

C2H2014

H
(C .L%Cl)2

2

C,H.Cl + C H_ C1

25 273

Cﬂ01202H401

It seened

intere
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CHCl,+ CoH,C1 ——> CH,Cl, + CpHoCl (33)
cc1, + CoH,C1 —> CC1,CH,CH,CL (34)
CCly + CpH,C1 ——> HCCly + C,H4Cl (35)
CCl, + CHCl, —> C,HCl, (36)

2001,  —> CpCly (37)

Again C-Cl rupture 1s proposed as primary step in the

photolysis of CHC1, (65) thus producing €l atoms and

3
CHCl2 radicals. The chlorins atoms produced in the
primary step nay add to CZH4 to form CH)CH201 radicals
(reaction 27) or they abstract a hydrogen atom from
chloroform to form HCl and CCl3 radicals (reaction 28),
The addition of Cl atoms to C,H, to produce C,H,Cl
radicals is well extablished from photochlorination
studies of ethylene. Stewart and Weidenbaum (64)
suggested an activation energy of less than 1.4 keal/mole
for this reaction. Schmitz, Schumacher, and Jager (67)
concluded that the activation energy for this reaction

is approximately zero. It is interesting to point out
that the C2Hb01 radicals produced in this system are
exclusively CHZCH2C1 radicals and that thus mexc-and
racemic-2,3-dichlorobutane will not be present as re-
action products. This is confirmed by the data given in

Table 9, This Table gives the rate of production of 2ll

compounds observed in the photolysis of CHCl3 in the
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Table 9 Photolysis of Chloroform in the presence of Ethylene
Init. conc. in
Exp. molec./cc X 10-17 Rates of products in molecules/(sec. cc.) X 1012
No. '
CH013 02Hh | CH,C1, 1,1,3—03}15(:13 (CH012)2 + (CthCl)z 1,1,1,3-03Hh01h 0211015
1 13.39 6.76 0.11 1.64 1.56 0.26 0.33
2 6.53 13.52 0.06 0.90 0.88 0.10 0.13
3 S 15.h4 14.63 0.11 - 1.51 1.43 0.23 0.31
L 1h.50 14.70 0.11 1.35 1.28 0.20 0.32
5 26,07 3.38 0.11 1.4k 1.37 0.30 0.L49
6. 39.49 6.66 0.10 1.33 1.32 0.32 0.6
7* 39.32 L.84 - 0.01 - 0.01 0.01 A 0,02
8 39.29  3.12 0.09 1.36 1.33 0.36 0.53

3% Experiment No. 7 was carried out with Corning filter 9-5l.



65
presence of CgHu' All experiments were carried out

at room temperature and the ratio of the starting materials
CHCl3 and C2H4 was varied by a factor of 13. In experi-
ment number 7 a Corning filter 9-54 was used to omit
radiation below 2200 A°. The products reported in Table

@ are a direct result of disproportionation, recombination
and cross-combination reactions of the three radicals

(CH?Cl, CCl, and CHZCH2C1) produced by reactions 26, 27

3

and 28,
Unfortunately it was not possible to separate by

gas chromatographic analysis 1,1,2,2-tetrachloroethane

from 1,4-~dichlorcbutane and the sum of these products

are reported in column 6 of Table 9., Thus, it was im-

possible to obtain a simple relationship for the recombi-

nation and cross-combination reactions of CHCl? and

02H4¢1 radicals,

2 CHClZ —_— CHCIZCHCl2 (29)
2 02H401 —_— ClCZHQCZHh01 (30)
CH012 + 02H401 —_— CHCIZCZHMCI (32)

In order to obtain, never the less, some quantitative
Information from the data reported in Téble 9, the
following derivations were made. According to the re-
action mechanism given earlier the rates of

and R are related by the following

CHZCHZCI C2H015

Bocy

3
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expression.,
CClBCK?uH Cl k3& (cc 13)(0 Hu01)
R - ,
CzﬂSCl £36 (CClB)(CH012)

gy (CH,C1)

(1)
k36 (CHClz)
The rate of “CW C1CH.CHAC1 is given by
‘I‘> ~ 2 .....2 —
RCHCl?C 1,CH,CL - k?Q(CHC12)(CZI&CI) (11)

Thus the concentration of {(CHC 2) radicals may bhe ex-

(CH,C1) = cqzczcv CH,, Cl/k (C,%,C1)

32

subgstitution this wvalue into sgquation I ylelds

A

oe1CH,CE,CL Ky gy (CoHCL)
B, |
C,HC) Kqyg "C1CH,CH,CH,Cl
or
2 Ky Peicgmcmel, fociscym,cl
(C,H),C1)"= 7 -

K,k fe, e

k52 HCLg
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As stated earlier it was not possible to measure the

rates of production individually for 1,1,2,2-tetrachloro-
‘ethane and 1,4-dichlorobutane but it was possible to
measure the sum of these rates. Indicating the sum of

these rates by Rcomb the following equations may be given

R = R + R
= %, (CHC1,)? + k. (C,H C1)°
292 =30V 2L
Substitution of the values derived for (CH012)2 and
(C,H,C1)* yields
& R R, .
Kpg Xsy C1C,H,CH,C1 feyHCl,
Rcomb = R +
Kag s CC1,C, By C1
K.k Roye.m, cu.01 Becl.c.m, c1
30%36 o Hy CHy 3C2Hy,
k., k Bo g 1
%32 2Hs
This equation may be simplified to:
Roomb RC.)H015
Boer.c,u 01 Bo,m c1cHel
3C2Hy 28, 2
B 42
k30k36 k29k34 (,C2HG153
+ (I11)
R 2
Kqyksp kagkqy (R0C1,CHCL)
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or to:

R R ~
comb CClBCZHM°1
R R
Cth01CHF12 C21015
Y 1 ] 2
A29x34 k30136 (C013CZHQCI)
+ (1IV)
» 1. bd 2
k36k32 k3uh32 (CzﬂCIS)

The pleot of the rate functions III and IV are given in
Pibures 7 and B respectively. These plot yileld
Ly ok k., /] qua 032 and ko k,./% equal t
V29x3u/A36A32 equal to 0.32 and 30 36'{34k32 qual to
0.71. Thus, it is possible to obtain the ratlo
1;02/{{20]{30 = h-logi

Finally it is possible to coupare the following
disproportionation and recombination reactions.
CHcl

CHCl? + C H Cl ——> CICH

CH
2 Y2y
CHC12 + CZHMC1 —_— CH2012 + C

) (32)

Although the data have not heen tabulated in Table 9 the
. + .
results yield k33/kQ2 = 0,08 - 0,01, No previous values
J
have been reported in the literature for this ratio of

rate constants,
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Photolysis' of Chloroform in the Presence of Ethylene

Figure 7.
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Photolysis of Chloroform in the Presence of Ethylene

Figure 8.
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71
D. Photolysis of Chloroform in the presence of Ethane

So far this study has dezalt mainly with the re-

7
actions of Cl atoms with C,H.Cl and C,iH), and with the re-

!
combination and cross-combination reactions of ChoCH01
and FH9C?ZCI radicals arong themselves and with various

chlorinated methyl radicals (CC 3, CECl, and CH Ccl).

Z\)

to expand this study to

@
|53]
ct
ot

include Cl atom reactions with ethane. Since the pho-

o
o)
I's $
oy
[®]
K
k4
(0
Hal
O
I
O
4]
C
o
[©]
—1-
=3
_\.
.:\'
i)
.
,,.J
o
@
¢}
)

tolysis of CCL,

[ . ! 1 .
ed previcusly (24), chiloroform was chocssn as the

o

stud
Cl atomn donore. It was hoped that the recsultz of this

study could he compared and correlated not only to the

Chlorine astoms produced by the phetolysis of

chloroform in the presence of ethane nay abslract

hydrogen atoms not only from ethane but also from
chleoroform itself. Data regarding these competing

reactlong should yleld information regarding the re-
in ethane and chloroform,

The results of a serices of experinments in which

chicroforn was photolyzed in the vresence of ethane are
reported in Table 10 The ratio of CECl, to CH,CH, was
S S ..J

varied by a factor of 3. Less than 1% of the chloroforn

initially present was decomposed during the photolysis.
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The following reactions are suggest to explain

the formation and distribution of the reaction products.

C:HCl3 +hy —> CHCl, + C1 (38)
Colig +CL  —> CpHg + HCI (39)
CHCly + C1  —> CCly + HC1 (L0)
2 CHCl, —> (CHCL,), (b1)

2 CHg  —> Cyf, (42)

2 CHg  —> Cpliy + Gyl (43)

2 CCl, —> CyCl (L)

CCl, + CHC1, —> CHC1 (45)
CCly + CpHg  —> CpH.CCl, (46)
CCly + CoH,  —> CpH) + CHCI, (47)
CHCl, + C,H, ——> C,HCHCl, (48)
CHCl, + Cpl, —> CH,Cl, + C,oH) (49)

As shown in reaction 38, the primary step in the pho-
tolysis of CClBH produces CH012 radical and chlorine
atom. The chlorine atoms can abstract hydrogen atoms
from both ethane and chloroform as indicated in reactions
39 and 40. The recombination reactions between two

identical radicals such as CHClZ, C?H5 and CCl3 are
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)
indicated by reactions 41, 42 and 44 respectively. -
The formation of the products such as C HF15, C? 5CC]A,
CHCT? and CPZCW? is explained by cross-~combination

and cross-disproportation as proposed in reactions 45,
L6, L8 and 49 respectively. A1l the observed reaction
products are clearly accounted for the above proposed re-
action mechanisn,.

From the reaction mechanism the following equations may

be derived.

7, . 2
R T NI R T ) 1 T \9
= nq7A32/k1150h
stevoT7 'D_ I 1 TT | \ 1 e
golisccj 3 CZL_"V 5 _-32 (C?-LS) (CC*B J ‘:31 ( ] ) (C;ZC t ¥} )
© R - 2
e ay o.C I 7 ) on =
V2}250E012 C2C:16 1"3,{' (CI_HE) (C-ICJ_?, 1_30(v 13)
A31k32/k30L3A
These equations indicate that the ratios
) S " BA - P
C,E.CC1 CHC1 C,H,.CC1 C,HCL
2HgCCLy T (CHC1,) pHgCCY 5 "CoHCL,
and should
RA R

J."i i_
C9 CH“lZ C C16
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he constant at a given temperature. This is confirmed
by the data which yleld ly,kyc/ky kg = 0.50.05 and
kl,‘gka6/k4u‘k)\;8 = 2 .SfO ° 3

From the rates of production of (CHCIZ)Z, 02016
and 02HC15, the following cross-combination relationship
may be obtained. This relationship ought to be constant,
independent of the concentration of the reactants, chloro-

form and ethane, and independent of the total pressure

in the initial state,

=
L - . \
CHC12C013 h45(CJC12;2(CCl ) L s
i T = ) = 1%5/1{’5(1}:7?i
Rd - Rzzq 5 =]
(CHCl,), = C,Cl kj,4 (CHCL,) kuu(cvlj)

The results show that within experimental srror this
ratio is constant and establishes that Aur/kilk%u is
equal to 2.2-0.1,

It is interesting to carry out a material halance
caleulation in order to see whether, within experimental
error, all products are accouwnted for. If 2ll the chlorine

atoms produced by primary step 38 react with ethane or

chlorof he ratio B.... /R + R ‘should be equal
hlorocform, the ratio CdCl?/ cc1, c,H should be equal

) 4
-~ o~
to unity. In the above expression RCTCl?’ Rcch, and
Rq y denote the rates of production of CHCl,, CC C1, and
275

CoH5 radicals respectively. hese rates nave been cal-

culated according to
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R Aer = R + R + R +
HC1, CH,C1, c2H5CH012 02H015
2 R (V)
(CHCl2 )2
R = R . + 2R + 1,22 Bo o (V1)
0013 02H015 C,C1lg Czh5001J
and
Ry vy = Bppr 49 + R . + 1,22 B . +
02d5 Ci,C1, 02H50h012 02h50013
2.28 Bo o : (VIT)
4=10

Collisions between C,H, and CCl3 radicals may lead to

cC H T H) and CCl,H indicated by reactions
13C2“5 or to Cyf) and C 3 as ndicated by reactions

hE and 17,

—> C,H.CCL (46)
~

3

C’? + CC1 —_— CEHQ + CHCl3 (47)

It was impossible to analyse for trace amounts of C?H!

v

produced in the presence of 2 large excess of CzHé.
Neither is 1it, of course, possible fc determine the
amount of CHC].3 produced by reazction 47 since chloroform
is a starting material. Previous investigation (24) have
however reported k@?/kné = 0.,22., Thus, it 1s possible to
calculate the amount of CZHS and CCl3 radicals which

have reacted according to reaction 47 from the amount of

vt

C,H

™

o 3 2 4 WA ] ~ P>
CCl3 producué in reaction 45, Hence RCCl and RC rr

5 3 2Hs
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N 1 ) =29 I
(equations VI and VII) contain the term 1.22 BC?H ool

3
where 1.0 By 4 oop 2ccounts for reaction 46 and
2573
0.22 R for reaction 47,
C,H_.CCl
2757773

Similarly it has been reported that the value
k&B/kMZ = 0,14 (26-30). Where k29 and k,q are the rate

constants of reactions 42 and 43 respectively.
2 CZH5 —_— CuH1o (42)

Since two ethyl radical disappear in each reaction the
total amount of ethyl radicals involved in these re-
actions is therefore given by 2.28 RC4H1O 28 indicated
in equation VII.

The results of this material balance calculations
are given in column 4 Table 11. Considering the com-
plexity of these calculations the data are in good agree-
ment with the theoretical wvalue of unity expected for this
ratio.

Information on the reactivity difference bhetween

reactions 25 and 26 may be obtained in the following

mManner.
CZH6 + Cl ——> CZHS + HC1 (39)
01-1013 + Cl —> 0013 + HC1 (L0)

According to these reactions
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Table 11 Ratios of rate constants for the photolysis of Chloroform in the presence of Ethane
Bxp. ReoHgoHC1oR0oH01s  Re o001, RoyHong RCHCL, ?02H015 P02H6)kRCCi%//
No. RooHg0CLy R(CHCL,), o, mycHo, Foc1g B(eHy + COL,) thzclénﬁiCHClz)z | PCH015KR02HS
1. 2.0 2.3 0.88 2,12 0.23
2 | 1.9 2.3 0.92 2,07 O.l41
3 1.7 2.8 - 0.89 2.17 0.2h
N 1.7 3.0 0.87 2.30 0.37
5 1.7 2.6 0.98 2.10 0.32
6 2.0 2.2 0.90 2.09 0.3k
7 1.8 2.k 0.96 2,12 0.26
8 1.8 2.5 0.90 2,11 0.56

-12

Notet R, = Rate of formation of compound x in molecules/(sec. cc.)x10

Px = Initial concentration of reactant x in molecules/ ccxlO"17

Rccl3 = Rate formation of radicals CCl,.
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In the above equation BCCl again denotes the rate of

. 3 _
production of CCl3 radicals, RC  the rate of production
o 2%5
of ethyl radicals; P, ., denotes the initial pressure of

O H
“276
ethane, PCHC] the initial pressure of chloroform. The
-2
J

data obtained for kho/k39 are given in the last column of
Table 11 and, omitting the result of experiment number 2,
s . » - %y — +
indicate that A&O/kjg = 0,3-0.1,

I"inally 1t is possible to obtain data regarding

the disproportionation over recombination reactions be-

tween CHCl? and C?Hg radicals,

CHClz + C2H5 —_ CHZCI? + CZH4 (49)

Although the results of the individual experiments are
not tabulated in Table 11, The results clearly indicate
+
that 1%9/1‘:48 = 0,08-0.02.
The data obtained for the various rate constants

will be discussed in the next chapter.
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DISCUSSIION

The reactions which have been given in the previous
section to explain the obhserved resulis may be classified
in three parts: primary reactions, chloriane atom ab-
straction reactions and finally recombination and dis-
propertionation reactions., Tt seems logical to discuss

=

the obb311ed results iIn this order.

(I). Primary Reactions.

ect

;_x

Primary reactlong are reactions which are a di

result of the shsorptlion of 2 guantur of light by a mole-

o

cule., Since the main study dealt with the photolysis of

carbon tetrachloride in the presence of

h
(@)
o
S
P
O

hlor

}.:J.
oy

=)
=

t

e

is iﬁportant to conzider in detall the possible primary
reactlions

In order to =xplain the chserved results it was
suggested that the 2bsorption of a guantun of light by

-

CCl

)

m

used this molecule to decompose inte 2z CCl, radical
3

=

and a Cl atoxr as indicated by reaction 1.

€l + hy —> CCly + C1 (1)

This step has been previously suggested by Ffordte (58)
and has recently been discussed in detall by Roquitte and

Yijnen (23) who studied the photolysis of CCln in the

3
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s
DI‘eSfi‘(lOe Of et}_“’leneo .lt ]laS (}]_SO beel’l Suc‘;,f—lested by

Abrasmson, Buckhold and Firestone (62) as well as by sev-
eral other auvthors (59-41) that CCI“ decomposes into C1
atoms and CCl3 radicals as a result of the gamma-ray
irradiation of carbon tetrachloride. Curme and Rollefson

39 in order to

\4(\

(68) have proposed the same primary proce:
explain the data obtained in the quenching of the fluo-
scence of bata-naphthylemine by CClL.
Simons and Yarwood (69) have shown that vibration-
"ally excited CCl3 radicals are prcduced in the flash pho-
tolysis of CCl,Br and that these yvibrationally excited

3

radicals may decompose inte CCl radicals and molecular

de

chlorine However, this step is not importent in the

present investigation as explained by Roquitte and Wijnen
(23). The absorption maximum of carbon tetrachloride is
at about 2200 A° (63, 70), and the energy absorbed by the
CClM molecule in the primary step will thus be about 120
kcal/mole. The carbon-chlorine bond in CCl), is given as
68 keal/mole (71). This leaves only a2 maximum of 52 keal
rer mole of excess energy to be concentrated in the 0013
radical. The decomposition of a CCl, radical into CCl and
b
CTZ requires about 80 kcal/mole, as calculated by Simons
and Yarwood (69), and, thus, it i1s clear that this step
cannot be important to any appreciable extent. Further

more, at the relatively high pressures of the present in-

vestigation, collisional deactivation of excited radicals
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would occcur rapidly =nd would increase with increasing
pressures. The fact that the data do not show any pressure
dependence confirms that excited radicals did not play a
role in the formation of the observed products.

Tn the photolysis of mixtures of CCl, and 62H501

one other possible primary process nust be considered-the

o

deconmposition of COH5CI itself,
[

completely analogous to the primary step in the photol

of CCl,. Reaction 1€ has also been suggested by Schindler
(72) to explain data obtained by the gamma-ray radiolysis
of CZREC].

L1
@
ct
o]

Thus, 1in principle rprimary processes must be

considered-reactions 1 and 18 1f a mixture of CCl, and

-t

C?H Cl is photolysed. Never-the-less, the results obtained

\n

in the previous section indicate clearly that the products
originate ezclusively from primsry stepr 1 and not from

mental facts are glven

3
[0}
]
Q
i
ot
O
e
-3
0
+3
5
Q
Hh
O
[
-
O
1
<4
L.:.
P
2
@
LA—
”
(o]
G)
].ro
o3

to support this statement:
(2). If direct photochemical decomposition of ethyl

chloride had occurred, the ethyl radicals produced in this
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step would have resacted by recombination among then-
selves to form butane or by recombining with other
radicals present in the system (such as 0013, CHZCH201
ete.) to produce CZH§CCI3’ SCH? »Cl etc. WNone of
these products were observed,
(b). The material bszlance calculation for this in-
vestigation did yield R, /R., = 1.07 % 0.05. This
CCl Cl -
value was calculated nndo? tﬁe assunption that all

radicals were initiated exclusively by step 1- the photo-

lysis of carben tetrachloride,

CCl), + hv — ccl, + C1 (1)
v J
It 1s easy to see that undexr this condition R el “ﬂ1
must he equal to unity a2z indeed, within experlmeﬁtal

alsoc reaction

&)

error, observed. If, on the cther hand,

"18 occurs

CLI.01 + I LHL o+ O (12
then the ratio R“Cl /EE(,1 must be gmaller than unity gince
AR VN ? ol

now Cl atoms are also produced hy reaction 18, Further-
nore, this ratio must decrease with increasing CZH501

pressure if reaction 18 plays an important role in the

overall reaction mechanism. The fact that the ratio
RCCl Hﬁl is completely independent of the initlal
s
3
[

pressures of CClM and C?H5C1 clearly shows that these

two molecules do not compete in absorbing light within
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the concentration range of this
observation is in complete
obtained from the absorption spectra of

investigation.

This

agreenent with information

carbon tetra-

chloride =nd ethyl chloride Data by Treiber, Berndt
and Toplak (43), given in figure 4, confirm that the
abhgorption coefficient of CC1, is considerably larger
-

than that of 09?501 thus confirming that the reaction
rroducts should originate mainly, if not exclusivel;
from reaction 1, the absorption of light by CClu.
(II)., Chlorine zstom abstraction reactions

Chlorine atoms, produced hy the primary step of
the photolysis of CCL,, may abstract hydrogen atoms Trom

°r
gither the CHB side or the CH,Cl side of ethyl chloride
to produce primary or secondary C,F,ClL radicals as given
[ ke

by reactions 2 =znd 3.

cl + CHBCT?Cl — C?BCH01 + HCL (2)

cl + C:ﬂCiQCT — C??C3201 + HCL (2)
The folleowing two abstracticn reactlions were not in-
cluded in the gencral mechanism ziven on page 42,

C1 + CCIL,, —> CC1l, + Cl, (50)
¥ _/ fw
Cl + CH,CH,C1  —>  CpH, + Cly (51)
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The C-C1l bond in CCl) is 68 keal/mole (71) and the

Cl1~-Cl bond in 012 is 57 kcal/mole (78). Thus, reaction
80 will have an activation energy of at least 11 keal/mole.
The same reasoning leads to a minimum activation energy

of 23 kecal/mole for reaction 51 since the C-Cl bond in
C,H Cl 1s approzimately 80 kcal/mole (74). Rezctions 2
and 3, on the other hand, wlll have activation energieé
not exceeding 1 kcal/mole. Reaction 3 may be compared %o

the following reactions:

Cl + CH,CH, —> C,H, + HCl (39)
- 2

3

C1 + CH,CH,CH

3 — CHzCHZCH3 + HC1 (52)

3

In resction 52 the Cl aton in C2H501 has been replaced hy
a methyl radical. "If it is accepted that ethylchloride
may be congidered 25 propane than the activation energy
of reaction 3 should be 1 keal/mole-the value reported for
reactions 52 by Knox and Nelson (75). Alternately it may
be stated that the abstraction of an H atom from the
methyl group in CHBCHZCI willl not be more difficult than
the abstraction of an H atom from CZH6 and in that case
an activation energy of unity 1is also expected since both
Knox and Nelson (75) and also Goldfinger and co-workers
(76) report an activation energy of 1 kecal/mcle for re-
action 39. Turthermore, experiments carried out in this
- laboratory by Kelly, Yu and Wijnen (77) indicate that the

C-H bonds in carbons neighbouring to carbons containing a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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- Cl atom are weakened considerably. Thus, it is
expected that the C-H bond in the methyl group of C2H5C1
may be less than the value of 1 kecal/mole reporte& for
ethane., Since the experimental results prove that
E2<E it is completely Jjustifiable to assume that re-

tions 50 and 51 (having activation enerfies exceeding
11 kecal/mole) will not play a significant role in the
overall reaction mechanisn.

As pointed out in the previous chapter the rate of

production of CH,CHCl rediecals by rcaction 2 and of

\J.)

CH2CI Cl radicals by reaction 3 was measured and yielded
- *a oo
Beem,c u201/320ﬁ cuey = 017 =€.02
ClL + CHBCH9C1 —> CH,CHC1 + HC1 (2)
e J

Prom reactions 2 and 3 the relationship of

“¥.CH, CH,C1 %, (C,H.C1)(C1)
z 2vvets

= = 0.17%0,02
%zcaj rel 10, (C,H.C1) (C1)

This equation may be nodifled to:

35v3203201 3k, i
= = 0.1?—‘-0.02
KZCJQCH01 2 X,
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i
»
[0

Sinc

'\)

5 Cl provides threevhydrogen atoms for
abstraction by reaction 3 and only two hydrogen atoms for
abstraction by reaction 2. Thus a value of PB ko = O.11f0.01
is obtained. It should be pointed out that no previous

quantitative date are avallable regarding reactions 3 and

[o ]

2. UMost recently ¥elly and Yijnen (73) ha studied the

"

chlorination of C,H.Cl Dby photodecomposition of ICl in

A R s + .
daylight. They obtained = value k,/k. = 0,14-0,02. Con-
sidering the fact that these data have been cohtained from

completely differcent systems the agreement is excellent.

3]

The data establish withovt any deoubt that reaction

nroceeds much more rapildly then resction 2 and that thus

the C-I bond in the CH,Cl group of C,H.Cl is much weaker

than the C-E bhond in the CE i group of C? 501.

-

To explain this difference in reactivity of the

nts may be considerw~

1ude

C-H bonds in C,H.ClL the following po

K]
—+
Fete
ot
1
N

[

ed, Tirs appropriate once more to consider C,M.CL
23 & substituted propane, where the methyl group has been

replaced by a Cl atom. Reactionz 2 and 3 are then analo-

Cl + CH,CH,CH, ~—> C(CI,CECH, + HCL
cl -+ CLBCHZCH3 — CHZCHZCH3 + HC1 (52)

Data by Knox and Nelson (75) yield 1r,2/k = 0,47, data
by Kelly and Wijnen (84) zive 2 wvalue of 1x:59/’v:,:3 = 0.44,

In bhoth cases the individual rate constants are calculated
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kqg/kfg indicatecs that the comparison between propane and
i -
ethyl chloride 1g not too valid.

A mueh hetter explanation the observ difference
in kj and. kz ig provided by the clectron withdrawing
pover of the highly electreonegative C1l atom. The =zlec-

the C-H

substituted nmethanes. 4Ag an exampls may be glven the
v energies of 12,3, 14,5 and 9.3 keal/mole for
the I atonm abstractlon recction by bromine atoms from CHy,

CH,C1 and CHC1, respectivel
5]

aqualitative agreenent with sstimates by Semenov (80) re-
garding the C-I hond streagths in C,H.Cl., From thermo-

he C-II bond on the
C-H bond in the amethyl grour of C?E 1. Thus reaction 2
Cne other set of data was obtained regarding H

atom abstraction reactions by Cl atoms., 3By photolysis of

in the presence of ethane information regarding the

Q’J
5}
o]
oy
ot
&
].Jo
st
Q@
L

wing reactions ma
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Cl + Co, —> CyH, + HCL (39)

2

¢l + CHCIB —_— cc13 + HC1 (1:0)

The data yielded R cc1, /Ry = 0.,3-0.1, Taking into
account that ethane has six Dvd rogen atoms and chlorefornm
only one hydrogen atom avaellable for abstraction the
relative ratic of rate constants per available hydrogen
atom Xy, 0/Kaq = 1.8-0.6. It must be admitted that these
data are not asg accurate as mizght have heen hoped for.
However, in general, date throughouvt the literature re-

Cl a2atoms show conziderable scatiter. As zn ey-

rardine
i At V)
ample may he given the H atom abstraction rsaction from

12 A0
Xnox reports k. = 2.4 % 10295307 0/ET (81), while
-

Pritchard, Pyke and Trotmen-Iickenson report

-BHOQ/””

1 — I
;LC:}_L T .

e
| ]

e i — o .
value uno/h A = 1.2 0.6 proves conclusivelv that the

atom absbtraction from Colle by CL atoms. Scome date are

available in +the literature *ovarﬂinv Cl aton abstrasctions

and in Table 12 a summary is given of data relating direct-
1y to the present investigation. The data in Table 12
yield k@o/k39 =1x 10"3; this investigation indicates

X0 %50 = 1.8 T 0.6, Tt 1s not possible to offer an
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<5

explanaticn for this enormous discrepsncy. It is,
however, possille to tgke a closer look at these abstrac~

tion reactions. In th2 reaction

the sane H-Cl bond is formed regardless of the nature of

RH. It ig, thus, to be expected that the activation

Teble 12, Literature dota regarding H aton abstra-
ction reactions by Cl atonms.
Cl + RE —> R + EC]
nY 10710y (5000 T Referenc
nH 107" % (2987K) T Reference

“activ,
per available ¥ atom  cal/mole

Q
et
A
(]
.

2
()
&)
wn
O
~3
W

crel, 2.5 3350 81

[}

snergy of the abstraction reaction would depend to a
large extent on the strength of the C-H bond in the RH

molecule. The C-M bond in CH, is 102 kcal/mole (83)
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in C,Hg 98 kecal/mole (85) and in CHC1l, about 90

3
kcal/mele (B3). These data are not consistent with the
activation energies and reaction rates reported in Table
12. These bond strengths data suggest that H atom ab-
straction by Cl atonms might bhe easier from ”HClB than
from 02H6 as indeed suggested by the experimental value
1:1110/1«:39 obtained in this research. In addition it may
be pointed cut that Kelly and Wijnen (86) also disagree
with the data reported in Table 12. Since they obtained

than 2500 as indicated in

un

o
H
©
c—i—
5
®
L
ot

a value kCZHé/kCHu =
Table 12. In conclusion it may be stated that the data

-

from this research raise serious doubt regarding the
accuracy of some data in the literature for Cl atom

abstraction reactions.

(ITI). Recombination and Disproportionation Reactions

A congiderable amount of information has been

tudy regarding'recombination and

)]

gained in the present
disproportionation reactions of CClB, CHBCHC1, CH?CH?Cl,

CHC].2 and C?HS radicals.

4. Crogs Combination Reactions

Regarding cross combination reactions, the follow-

ing data have been obtalned.
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>
2 c013 —> C,C1, (4)
o e 9 I CH
2 CHBuHC* —_— (C-B“nC1)2 (5)
CCl. + CH.CHC1l —> (CH.CHC
3 3 3c 1cc13 (10)
2 % +
klo/kEKB 2.2 2 0.1
2 CHCl, -—3> (CHCl,), (29}
2 CH,CH,C1 ~ —> (CH,CH,C1), (30)
CHCl, + CH,CH,C1 —> CHC1,CH,CH,C1 (32)
3 & oyt
1{'722/1{29 30 = L.O ~ O.l
2 cucr, —> (CECL,), (29)
2 cu13 —> C,Cl, (")
CHCL, + cc13 —_— 001303c12 (L5)
L .5 +
1&],5/}{59}{5 = 2.2 o Ool

Vone of the above data have previously been reported In
the literature. Thus, 1t is not possible to make a direct

comparison. Th

]

se values, however, are in excellent
agreenment with similar ratios of rate constants observed

-

for alkyl radicals by various authors as given in Table 1

Lo
[SKN
—Q
!
N
N
~—
-
=
jte
ct

tle information regarding chlorinated alkyl

‘—g

adicals has been reported in the litecrature; Schindler
(72) obtained the cross combination relationship for the

following system:
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2 CHg —> Cf), (42)
2 CZHLL01 —> (C,H,C1), (30)
CoHig + CoH)C1 —> C)HCl (50)
I PR
and observed: &50/ ipk3y = 1.92 = 0.2

Wijnen (24) studied the combination and cross-combination

reactions of ethyl and trichloromethyl radicals:

2 C,l He —> Cyf, (42)
2 001 —> C,C1, (L)
CC].B c H,, —> C,! 5(: 13 (L6)

1 X

and cobtained: kus/kﬁzkﬁ = 2,0 - 0.15

£11 these values are in good agrcement with each other as
expected through the simple collision theory consideration.
Prom the data obtained for the ratios of cross-ccombination
over combination reactionzs it 1s clear that thesec values
are 211 approximately equal to two-regardless of the
nature of the participating radicals., This is to be ex-
pected from considerations of the collision theory if no
disproportionation reactions occur or if disproporticnation
‘reactlons sre neglicible compared to combination re-
actions.

Since disproportionation reactions between CHClZ
and CCl3 radicals are extremely unlikely it is interesting

1
to calculate the theoretical value of khq/xh-99 and to
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CHZClZ’ has been used for 0EHC12' Similarly 75C13
has been accepted to be equal to 5.43 A° reported as the
collision diameter of CHCl3 by Sette, Busala and Hubbard
(89}, The collision diameter ﬂZé for a reaction between
mlike radicals has been calculated from s T %(01+g%)

It is generally accepted that recombination re-

actions betweer

;.)

free radicals in the gas phase have zero

activation energles thus equation VIII simplifies to:

1 1

L. Panogp(BmE/w)
1{1,5/]:{ 9 oz 1 - J:_ :
P;,P gBCKbg(MUkT/u)“(hWkT/MB)‘

If it ig further accepted that the ratio P /*‘ P“ is
AA™ BB
equal to unity a value of 2.04 may be calculated from
11
equation VIIT for khs/kﬁkgo. This vzlue is in-excellent
. +

agreement with the experimental observed value of 242~0.1,

Other ratio of rate constants for recombination
and cross-conbination 7n,:lot ions obtalned in this study

are:

2 CH,CHCL —> (CH CHC1), ()
CH,CHC1 + CCl, -—> CH.,CHC1CC1, (10)
3 3 "3 3
CH,CH,CL + CCl; —> CCL,CH,CH,Cl (12)
CHoCHCL + CH,CH,Cl —>  CH,CHCLCH,CH,Cl (14)
.-}..

klokl@/kSKlz = 2.0 ~ 0,1
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+ CH,CHCl —> 2-C)H,Cl (22)

C. E T
275 3 g™
C2H5 ILC{~C1 —_— . Cuﬁgcl (23)
2 CBQCu01 — (CHQCHCI} (5)
<~ J
C"3“1 + CH203201 — ,“¢CHClCHqCQ c1 (14)

o
k22k1h/K23k5 = 2,1 = 0,2

2 CuCl, —> (CHC1,), (29)
CHCL, + CCl, —> C,HCl, (45)
T he
Cz.‘.if)f + CClB '_'—9 CD.L- CCl *1'\/)
CECl, + C,H, —> C,H crm g
27 veTy 25 3 2

2 CC.‘L3 — C?Clé ()
CHCl, + CCl, —=> C,ICl. (h5)
o o~ b o
“  J ) oD 3
CHCl? + C,II, —> C,H_.CHCI1, (48)
- LS L | [-5
- . / . - N -
1'-.-}4'5}&‘,'7"6/ 1(3,111,8 =L 5 ~ C. 3
In locking cver these data, the ratio's of rate constantes
4

cf these reactions again scem to have an approxinate value
of twoe

In a rather rough manner this mey be explalined by
the following considerations. If, as stated before, the
activation energles of recombination reactions are zero

and 1f the ratio of steric factors of these reactlions is
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approximately équal to unity then the ratio of rate
constants 1s determined by the collision numbers. accept-
ing for simplicity's sake that the radicals are present in
munit concentrations and epplying these consideratibns to

the following set of equatio

2 CHBCHCI —_— (CHBCHC].Z)2 , (5)

CHBCHCl + CCl3 —_—> CHBCHC]_CCZL3 (10)
CHZCHQCl + 0013 —_— CClBFIZCH ~Cl (12}
CHQ“HCl + ChZCHnCI _— CH HC ’[ T?Cl (14)

~

It is clear that one molecule of CH,CE ClCClB,

J
CcCl Cd?C“ZCl or of CH3¢H01CH?CBQCT may be foriwed by
reactions 10, 12 or 14 but that only one half of one
molecule can be formed via reactlon 5. Thug the ratio of

rate constants kiokla/k<k12?should be epproximately equs
J ..

.1 P - Y & - .
tol z1/1 = % =2 23 indeed observed. Deviations fron

f....-

this extrenely crude calculated value of two may of

course be caused by the fact that the steric factors do

not cancel each other out as assumed and by the fact that

in some ceases disproportionation reactions between two

radicals occur which should be teken in to account since

these reactlons result from the same colligion between

two radicals as that one leading to recombination products.
Finally it is of interest to study in somewhat

grest detail the recombination of two CHBCHC] radicals
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ince this reaction produces different stereochemical

lsomers.

Fan
=
-~

2 CH.CHC1 —> (CH,CHC1l),

IR 3 2

meso and racemic

The configuration c¢f the meso and racenic isomers of
2,3=dichlorobutane can be clearly represented ty the

fellowing structures.

CH
" H = /) H H
C
2 Cl el a cHs cl
CH3 . v

H H H

fornm racemic (a1 pair)
- A1) (11) (I11) (IV)

Stractures I and II are ildenticz2l and supcerimposable,

The twe structures are superimposebls Lecauge one halfl

of the molecule is the nmirror image of the other halfl,

he mesc ls opticel inactive cven though the
structure contains two asymnetric carbon atous. oStruc-
tures IITI and IV represent the racemlc mixture of 4l palr

of the 2,3-dichlorobutane. A great deal of evidence in

the literature indicates that rscemization readily takes

o
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place via free radicél ntermediates:
Gruver and Calvert (90) studied the photolysis of active
Z-methylbutanal in the presence of 12 and found that one

the reaction products was optically inactive {racenic)

Zetutyl-icdide.

C?IfCTCHO + hy — CZH5?H + CHO (55)
CEZ CH
3 3

c -_L,.;CTI O IZ —-_9 021‘15?1:11. O }
H, CH

Brown and coworkersz (54) indicated that the chlorination
at the tertlary carben of 2-nethyl-l-chlorobutane gave
rise tec racenlc 1,2~dichloro=2-methylbutane. This rew
action presunably proceeds via the tertiary radical as

shown in reactlon 57.

CoHCHCH,CL + Gl —  C,HI,OCH,CL + ECI (57
CHq ¢,
g 3

Eliel, YWilken, Fang, and Yilen (55) observed that the

jol}
[SEN

imerization of Z2-phenyl-2-butyl radical producsd =

nixture of mesgo- and racemic-3,4-diphenyl~3,l~dimethyl-~

exane ag represented in reaction 58,
2 C?H CCZ_Q —'—_9 (C()«-ch(c/~kr‘)c )m (5"))
< 5| 4 ~ 0 <
C, . meso and ¢3001¢c
v

he dimerization of two CI CHCL %ad cals to form 2,3

dichlorobutane may be i1llulstracted by Figure 9.
[
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data tend to favor a ratio larger than unity and may

indicate that the meso form of 2,3-dichlorobutane is more
stable than the racemic form. This has, as a matter of
fact, been observed for 2,3-dibromobutanes and dibromo-
stilbenes. The preferred configurations of these two
conpounds have been determined by electron diffraction
(91) and YM-ray diffraotion (92) techniques.

These studies indicate that the most stable con-
formations of the meso and racemic isomers may be repre-

sented by the following general.diagran.

| !
| |
| !
[ L.
MESO  FORM RACEMIC FORM

L denotes the largest substituent in the two isomers, M
the medium-size substituent, and S the small substitusnt.
In the meso case of 2,3-dibromobutanes, the large size
bromine atoms and methyl groups are anti to each other to
minimize steric and dipole~dipole interactions, while in
the racemic form methyl groups are forced to be gauche as

may be seen in Figure 10,
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o

b
r

mesc foran racenlic form

IjJ

Figure 10.=The most stable conformations of 2,3-dichloro-

butane isomexrs.

y

gsorier is more ctable

9]
@)
H-

Thus it is understood that the mes

S

than the racenic form as was ind

(1]
)

cd oheserved by Buckles
(93). Since chlorine atoms are smaller then bromine atoms

th

¢}

effect 1s not expected to be as large for 2,3-dichloro-
butane a2g for 2,3=-dibromobutane but an identical trend
might be expected and this is, withouvt any doubt, con-

firmed by the data obtained in this investigation.

Be Disproportionation Reactions
prop

Regarding rate constants for disproporticnation
over recombination reactions, the folleowing data have

been obtained.

CH30H01 + CCl

—> (CH,CHC1CCl

3 3 3
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H + C,H,C1 (11)

273

CH,CHC1 + ¢Cl, —> CC1
3 3 3

The data obtained in this investigation indicate &11/L10 =
C.25 - 0.0B. ‘No ther data are avallable in the literature
for this ratio. Previously, data have been reported for

- the reactions

+ CCl, —> cc1 o 2Hs (4s)

02H5
CZH5

+ .
.22 - 0.03 was obtained.

3

. p 5 I , -
and a value Au7/kué =
Reactions 11 and 47 are very much alike since in

[

both cases the CCl3 radical reacts to ahstract a hydrogen
atom from the 73 groups of the CHQC"C] respect CII CHP
radical. Thus the dete for k,/k,, and Kh7/khé are in

excellent agreement,

Juto

Tt is also interesting to ccmpare these data to

those reported in the literature for the reactions

3 T " r
02u5 + CHB —_— CBHB (59)

In this case kéo/k59 = 0,05 - 0,01 (94, 95)s Thus a
trichloro methyl radical reacts quite different from a
non~-substituted methyl radical. No data have, so far,
been reported in the literature regarding disproportio-

nation reactions involving CHCl2 radicals. Two ratlos of

rate constants have been obtained in this study for
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reactions in which CHCl, radicals take part these
[

+

reactions are:

CI,CH,CL + CHCl, —> CH,CH,C1CHCL, (32)
CH,CH,C1 + CHCl, —> CHyCl, + CyH;CL (33)
-+
Knnlkan = 0,08 - 0,01
7532
T T OU0 Lo
CEH5 + CHCl, —> CEHEC“C12 (Le)
CZAS + CHCl, ——> CHCl, + Gy, (49)
Kyg/kyp = 0408 T o.02 “’
It is interesting to compare kug/khﬂ with ku7/k4< and
kéo/k59. Such a comparison would tend to indicate that

a CHCl9 radical reacts much more like a CE-I3 radical than

like a CCl, rzdical since the observed value th/"b = 0,02

3
is nmuch closer to 0.05 { as observed with CH, radicals )
.).

i8propor-

D

radical

U)

than to 0.22 ag ohserved with CC1

P

(‘.u

din

}
|
'

(G
2

=3
concluding this sectlon regar
tionation and recombination reactions 1t is important to
point out that the mechanism of disproportionatlion and
recombination reactions is s8%till not fully understood
(96~98)., This lack in understanding of this mechanism is
in part dus to a lack of data necessary to test any theoxy.
This lack of data was particularly noteworthy for re-

actions involving substituted alkyl radicals. It is hoped

that the data reported in this section may ultimately
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contribute to an understanding of the dispropor-

" tionation and reconbination reaction mechanism,.
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favered over the production of the rzcemic form.

In regard to disproportionation and recombination
reactlions may be mentioned the data obtained for re-
actions 10 and 11.

CCJ.B + CE,CICE CC’]_BI-I *+ CH,CHCL (10)

CCl, + CH CICl ~—— CH,Cc{Ccc1.)uCc1 (11)

3 3
The date yield k,,/kyq = 0.25 2 0.0% confirming that
CCl, madicals are much wore reactive toward dispropor-
>
tionation reactlions then wnsubstituted nethyl radicals.

Additional studiez to confirm and extend the zbove
date were carried out by photolyzing CHClB in the presence
of Czlh, CHClJ in the pregence c¢f ethane, and C“:’Jlq in
the precsence of CZEQC..

In general it may bHe otated that this thesils
provides coneglderable information regerding the reactlions
cf Cl substituted methyl snd ethyl radlcals, It 1s

articulsrly in this area that, thue far, feow quantitative
date have been reported in the litersture
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