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ABSTRACT

The formation of dimers of 1,3-cyclohexadiene during
vy-radiolysis of solutions of the diene in various solvents
has been investigated. Two sets of dimers were formed.
The first set consisted of the endo (I) and exo (II) 1,4
adducts. The second set consisted of (II) and the cis-
trans-cis (III) and all-cis (IV) 1,2-adducts. The yield
of I increased with an increase in diene concentration,
until a maximum was reached; a further increase in diene
concentration lowered the yield, reaching G(I) = 1.43 in
pure 1,3-cyclohexadiene. The maximum yields of I observed
were: G(I) = 12 at v 0.2 mole % diene in benzene, G(I) =
6.4 at 7 mole % in cyclohexane and hexane, and G(I) = 3.1
at 50 mole % in di-n-propyl ether. Ethanol inhibited the
formation «f 1, 2 wmaximum was not observed.

The yield of IV increased with an increase in diene
concentration to G(IV) = 0.83 in pure 1,3-cyclohexadiene.

Addition of CC14, N,O, SF

2 6" and 0, prior to radioly-
sis increased the yield of I while the yield of IV was de-
creased. Addition of ethanol or propyl ether decreased the
yield of I in cyclohexane solutions. The yield of I
decreased and the yield of IV remained unchanged when ethanol
was present in benzene solutions. The yield of IV remained

constant in cyclohexane solutions when propyl ether was

used as additive. Ethanol completely inhibited the form-
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ation of IV in cyclohexane solutions.

pimer I is formed in a positive ion chain reaction
jnitiated by charge transfer from the solvent in benzene,
cyclohexane, and hexane solutions. In ethanol and in di-
lute solutions of 1,3-cyclohexadiene in propyl ether
charge transfer from the solvent does not occur.

To explain the maximum in the G(I) vs diene concen-
tration curves it is suggested that one of the chain
carriers can enter into two reactions that differ in order
with respect to diene concentration; the lower order
reaction propagates the chain and the higher order re-
action terminates it.

Electronically excited (triplet) benzene molecules
formed directly by the radiation and by ion-neutralization
might be precursors to dimer IV in benzene solution.

Dimer IV is formed during neutralization or as a result
of neutralization in cyclohexane solutions.

Neutralization involving a cyclohexane positive ion

does not lead to 1IV.
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INTRODUCTTION

A. y-Radiolysis; General features.

1. Physical stage: energy absorption.

When 60Co y-rays interact with low atomic weight
materials the most important energy transfer process is
the Compton process (la). The primary electrons set in
motion by Compton absorption have an average energy (1b)
of 0.6 million electron volt (MeV), and a range of app-
roximately 0.3 cm in liquid alkanes (2). Since the
jrradiation vessels used for liquids are usually 1-2
cm in diameter, these Compton electrons are absorbed in
the liquid sample.

A Compton electron may interact with the molecules
of a medium by elastic and inelastic collisions and by
bremsstrahlung production. Of these three processes
jnelastic scattering is the most important means of energy
loss. Bethe (3) developed an eguation for the collisional
rate of energy loss of a high energy electron per unit

path length in a mediun. Bethe (4) also derived the ratio

daT
of the bremsstrahlung energy loss _EE) rad to that for
. . ar
collisional loss |- 35| coll °
(_ dr
ds|rad 77

(_ g;r_) 1600 m_c”
ds/coll



where T is the relativistic kinetic energy of the electron,
7 is the effective atomic number of the medium, m is the
electron rest mass and ¢ is the velocity of light in vacu-
um. For a 0.6 MeV Compton electron, moderated by graphite
this ratio is about 0.004. Thus, bremsstrahlung as a mode
of energy loss may be neglected here, although it is of
vital importance in the design of protective shielding

of radiation sources.

A primary (Compton) electron interacts with mole-
cules of the medium to produce excitation and ionization.
Each ionization produces a secondary electron which in
turn, when it possesses sufficient energy, ionizes and
excites additional molecules. For simplicity, all liber-
ated electrons other than the primaries may be classified

as secondaries.

The above mentioned processes are completed in 10-15

sec (5). The vibrations, rotations and translations of
the molecules of the medium are slow compared to the speed
with which energy absorption by the medium takes place.

The medium is effectively static during the absorption

process.

2, Physico chemical stage: attainment of thermal
equilibrium.
In a period of about 10_12 sec following the energy

absorption, the excited species reach thermal equilibrium.



Radicals are formed, ion-molecule reactions and energy
transfer occur. Within this period the secondary
electrons are thermalized.

The fate of the secondary electrons has been the
subject of a number of experimental and theoretical
studies. Two divergent theories have been proposed
for slow electrons in water. Samuel and Magee (6)
calculated that a secondary electron would travel, on the
average, only about 15 i from its parent ion and would
retﬁrn to its parent ion in less than 10-'13 sec. Platzman
(7) estimated that the electron would travel at least
50 R from the parent ion in 10'_12 sec and would then
become solvated. The solvated electron would then have
an extended lifetime. The effect of scavengers on the
radiolysis of water tends to support Magee's spatial
distribution (8) but the spectroscopic observation of
large yields of solvated electrons microseconds after
their generation (9) supports Platzman's time scale.
Solvated electrons have also been produced in other
(non-radiolysis) systems (10). Little doubt remains
about the existence of solvated electrons in irradiated

polar media (1l1).

3. Chemical Stage: attainment of chemical equilibrium

The chemical stage consists of diffusion and chemi-

cal reaction of the reactive species leading to the
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establishment of chemical equilibrium. The chemical stage
may be divided into two periods. The first period ends at
about 10—8 sec. By this time the initially produced high
local concentrations of reactive species (spurs) have dis-
appeared by reaction and diffusion. The second period
from 10_8 sec upwards shows chemistry of reactive species

homogeneously distributed through the bulk of the medium.

4. Lifetimes of the reactive species.

In this section the discussion will be limited to
those reactive species that live longer than about 10-12

sec and to the radiolysis of organic liquids.

(a) Ions and electrons.

A fraction of the initially formed ions might under-
go geminate recombination (recombination of an electron
and its parent ion) within 10—12 sec, with formation of
an excited molecule. These excited molecules would presum-
ably have similar properties to those formed directly by
jnteraction between the energetic electrons and the medium;
they will be discussed later. The net effect of the pro-
cess might be that G(total ionization) as measured by
chehical methods is lower than its real value.

Conductance measurements during y-radiolysis of hydro-

carbons (12,13) and of halogen substituted hydrocarbons

and ethers (14) show that a small fraction of the ions



does survive a considerable length of time, although no
obvious solvation mechanism for electrons exists in non
polar media.

The results were accomodated by electron "trapping"
in the cavities between the molecules of the medium
(14,15). The electron is no* viewed as a diffuse cloud
of negative charge, extending over several molecular
diameters but rather a small entity of molecular dimen-
sions, diffusing through the liquid much like ordinary
molecules do, by discrete diffusive jumps.

Electrons and ions are not homogeneously distri-
buted with respect to each other, but they occur in pairs.
For instance in cyclohexane about 94% of the electrons
have an initial separation distance of less than 100 R,
and 65% are found within 20 i of the parent positive ion
(16).

The non-hcmogeneous kinetics resulting from this
model was applied successfully to quantitatively des-
cribe product yields from both positive ion and electron
scavenger solutions. Some of the systems to which the
kinetics model has been applied are the yield of HD from
cyclohexane ethanol-OD solutions (16), the hydrogen yield
from methylcyclopentane/SF6 solutions (17), and (in a
slightly modified form) the hydrogen yield from cyclo-

pentane solutions of SF¢ and perfluorocyclobutane (18).



10 .
Tsﬁ313- Fi2C) .
Q
O 06 F ]
pe
1 R .
L 04 CH,COCH,

O
0.2} -
¢-CeHio
O 1 | 1 1 I T
12 11 10 9] 8 7 G 5
-LOG t (sec)
FIGURE I-1 Lifetimes of solvated electrons after an

instantaneous pulse of radiation in pure
water, acetone and cyclohexane.



The model has also been used to calculate the ion
lifetimes in water, acetone, ethanol, and cyclohexane (19).
The results, which are in agreement with the limited
experimental measurements of ion lifetimes (20,21) are
partially reproduced in Fig. I-1. From this figure it
can be seen that in cyclohexane about 84% of the ions,

that are present at 10“'12 sec after track formation re-

combine within 10 10 sec.

(b) - Excited molecules

There are as many types cf excited molecules as
there are types of energy levels that can be excited.

Each type of excited molecule has its own characteristic
behaviour, so they will be treated separately.

Rotational excitation is short-lived, moreover the
rotational quanta are so small that product formation
from rotationally excited molecules probably does not
occur. Vibrationally excited molecules lose their excess
energy rapidly by collisions with neighbouring molecules.
These collisions have frequencies of about 1013 collisions/
sec. The spacing between the vibrational energy lévels is
independent of the energy level, to a first approximation,
thus energy transfer to another molecule is a resonance

process and consequently very efficient.

The fluorescence spectrum of molecules is independent



of the wavelength of the exciting light, thus vibrational
excitation of the electronically excited molecule was
dissipated within the radiative lifetime of the excited
state (22). To sum up, excess vibrational energy is lost

=12 45 1072 sec. A vibrationally excited mole-

within 10
cule may decompcse into radicals. The time required for
this disscciation is of the same order as the time for

-13 to 10—12 sec).

one vibration (10
The several modes of deactivation open to electron-
ically excited molecules may be divided into radiative
and non-radiative processes. When considering the life-
times of excited molecules it is more illustrative to
make a division between unimolecular and bimolecular pro-
cesses. For it is in this respect that they differ from
jons. When ar. icn reacts with a neutral molecule the
jdentity of the ion changes but an ionic centre is pre-
served. The species that will eventually terminate the
existence of an ion is also generated by the radiation.
Termination cccurs in a bimolecular process between
reactants that are present in equal amourts. Kinetic
complexities occur (see above), but general remarks
about ion lifetimes that apply to more than only one
system can be made. Electronically excited centres are
destroyed by a variety of processes, all of which are

dependent on the system under consideration. Consequently



each system must be treated on its own and general state-
ments about the lifetime of electronically excited mole-
cules in radiolysis systems are not possible.

The largest single factor determining the lifetime
of an electronic excited state is its multiplicity.Transi-
tions between states of the same multiplicity are allowed
and take place between 1072 and 107> sec. Transitions
between states of different multiplicity are forbidden.
The triplet excited state of a molecule with a singlet
ground state has a lifetime that is generally a factor
of 103 to 104 longer than the lifetime of the singlet
excited state of the same molecule (23).

Among the unimolecular deactivating processes that
an excited molecule may undergo are:

- radiationless decay to the ground state (solvent

quenching, thermal quenching)

- chemical reaction, e.g. rearrangement, dissociation

Examples of bimolecular processes are:

- concentration quenching

quenching by a solute or radical

energy transfer

chemical reaction with a substrate or solute mole-

cule.
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c. Radicals.

Radicals also show a complex decrease in number with
time. As with ions and neutral excited molecules, they
may be produced in high local concentrations. The distri-
bution of the radicals in space might be more homogeneous
than the initial distribution of the ions and excited
molecules when an appreciable fraction of the radicals is
formed from ion-molecule reactions and from excited mole-
cules, the latter formed directly by the radiation and
from neutralization reactions. For in these cases radi-
cal formation occurs after expansion of the spurs has
already started (24).

A major pyoblem facing the development of a quanti-
tative kinetic treatment of radicals in the early part
of the chemical stage is the lack of unambiguous experi-
mental data. An ideal radical scavenger should scavenge
only radicals. However many radical scavengers are also
good charge scavengers. Nitric oxide, a stable free
radical, has been extensively used to suppress radical
reactions. Charge transfer from aliphatic hydrocarbon
positive ions to nitric oxide can occur since the ioniza-
tion potential (IP) of NO, 9.25 eV (25), is lower than
the IP of saturated aliphatic hydrocarbons; which range
approximately from 9.88 eV (cyclohexane) to 12.98 eV

(methane) (26). 1In addition, the electron affinity of
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nitric oxide, 0.91 eV (27), enables it to be a good
electron scavenger. Galvinoxyl*, a stable free radical,
has been shown to quench triplet excited states of
benzene in addition to scavenging radicals (28).

After the spurs are dissipated by diffusion in about
10'—8 sec the kinetic treatment of radicals is straight

forward. 1In order to calculate an average lifetime ta

of radicals during continuous irradiation, the following

mechanism is assumed:

M +> 2R rate: k'I (1)

R* + R° > R rate: k (2)

2’
in which R* 1is any radical, I is the irradiation dose
rate and reaction (2) is the sum of all radical-radical
reactions which terminate their existence. It is assumed

that no other reactions remove radical centres from the

system. Steady state treatment yields:

difl = k' 1- 2 R1%2=0 (eq. I-1)

1)
Rearrangement gives [R*] = (k I/k);i
The average lifetime t of a radical is given by:

t, = (2k[R-])"3 | (eq. I-2)

« :
2,6—di—tert-butyl—a—(3,5-di—tert—buty1-4—oxo-2,5—cyclo—
hexadiene-l-ylidene)-p-tolyloxy.
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Substitution of the expression for [R*] obtained from

(eq. I-1) into (eq. I-2) gives:

€, = (4k k' 1) 7% (eq. I-3)

Eq. I-3 shows that the average lifetime is inversely pro-
portional to the sguare root of the dose rate. If I is
in units of eV/(cm3 sec) and concentrations are in molar
units 2k' = 10 G(R*)I/N, where N is the Avogadro number.
Substituting in eq. I-3 the number values; I = 0.8 x 1016
eV/'(cm3 sec), which is the dose rate in cyclohexane of
the Gammacell 200 used in this work, G(R*) = 6, and

k= 3.4 x 109 1/ (mole sec), which is the rate constant
for reaction between two methyl radicals (29), an average
lifetime ta ~ 10 msec is obtained. If the radicals can
also react with a solute in the medium, with the medium
jtself, or a radiolysis product, their average lifetimes

will be much smaller than this.

B. Reactions of ions, excited molecules and free radicals.

1. Ions.

(a) Dissociation.

Some positive ions formed by the radiation contain
enough energy to dissociate into smaller ions and mole-
cules or radicals. Evidence for this reaction in the gas

phase can be found in the mass spectrum of many compounds.
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The occurrence of "metastable" ions in mass spectra in-
dicates that an ion might survive a long period of time

(1-10 usec) before dissociation occurs.

(b) Rearrangement.

Rearrangement of positive ions is a commonly used
step in organic reaction mechanisms in solution. Reports
of ion rearrangement in radiolysis systems are scarce.
Wagner proposes a rearrangement of a radical cation in

the radiolysis of l-pentene, to account for the observed

3-n-decene (30).

H H H
C. C °C
n/ \ u/ \ H
R-C CH R-C / CH2 R-C+/ \CH2
H, H
pec” m 2 R-c/g—‘—cn2 R-CS-C°— CH,
H2 H2

Rearrangement of the positive ions of toluene and
cycloheptatriene has been advanced as an explanation for
the close resemblance between the mass spectra of the
two compounds (31). Later studies with deuterated tolu-
enes in a mass spectrometer equipped with a pulsed ion
source indicate that rearrangement of the toluene positive

jon is accompanied by dissociation (32).
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(c) Charge Transfer

Charge transfer from a substrate ion to a solute
or radiolysis product molecule can occur when the recom-
bination energy of the ion with an electron is higher
than or equal to the ionization potential of the acceptor

in the medium.

(d) Jon-molecule reactions.

The occurrence of ion-molecule reactions in the
gas phase has been known for a long time. As a matter
of fact in the early history of radiation chemistry these
reactions were considered exclusively in the rationaliza-
tion of the observed radiolysis product yields (33).

Most of the information about ion-molecule reactions
comes from mass spectrometric studies (34). The role of
these reactions in liquid phase radiolysis of hydrocarbons
was first recognized by Davison, Pinner and Worrall (35)
who held ionic intermediates responsible for the radiation
induced polymerization of isobutylene.

Williams (36) observed a change in the isotopic
composition of hydrogen evolved from cyclohexane contain-
ing small amounts of ND3:
AH' + ND, > A+ ND jH*
H+ ‘e /\ND3 + H

\'NDZH + D

ND3
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Irradiation of solid solutions of conjugated dienes
in methyltetrahydrofuran at -196°C leads to the formation
of solute anions. Ethers provide suitable matrices for
solute anions because the positive charge is stabilized

by the proton or H-atom transfer reaction (37):

ROCH2R+ + ROCHZR > (ROCHZR) H+ + ROCHR

Another example of an ion-molecule reaction that
occurs in the solid phase at -196°C is the formation of

allylic radicals from butadiene negative ions in alcoholic

matrices (37):

H,C=CH-CH=CH " + ROH -+ H.C=T~C-CH., + RO

2 2 H H 3
2. Excited molecules.
(a) Photon emission.

An electronically excited molecule may return to the
ground state by emission of a photon: fluorescence and
phosphorescence. The ability of a molecule to fluoresce
depends in no small measure on its chemical constitution.
Aliphatic hydrocarbons do not fluoresce (see below) while

many aromatic hydrocarbons including benzene do so (38).

(b) Dissociation and rearrangement.

The energy of the lowest excited singlet state of

benzene is 106 kcal/mole, as determined from the short-
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wavelength onset (2690 R) of its fluorescence spectrum
(39). The heat of dissociation of CgHg-H bond is 104
kcal/mole (40a). The energy content of the lowest ex-
cited singlet state of benzene is probably not sufficient
to cause dissociation of the molecule. In contrast, cyclo-
hexane only absorbs light of wavelength shorter than

about 1750 R (> 163 kcal/mole) (41). The heat of dissoci-
ation of aliphatic C-H and C-C bonds is about 98 and 80
kcal/mole respectively. Thus there is sufficient energy
available in an excited cyclohexane molecule for dissoci-
ation to occur. Dissociation is suspected to cause the
failure of aliphatic hydrocarbons to fluoresce (42).

The introduction of olefinic bonds in an aliphatic
hydrocarbon increases the wavelength of the absorbed
~1ight, but it also reduces the bond dissociation energy
of the weakest bond in the molecule. For instance the
absorption spectrum of 1,3-cyclohexadiene has a maximum
at about 2500 i; the absorption starts near 2800 R
(v 102 kcal/mole) (43). The heat of dissociation of an
allylic type hydrogen is about 77 kcal/mole. Again there
is sufficient energy available to cause dissociation of
singlet excited 1,3-cyclohexadiene into an H atom and a
cyclohexadienyl radical.

Rearrangement of the bonds may also occur in the

excited state. A facile rearrangement of 1,3-cyclohexa-
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dienes is ring opening to l,3,5—héxatrienes (44,45) :

O = C

(c) Intersystem crossover.

Intersystem crossover occurs when the total spin
quantum number of an excited state changes. Theoretically
the process is forbidden in hydrocarbon molecules. To
effectuate a change of spin of one electron a magnetic
moﬁent must be applied, or a second particle able to pre-
serve the spin must be present. In this respect it is
interesting to note that a trapped electron could function
as a spin preserving particle, thus increasing the rate
of intersystem crossover, both from the singlet excited
state to the triplet excited state and from the triplet
excited state to the groundstate.

From gas phase studies of the benzene sensitized
isomerization of butene-2 (46), a process that involves
the triplet state of benzene (47), it was concluded that
intersystem crossover was a unimolecular process at

pressures below 2 X 10—3 mm Hg. At higher pressures it

was a bimolecular process.
Intersystem crossover from excited singlet states
is not the only source of triplet excited molecules in

radiolysis systems. Thomas and coworkers (48), in a
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pulsed radiolysis study of the systém cyclohexane~anthracene,
using nanosecond pulses, found a high yield (G~ 2) of
anthracene triplets at the end of the pulse. They attributed
these to excitation of anthracene directly into the triplet
state by interaction with secondary electrons. The latter
process is allowed since the exciting electron can conserve
the spin.

Another source of triplet state molecules is the ion-
neutralization reaction. On statistical grounds it is
expected that a neutralization reaction in 75% of the cases
will yield a triplet excited molecule. Thomas et al. (48)
found that in addition to the triplets present at the end
of the pulse, there were triplets formed after the pulse
(48) . The formation of these latter triplets shows the

same kinetics as the disappearance of negative ijons.

(d) Energy transfer.

Energy transfer occurs when the energy of the excited
state of the acceptor molecule is equal to or lower than
the energy of the excited state of the donor. The process
is important in sensitized photochemical syntheses and in
scintillator solutions, which are widely used in heavy
particle and y-ray spectroscopy and in radioactivity

counters.

Triplet-triplet energy transfer appears to proceed
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at diffusion controlled rates when the process is about

3 to 5 kcal/mole exothermic (49). Cundall and Griffiths
(50, 5la) used the sensitized cis-trans isomerizatioﬁ of
2-butene in benzene solution to determine the yield of
triplet state benzene molecules in the y-radiolysis of
benzene. The sum of G{cis+trans) and G (trans—+cis) gave
G(triplet benzene) = 4.23 which was later revised to 4.67
(51b). Golub and coworkers (52) using the same technique
with homologs of 2-butene estimated G(triplet benzene) =
5.0.

Several groups attempted to measure G(triplets) in
benzene by isomerization of cis and trans stilbene (1,2
diphenylethene). G(triplet benzene) was variously estim-
ated as: 0.4 (53); ~ 1 (54); 5.0 (55); and 9.9 (56).

The situation seems to have been clarified a great deal
by Hentz and coworkeré (57,58) who showed that isomerization
of cis to trans stilbene in benzene might proceed via an
jonic chain mechanism:
B -»B' +e
e + c-St =+ t-St’
t-st” + c-St ~+ t-St + tSt’
where B is benzene and St is stilbene. G(c+t) as high as
210 was measured after thorough purification of cis-Stilbene.
The mechanism is supported by the spectroscopic observation

of the negative ion absorption spectrum of cis and trans
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stilbene during pulsed radiolysis. The two spectra are
identical, indicating that cis stilbene upon capturing of
an electron immediately acquires the trans negative ion
configuration (59). From G(t+c) = 3.0 and the known ratio
of quantum yields for the photolytic isomerization of the
stilbenes (sensitizer benzophenone) (60) they (57) arrive
at G(triplets) = 5.4. The occurrence of trans to cis iso-
merization in cyclohexane (2-butene does not isomerize in
cyclohexane) and the marked effect of CCl, on G(t+c) in
benzene and cyclohexane solutions (57) make the interpre-
tation of the observed isomerization in terms of G(trip-
let benzene) a hazardous operation. It was assumed that

a fraction of the stilbene'triplets involved were formed
upon neutralization of a stilbene negative ion. 1If a
yield G(ion pairs) of ~ 3 is assumed it follows from
G(triplets) = 5.4 that the yield for production of benzene
triplets via excitation alone must be n 2.4 (57).

The complex isomerization of the stilbenes and the
spectroscopic observation of anthracene and naphthalene
triplets in cyclohexane (48), as was already mentioned
in the previous section, indicate that caution with
respect to energy transfer as source of triplet state

solute molecules in radiolysis systems is warranted.
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(e) Quenching.

Quenching is the interaction between an electronic
excited molecule and a second molecule which leads to the
transformation of electronic excitation into an other
form of energy, such as vibrational or chemical energy.
The term quenching is often used to indicate energy trans-
fer although the two processes are basically different.

Molecules such as naphthalene, which are diamagnetic,
guench triplet states because of the favorable position
of their lowest triplet state. In the process a naphthal-
ene triplet is produced which in turn might transfer its
energy to a third compound. Thus it is possible that
naphthalene is a quencher, inert, or even a sensitizer,
depending on the energies of the triplet states of the
other components of the system.

Paramagnetic molecules are postulated to quench
triplet states through the perturbation caused by the
uncoupled spins. Quenching of triplet states by oxygen
and the reverse process: enhancement of singlet triplet
absorption under high pressures of oxygen have been the
subject of many theoretical and experimental studies.
Charge transfer states appear to be involved in both pro-
cesses (61,62). The energy of the triplet excited state
of many compounds has been measured by the absorption

spectrum produced under high pressures of oxygen (64).
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Quenching of triplet excited states may be accom-

plished by triplet excited molecules:

B+ "B - B+ B

where B is benzene and the superscript 3 and 1 refer to
triplet and singlet excited states respectively. This
process is thought to cause the shorter lifetime of ben-
zene triplets in radiolysis systems as compared to the
lifetime in systems where radiation is absent (48) . How-
ever Cundall et al (65) considered radical quenching as
being responsible for the short lifetimes. A third reason

might be quenching by trapped electrons, as was mentioned

in section B-2-cC.

(f) Chemical reaction.

A classic example of deactivation of an excited
molecule through chemical reaction is the dimerization of
anthracene during photolysis in benzene solution (66).
The fluorescence yield decreases and the dimer yield
increases with an increase in anthracene concentration:

*
A R, a

* []
A > A + hv

*

This process is a rather general phenomenon (67). It is

known as self-quenching or concentration quenching. In
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some instances the dimers formed are themselves electroni-
cally excited, thus giving rise to a change in the fluores-
cence spectrum of the solution (68) .

Acyclic or macrocyclic olefins in the triplet excited
state undergo cis-trans isomerization of the double bond,
undoubtedly as a conseguence of the preferred orthogonal
conformation of triplet olefins (69). Dimers from non-
cyclic olefins could not be obtained (70). Olefins in
which the trans isomer would be highly strained, for in-

stance small ring olefins, are reported to dimerize (71)

e.g:

hv +
benzenei

and to undergo addition reactions with alcohols (72,73).

Hy CH, CH OCH,
hv s
CH.,OD
xyl%ne +
9:1
1 : 1. 2

Conjugated dienes in the triplet excited state show
similar reactions. Cis-trans isomerization has been re-
ported for 1,3-pentadiene (74). Dimerization occurs with

1,3-butadiene (75,76) and 1,3-cyclohexadiene (77) .
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3. Radicals

The reactions of radicals are most conveniently
studied in systems where excited molecules and ions are
absent, such as the mercury photosensitized decomposition
of saturated hydrocarbons (78,79), where only C-H bond
rupture results from the reaction between an excited
mercury atom and a substrate molecule. At room temper-
ature in the liquid phase radicals may undergo the follow-

ing reactions:

(a) abstraction H. + [::j —) H, +[::J

(b) addition to a double bond resulting in the
formation of a new radical.

H. + [::) —_ [::)'
(c) combination: [::].
2 — OO0

(d) disproportionation:

T - 00

When radicals finally disappear they do so by reaction

c or d.

C. Some physical and chemical properties of 1,3-cyclo-

hexadiene.

Since the principal compound in the present study was

1,3-cyclohexadiene (CHD) it was thought useful to describe
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this compound and some of its reactions in detail.

1. Molecular structure.

From an investigation of the microwave spectrum of
CHD, Butcher (80) was able to deduce the dipole moment
(W = 0.437 + 0.014 D), and the degree of nonplanarity of
the molecule. It was assumed that the ethylene groups
were planar. The angle over which one ethylene group was
rotated relative to the other ethylene group about the
C,—C3 bond was found to be 17.5 + 2°, relative to 0° for
thé planar ring. It appears that the effects of resonance,
which would favor conjugate double bonds to be coplanar,
are outweighed by the steric effects between protons and

the bond angle strain which would exist in the planar ring.

2. Resonance energy.

In accordance with this nonplanar picture of the mole-
cule is the low resonance energy, viz. 1.8 kcal/mole, as
compared to the resonance energies of 1,3-butadiene and
1,3-pentadiene which are 3.5.and 4.2 kcal/mole respectively

(40b) .

3. Energy levels of the first excited singlet and triplet

states.

The absorption spectrum of CHD consists of a broad band

(]
with a maximum in the vicinity of 2500 A. The absorption
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starts near 2800 i (41). 1f thié latter wavelength is
taken as corresponding to the O » O band, the energy of
the lowest excited singlet state of CHD is about 102
kcal/mole.

Singlet-triplet absorption under high pressure of
oxygen exhibits a maximum at approximately 4350 R. Evans
(64) placed the O +» 0 band at 5350 g, corresponding to

an energy of 53.5 kcal/mole for the lowest excited trip-

let state of CHD.

4. Ionization potential.

The appearance potentials of the parent ions of
several compounds have been measured by Wakeford (81).
The values found were: cyclohexene and l,4-cyclohexadiene
9.2 + 0.2 eV, CHD 8.7 + 0.3 eV. Thus the appearance
potential of CHD is about 0.5 eV lower than the appearance
potential of the parent ion of cyclohexene. The ionization
potential of cycloherene, measured by the photoionization
method is given by Watanabe et al. (25) as 8.945 + 0.01
eV. The value of the ionization potential of CHD would
then be about 8.45 eV. Kiser in his compilation of ion-
ization potentials (26) lists cyclohexadiene, but unfor-
tunately no specification of 1,3 or 1,4 is given. The
listed value is 8.40 eV. It may be assumed that 1,3-cyclo-
hexadiene was intended by Kiser, since the ionization

potential of 1,4-cyclohexadiene would be closer to the
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value for cyclohexene, if the appearance potentials are
taken as an indication.

As Kiser's value agrees so well with the value
obtained from the appearance potentials it seems reason-
able to take 8.40 eV (193 kcal/mole) as the ionization

potential of 1,3-cyclohexadiene.

5. Photolysis.

The photochemistry of CHD has recently been reviewed
by Srinivasan (82).

The products that are attributed to the singlet ex-
cited state are 1,3,5-hexatriene and 1,2,4-hexatriene.
Other products including benzene, hydrogen, acetylene,
and ethylene are thought to be formed from the vibra-
tionally excited ground state. In line with this inter-
pretation is the formation of the latter products during
pyrolysis.

Experimentally, the crossover of the singlet excited

state to the triplet excited state has not been observed.

6. Thermal and photosensitized dimerizations.

Two papers dealing with the thermal and photo-
sensitized dimerizations of CHD have been published sihce
the work presented in this report was started. Although
the theoretical interpretations of the results differ

widely in these papers, the basic results are identical,
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thus reinforcing each other.

(a) Thermal dimerization.

Heating of CHD in a closed tube at 200°C for 24 hr
gives a mixture of two dimers, I and II, in a ratio of

approximately 3:1 (77,83)

AT
2 — [
I I1
I = endo-tricyclo[6.2.2.02'7]dodeca—3,9—diene
11 = exo—tricyclo[6.2.2.02'7]dodeca-3,9-diene

These dimers will be referred to as thermal dimers.

(b) Fhotosensitized dimerization.

Photolysis of solutions of CHD in isopentane in the
presence of the sensitizer B-acetonaphthone leads to the
formation of four dimers in 90% yield (77). Two dimers

were the same as the thermal dimers (77) described above.

Eii:] sensitizer I+1I1 + +
IIT

IV
relative yields (trace) 1 : 3 : 1

III: trans—cis—trans—tricyclo[6.4.0.02'7]dodeca-3,11—diene
1V: cis~cis-cis -tricyclo[6.4.0.02'7]dodeca—3,ll—diene

Photolysis of the neat liquid with light of wave-
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length > 3300 R in the presence or absence of a sensitizer
(benzophenone) also produces these dimers (83).

The dimers III and IV will be referred to as photo-
dimers.

Upon heating in a closed tube the dimers III and IV
rearrange into I and Il respectively (77, 83). The entropy
and enthalpy of activation of these rearrangements have

been measured (77):

*

*
III » I AH 36.8 kcal/mole AS

I
n

-3.2 e.u.

*
IV » I1I AH

*
33.0 kcal/mole AS +4.6 e.u.

Thus IV is less stable than III at elevated temperatures.

Above 160°C the isomerizations occur at measurable rate

(77,83).

D. Dimerization during y-radiolysis.

In the course of a study of the y-radiolysis of cyclo-

hexene Wakeford (81) found that addition of small amounts

of CHD to the cyclohexene prior to radiolysis led to the
formation of a new product that was tentatively identified
as the Diels Alder dimer (I) of CHD. The same product was
formed during the radiolysis of cyclohexane solutions of
CHD. The yield of the dimer was a sensitive function of

the amount of diene present. The yield increased rapidly

with an increase in concentration. G(dimer) reached a maxi-
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mum of about 6.5 between 2 and 9 mole % CHD, then decreased
to a value < 4.0 by the time 70 mole % CHD had been added
to cyclohexene.

The structure of the dimer ruled out a radical mech-
anism for its formation. Charge scavenging alone could
not account for the observed dimer yield, since G(total
ionization) is about 4.5 for hydrocarbons in the gas phase
and probably the same value applies to the liquid phase.
Charge scavenging in combination with energy transfer from
excited molecules or energy transfer alone were proposed

as being instrumental in the diene formation.

E. Extent of present study.

The present investigation of the dimerization of
1,3-cyclohexadiene was undertaken to elucidate the mechan-
ism of dimer formation during y-radiolysis and then to use
the dimer formation as an indicator for primary processes
in radiolysis systems.

To determine the role of the solvent in the dimer-
ization, solutions of 1,3-cyclohexadiene in benzene, cyclo-
hexane, n-hexane, di-n-propylether, and ethanol were
irradiated. The dimer formation was studied as a function
of total dose and dose rate in cyclohexane and benzene
solutions. Ternary solutions of 1,3-cyclohexadiene, cyclo-

hexane, and a number of scavengers were studied. The
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scavengers include ethanol, di-n-propylether, nitrous
oxide, sulfur hexafluoride, carbon tetrachloride, and
oxygen. To facilitate a comparison of the solvents, car-
bon tetrachloride was used as additive in dilute and con-
centrated solutions of 1,3-cyclohexadiene in cyclohexane,

benzene, and di-n-propylether.
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EXPERIMENTAL

A. Materials

1. Materials for irradiation

(a) 1,3-Cyclohexadiene

Aldrich Chemical Co. 1,3-cyclohexadiene contained
various amounts of benzene, cyclohexene, 1,4-cyclohexa-
diene, and polymer as impurities. Distillation in a
nitrogen atmosphere removed the polymer. The distilla-
tion must not be carried too far, because the 1,3-cyclo-
hexadiene peroxides that are present whenever the diene
has been in contact with air decompose readily at higher
temperature, thus initiating a rapid polymerization that
might lead to an explosion. Washing the diene with 0.3%
FeSO, solution prior to distillation greatly reduced the
danger of explosion. The ready formation of peroxides had
another consequence: whenever the diene was handled,
polymerization occurred to some extent, thus increasing
the level of the impurities. This was the limiting factor
in the purification procedure. After distillation the
material was further purified by gas chromatography on a
B,B'-oxydipropionitrile column. The diene was separated
from the carrier gas immediately after it emerged from
the column. It did not pass through the thermal conduct-
ivity detector. If necessary the procedure was repeated

until the impurities were below the following levels:
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benzene < 2%, cyclohexene < 5%, i,4—cyclohexadiene < 0.3%.
The material was then dried with MgSO4 and distilled into
a storage bulb that could be disconnected from the vacuum
system for cold storage.

Later batches of 1,3-cyclohexadiene from Aldrich
Chemical Co. were 99.4% pure, however they contained hydro-
quinone. The latter compound virtually eliminated the
formation of polymer. It was removed by repeated vacuum
distillation. The diene was dried with LiAlH4 and dis-
tilled into the storage bulb. Impurity levels of this
diene were: benzene 0.4%, cyclohexene 0.13%, and 1,4-

cyclohexadiene 0.07%.

(b) Benzene

Phillips Petroleum Co. Research grade benzene was
treated with concentrated sulfuric acid until no colour-
ing of the sulfuric acid occurred, usually two treatments
were sufficient. The benzene was then washed 3 times with
doubly distilled water, once with 0.5% sodium bicarbonate
solution and again 3 times with doubly distilled water
and left to dry over anhydrous MgSO4. It was then decanted
and stored at 5°C. After two thirds of the benzene was
crystallized the liquid phase was decanted, and the cry-
stallisation procedure was repeated once more. Finally

the benzene was distilled from sodium metal into a
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storage bulb on the vacuum system. The benzene so

treated contained about 0.02% toluene.

(c) Cyclohexane

Phillips Petroleum Co. Research grade or Eastman
Organic Chemicals spectro grade cyclohexane was shaken
for 12 hour period until no further colouration of the
sulfuric acid occurred. It was washed with doubly dis-
tilled water, then with 0.5% sodium bicarbonate solu-
tion and again with doubly distilled water and left to
dry over MgSO4 overnight. It was then distilled through
a 30 cm Vigreux column; the middle half was retained.
Finally, it was dried over sodium and distilled into

a storage bulb on the vacuum system.

(d) Propyl ether

Eastman Organic Chemicals di-n-propyl ether (100 g)
was shaken 3 times with 100 ml of 0.3% FeSO, in doubly
distilled water to remove peroxides, followed by three
more washings with 100 ml aliquots of water. After
drying with MgS0, it was decanted into a 250 ml flask;
chips of sodium were added, the mixture was degassed
and left overnight. The first 80% was then distilled
on top of fresh sodium metal and after one more day of
drying it was distilled into the storage bulb on the
vacuum system. Later, it was dried again, now with a

sodium mirror, and stored in contact with a sodium
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mirror. The purified ether was 99.7% pure; none of

the 5 impurities was an alcohol.

(e) Ethyl alcohol

Benzene-free absolute ethanol from Reliance Chem-

ical Co. was used as received.

(f) Hexane

Phillips Petroleum Co. pure grade hexane was shaken
with HZSO4. No éolouring of the sulfuric acid occurred.
The hexane was washed with doubly distilled water 3
times, then with a sodium bicarbonate solution and again
with doubly distilled water 3 times. It was dried with
anhydrous MgSso, and slowly distilled under vacuum through

a 5 cm thick layer of PZOS into a storage bulb.

(g) Additives for irradiation

SF6 and N20 (Matheson of Canada Ltd.) were purified
by E. D. Stover by trap to trap distillation, the first
portion being pumped away. The minimum purities were
98.0% and 99.6%, respectively.

Carbon tetrachloride (McArthur Chemical Co.) was
used as received.

Oxygen from Liquid Carbonic Canadian Corp. Ltd.
(Industrial grade) was passed over KOH pellets and

through P205 into a 2 1 storage bulb. It was condensed
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into a trap that was cooled in liquid nitrogen, then
allowed to evaporate into a storage bulb after removal
of the liquid nitrogen. The last 10% was discarded.

This procedure was repeated once more.

2. Materials for calibration and identification

The materials used for purposes of calibration
and identification are given in Table II-1. They were

used without further purification.

3.- Materials for gas chromatography

A number of ready to use column packings were
supplied by F & M Scientific: di(2-ethylhexyl) sebacate,
di-ethylene glycol succinate (LAC-728), polyphenylether,
Silicone Rubber SE-30. 1In all cases the solid support was
Diatoport W. A. W. 60-50 mesh and the liquid loading was
10% by weight.

Other materials used for gas chromatography are

listed in Table II-2.

4. Water

Doubly distilled water was used for rinsing glass-
ware, for preparing the Fricke dosimeter, and for the
washing of compounds that were to be irradiated. It was
prepared by distillation from a solution containing 0.1 g
KMnO4 and 0.2 g KOH per liter of water, followed by a

second distillation.
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TABLE II-1

Materials used for calibration and identification

Name Source | Remarks
n-dodecane Phillips Petroleum Co. Pure grade
bicyclohexyl Aldrich Chemical Co. -
cyclohexene Eastman Organic -

Chemicals

cyclohexylcyclohexene Frinton Laboratories -
2,2'-bicyclohexenyl prepared as described i

1,1'-bicyclohexenyl Frinton Laboratories -

thermal dimers prepared as described ii
photo dimers prepared as described iii
n—propanol‘ Fisher Scientific Co. Reagent grade
isopropyl alcohol Nichols Chemical Co. Reagent grade
n-butanol British Drug Houses,Ltd. Reagent grade
sec-butanol Eastman Organic

Chemicals -
i 2,2'-bicyclohexenyl was prepared by B. Wakeford from

cyclohexene, using the method described by Farmer and

Moore (84).

ii Thermal dimers were prepared by heating 2.8 g of

cont’d-o.-o..-.
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TABLE II-1 (continued)

freshly distilled and degassed 1l,3-cyclohexadiene
for 15 hours in a sealed tube at 195°C. The re-
action mixture was then distilled and the dimers
were redistilled, bp 80 - 86°C/7 mm; yield 1.5 g
(55%) .

iii Photodimers were prepared using the method of Valen-
tine (77). 60 g of 1,3-cyclohexadiene and 5.5 g of
2-acetonaphthone were dissolved in enough 2-methyl-
butane to give a total volume of 300 ml. Nitrogen
was bubbled through the solution to remove oxygen.
The solution was photolysed for 22 hours by a
Hanovia medium pressure mercury lamp, surrounded by
a water jacket, immersed in the solution. The
reaction mixture was distilled and the dimer fraction

was redistilled; bp 63 - 66°C/2 mm, yield 24 g (40%).
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TABLE 1I-2

" Materials for gas chromatography

Name

Apiezon Greases

L,T

J
Chromosorb W HMDS treated
Chromosorb W. A. W.
Firebrick (Kromat FB)
Helium
Hydrogen
Molecular Sieve (Type 4A)
Nickel Catalyst Ni-0101
B,B'-oxydipropionitrile
Silicone o0il - 710

Silicone Rubber SE-30

- Source
Metropolitan-Vickers
Electrical Co., Ltd.
Varian Associates
Chromatographic Specialties
F & M Scientific
Burrell Corporation
Canadian Helium Ltd.
Canadian Liquid Air Ltd.
Linde
Harshaw Chemical
F & M Scientific
Dow Corning

F & M Scientific
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B. Apparatus

1 High Vacuum System

A high vacuum system was used for (i) the handling
and accurate measurement of gaseous additives, (ii) the
preparation of samples, and (iii) for the purification and
storage of solvents. The glassware required for these
purposes is described below. Each system was connected
with a high- and an auxiliary-vacuum manifold. The aux-
iliary vacuum manifold was used whenever a part of the
system at atmospheric pressure was to be evacuated. In
this way the high vacuum manifold was never exposed to
large volumes of gases or vapours; this reduced the time

5

required to attain high vacuum (< 10 ° mm Hg) and it

prevented oxydation of the mercury in the diffusion pump.

(a) Main manifold

An outline of the main manifold system is given in
Fig. II-1. The pressure in the main manifold was measured
with a Pirani vacuum gauge (Consolidated Electrodynamics
Type GP-110). Pressures less than 5 microns were measured
by a McLeod gauge. The bulk volume of the McLeod gauge
was 526 ml; the diameter of the measuring capillary was

0.205 mm2.

(b) Gas handling system

Figure II-2 shows the lay-out of the gas handling



FIGURE II-1

High Vacuum and Auxiliary Vacuum Manifold

MDP Mercury diffusion pump

OoP-1 Rotary oil pump, Welch Duo-Seal
Model 1405

oP-2 Rotary oil pump, Welch Duo-Seal
Model 1400

Tl, T2 Cold traps. 4.5 x 30 cm with § 45/50
joints

Inner tube 2.5 x 26 cm.

"8 . Stopcocks, high vacuum,

1,7 2-mm bore to atmosphere
2 10-mm bore "L" shaped

3 10-mm bore cranked
4 8-mm bore

5 4-mm bore
6

4-mm bore "L" shaped

Manifold tubing-Pyrex, 25 mm.
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FIGURE II-2

Gas Handling System

ML Mercury Lock for introduction of
gases.

P P205 drying tube

Fl,2 sintered glass disk, 25-50 micron

T3 Trap

s8,9 Stopcocks high vacuum 2-mm

S10 Stopcock high vacuum 2-mm L shaped
All other stopcocks are 4-mm high
vacuum

SB1l Storage bulb 2 1.

SB2 Storage bulb 1 1., equipped with "cold
finger"

M Mercury manometer

Cl calibrated volume 12.15 ml to dotted
line

c2 calibrated volume 1.646 ml to dotted
line

The volume enclosed by the dotted lines is
121 ml.
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system, together with a listing of some calibrated vol-

umes.

(c) Liquid Storage System

The liquid storage system consisted of one 16 mm
o.d. tube to which several‘storage bulbs, sidearms
equipped with.12/30 joints, and "seal off" sidearms were
attached. The storage vessels for benzene, cyclohexane,
and 1,3-cyclohexadiene were equipped with Republic metal
bellows valves. The n-hexane storage bulb was closed
with a greaseless Springham valve with Viton~-A diaphragm.
The bulb containing propyl ether was closed with a Delmar
greaseless valve. The liquid storage system was con-
nected with the main manifold by means of a 4 mm Spring-

ham valve with Viton-A diaphragm.

(d) Sample Preparation System.

The sample preparation system is illustrated in
Figure II-3. Trap T4 has a 24/40 ground joint to permit
easy cleaning. Five samples could be degassed simult-

*
aneously with this system.

2. Gas Chromatographic Instruments

A gas chromatograph (g.c.) was used for (i) the

*
T

I am indebted to J. W. Fletcher of the Radiation Chem-
istry group for the design of the degassing equipment.



FIGURE II-3

Sample Preparation System

GJ Ground joint 10/30 $ for glass
blowing purposes.

T4 Trap

sC Sample cells.

A,B Position of stopcock during de-

gassing and distillation into
trap T4 respectively (see text
for details of the degassing pro-
cedure) . '

gig’ Stopcock high vacuum 4 mm bore.

The volume of the sample filling line in-
cluding sample bulbs and stopcocks $13

closed was 228 ml.
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purification of 1,3-cyclohexadiene, (ii) the identi-
fication and quantitative measurement of impurities in
the materials used for irradiations, (iii) the identi-
fication of radiolysis products and (iv) the analysis
of irradiated samples. Of the several different in-
struments used during the course of this work only the
instrument used for the analysis of most of the ben-
zene samples (g.c. with converter) and the final modi-
fication of the instrument used for all other samples

(g.c. with flame detector) will be described here in

detail.

(a) Gas chromatograph with converter.

A Gow-Mac Instruments thermal conductivity de-
tector equipped with Tungsten Type w2 filaments was
employed as detector in the instrument used for most of
the benzene samples. To prevent condensation of high
boiling materials in the detector, the detector must be
heated to a temperature close to the boiling point of
the material, in this case about 230°C. However, the
maximum allowable current through the filaments at this
temperature (with He as carrier gas) is 225 mA; this
compares to 340 mA at 100°C. Since the response of the
detector is proportional to the third power of the cur-

rent,the drop in maximum current corresponds to a 3.5
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fold loss in sensitivity. In order to fully utilize
the potential of the W, filaments a converter (85,86)
was inserted between the column and the detector.* The
function of the converter was to guantitatively reduce
the organic compounds in the column effluent to meth-
ane with the aid of hydrogen that was used as carrier
gas. The converter consisted of 30-60 mesh Harshaw
Ni-0101 Nickel catalyst (86) contained in a U shaped
Pyrex tube 16.5 cm long with 0.45 cm i.d. The temp-
erature of the catalyst was not critical as long as it
was held between 300 and 450°C.
The advqntages of the converter system were:
-detector temperature lowered to 100°C.
-sensitivity for methane was higher than for
P compounds. This, combined with the lower
detector temperature increased the sensitivity
by a factor of 15.
-calibration for methane only. This was very
important in the early stages when measurements
were done on essentially unknown products, for

which no standards could be used. The only

*I am indebted to L. G. Walker of the Radiation Chemis-
try group for pointing out his procedure and for the
supply of a catalyst that was used in an earlier in-
strument.
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assumption that had to be made was that

the measured peaks were those of C12 compounds.

Disadvantages of the converter system were:
-minimum carrier gas flow rate of 70 ml/min.

-hydrogen carrier gas, which is always somewhat
dangerous.

-long conditioning periods after shut-down

-broadening of the peaks by 10-20%.

" The most serious shortcoming of the g.c. with con-
verter was insufficient sensitivity. With the radioly-
tic system under study it was not possible to irradiate
for longer periods to increase the amount of product
that was to be measured. At the sample sizes necess-
ary to obtain measurable peaks (v 100 ul) the amounts
of polymer present in the irradiated samples impaired
the efficiency of the column after a few injections:
an increase in sample size would thus decrease the num-
ber of analyses that could be done in a certain period.

The solution to these problems was found in the hydrogen

flame detector.

(b) Gas chromatograph with hydrogen flame detector.

Important features of the hydrogen flame detector
are the high sensitivity towards organic compounds and

the absence of baseline drift due to changes in the
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carrier gas flow rate. Basically.the gas chromatograph
was an Aerograph Autoprep 705 (Varian Associates) equipp-
ed with variable effluent splitter and hydrogen flame
detector. Some modifications were carried out; they will
be described below together with the detector character-

istics (specificity, sensitivity and linearity).

(bl) Column connections

The Aerograph Autoprep has a large-volume injector
to facilitate the injection of milliliter quantities of
material. In analytical work a small volume injecto; is
desirable to minimize peak broadening. Although a small
volume is a less stringent requirement in programmed
temperature gas chromatography (87) an injection insert
was constructed of 1/8" copper tubing (Fig. II-4) in
order to reduce to a minimum the residence time of the

sample in the relatively hot injector.

The variable effluent splitter was closed off by
a silicone seal (Fig. II-5) to permit passage of the

whole sample through the detector for analytical work.

(b2) Carrier gas regulation

The carrier gas flow rate was regulated with a
needle -valve (Edwards High Vacuum Ltd) in line with a

Moore constant-differential type flow controller, Model
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Injector septum

to
column

/ 4
o ‘tun\.zstm&,\v) by

i ;>\sxcncL s&;‘**

imNJ

\&@W 7

Swagelok reducer
1/4" to 1/8"

carrier
gas inlet

column oven wall

FIGURE II-4. Injector insert. The Swagelok nuts and

ferrules on the outlet side have been omitted from the

drawing for .reasons of clarity.

to detector

to collector tube

column

m\

\\ \\

\corsvsssrssessrar W uLL’.Z

\

silicone seal

column oven wall

FIGURE II-5. Column outlet asserbly, showing the
position of the silicone seal during analytical work.
The Swagelok nut and ferrules on the outlet end of the

column are not drawn for reasons of clarity.
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63 BU-L. The pressure drop over the flow controller was

about 15 p.s.i.

(b3) Column oven temperature control.

A linear temperature programmer (West Instruments)
was installed to improve the reproducibility of the temp-
erature of the column oven at the time of injection, and
to extend the linear portion of the temperature-time
préfile, that otherwise would have been of the ballistic

type.

(b4) Specific response of the detector.

The response of hydrogen flame detectors to organic
compounds is roughly proportional to the amount of carbon
they contain (88a). Thus when two 012 compounds give
identical peak areas the number of moles of each of the
compounds are identical. This proportionality of the
signal to the number of carbon atoms present was tested
in the following way. Standard solutions of cyclohexane
containing n-dodecane (C12H26) and thermal dimers (C12H16)
in rafios varying between 1:3 and 3:1 were injected on the
g.c. The area under the n-dodecane peak served as a
"standard", i.e. this area was a measure of the amount of
standard.solution injected. From the ratio of thé peak areas

the amount of thermal dimers in the standard solution

was calculated, assuming that the peak areas were pro-
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portional to the number of moles present in each peak.

A second calculation assumed the peak areas to be pro-
portional to the weight of the compounds in the standard
solutions. Since the amount of thermal dimers in each
standard solution was accurately known, a plot of the
measured amount vs the amount weighed-in would reveal
which one of the two assumptioné was the more accurate.
The result is depicted in Fig. II-6. The slope of the
line through the points is 0.975. With the second
assumption the slope is 1.03. It was expected that the
slope would be < 1.0, since there were some impurities
(v 1%) in the thermal dimers. The signal from the flame
ionisation detector was thus taken as being proportional
to the number of carbon atoms present.

(b5) Sensitivity and linearity of the response of the
detector.

The linearity of the response of the detector was
established by injecting various amounts of a standard
solution. For instance, the graph obtained in the experi-
ments to establish the specificity of the detector also
shows that the response is linear over at least a three
fold range. When analytical measurements were performed,
n-dodecane was always added to the samples as internal
standard (see procedure for details of this technique),

in amounts roughly equal to the expected amounts of
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FIGURE I1I-6. Specific response of hydrogen
flame Aetector. The calibration point§ are
calculated on the assumption that the flame
detector response is proportional to the

number of moles rather than to the mass of

the organic compound.
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ducts to be measured. It was thué sufficient to est-
ablish the linearity of the detector (and recorder) re-
sponse over a three fold range.

The sensifivity of the g.c. is the slope s of the
line with the equation: A/c = s V + b, where A is the
peak area in cmz, ¢ is the concentration of the compound
for which the sensitivity is being measured in moles/pl,
V is the volume injected in ul and b is a correction
that arises from the evaporation of sample from the needle
of the syringe. Figure II-7 depicts the results obtained
for a series of irradiated samples to which n-dodecane
was added in known amounts. The good straight line
obtained indicates that the g.c.-recorder pair gave a
linear response over the region of interest. The slope

of the line corresponds to a sensitivity of 0.85 cm2

10

peak area for 10 moles n-dodecane (attenuation x 16,

chartspeed 1"/min), and the intercept with the volume
axis clearly demonstrates that about 0.35 ul of sample

evaporates from the needle into the injector.

3. Radiation sources

Two radiation sources were used in this work. For
the dose rate studies a 60Co radiation cave was used.
All other irradiations were done in a Gammacell-220

(Atomic Energy of Canada Ltd.) with a strength of about
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VOLUME INJECTED (NOMINAL)
FIGURE IT-7 Sensitivity and linearity of

- hydrogen flame detector.
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8000 curies 60Co. The samples were contained in an
aluminum sample holder in which the dose rate was

19 eV (electron-mole)-l hr—l for a 2.0 ml

7.47 x 10
sample in position #1 on January 1, 1966. The temper-

ature of the samples during radiolysis was 23 + 2°C.

C. Procedure.
1. Dosimetry

Dosimetry of the radiation intensity in the Gamma-
cell was done with Fricke dosimeter solution (89). 2.0
ml samples were irradiated for time intervals ranging
éfom 0.5 to 3.0 minutes. The absorbance of the dosi-
meter solution was measured on a Cary Recording Spectro-
photometer (model 14) by scanning the wave length
region 320 nm to 290 nm. The ferric-ion concentration
is given by:

+++] - oD

[Fe 2201[1 + 0.007(t=25)]

where OD is the optical density of the solution at 304
nm, t is the temperature of the aliquot analysed in the
spectrophotometer in degrees centigrade, and erettt =
2201 at 25°C and 304 nm. Figure II-8 shows an irradi-
ation time vs Ferric-ion concentration plot obtained for
Fricke solution irradiated in the Gammacell (position

#11 in aluminum holder). The intercept with the time

axis occurs because the timer is actuated when the sample



(Fe***) x 10% moles/L

(0) f 1 ! 1 1 1 !
0) .O 2.0 30
NOMINAL IRRADIATION TIME

(MINUTES)

FIGURE I1I-8 Irradiation time-Ferric-ion

concentration plot for Gammacell Dosimetry

with the Fricke dosimeter solution.
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drawer is in its final lowered position. The dese rate
to which the sample was subjected is given by:

Fx 103 x 60 x N

D = © x 100
15.6

where D is the dose rate in eV ml ! hr !, N, is Avogadro's

number, F is the slope of the Ferric-ion concentration

vs irradiation time plot in moles 17! min"! and 15.6 =

G(Fe+++).

In calculating the dose rate for liquids other
than the Fricke solution it was assumed that the dose
rate is proportional to the electron density of the
liquid. The electron density of Fricke solution was taken

as 6.566 electron moles/ml at 25°.

The dose rate at a time t months after doing dosi-

metry was calculated from the decay law:

D= Do exp (-At)

where A was taken as 1.096 x 10"2 month™?1 (90) .

2. Sample preparation.

(a) Sample cells

Sample cells (Fig. II-3) were made from 15 mm o.d.
Pyrex glass. They were cleaned with boiling sulfo-nitric
acid (3:1), then rinsed many times with doubly distilled
water. After drying in a clean oven the cells were

attached to the sample preparation manifold. Prior to
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filling, the cells were evacuated, heated with an open

flame and pumped on for one hour more.

(b) 1,3-Cyclohexadiene solutions.

The filling procedure for 1,3-cyclohexadiene sol-
utions consisted of the following steps.

-~ The desired concentration of diene in sol-
vent was made up by weighing the components
into a small covered vial.

- The vial was attached to the filling line
via a 12/30 ground joint at stopcock S13 (Fig.II-3)

- Degassing the mixture by three freeze-pump-
thaw cycles. The construction of the filling
line was such that during the pumping stage
of the degassing cycle, the vacuum in the
remainder of the line was not disturbed (S12
closed, S13 in position A of Fig. II-3).

- Distillation of the degassed sample into the
cold trap, while pumping on the trap (S12
open, S13 in position B).

- Distillation from the trap to the cell and
sealing off by collapsing the filling tube

with a flame.

(c) Samples with gaseous additives.

The procedure followed for the preparation of
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samples with gaseous additives (NZO' SFG) was the same
as the one described for the solutions. However
before the cell was sealed off, a known amount of the
additive was frozen on top of the sample.

The concentration of the additive in the liquid
phase of the sample was calculated from the Ostwald
absorption coefficient a.

[gas in liquid] —Vf—
o = = (eq. II-1)

[gas in vapour] I°%¥

\Y
g

where x is number of moles of additive in the liquid,
n is total number of moles of additive, V1 is volume
of the liquid phase and Vg is volume of.the gas phase.
Rearrangement of eq. II-1 gives:

_ aVl

x L
n Vg + aVl

In all samples vV, was 2.0 ml, Vg was measured
after sealing off, by holding the sample vertical and
placing a mark at the middle of the meniscus. The
sample was then turned upside down and again the meniscus
was marked. From the distance between the two marks
and the known inner diameter of the sample tube (12.4
mm) the volume of the vapour phase was calculated.

The Ostwald absorption coefficient of N20 in
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cyclohexane was taken as 2.62 (91) and that of SF¢ as

1.30 (92).

(a) Samples containing oxygen.

Oxygen has an appreciable vapour pressure at
liquid nitrogen temperature (v 15 cm). It is thus not
possible to completely condense a known amount on top
of the frozen sample. The amount of oxygen sealed into
the sample was determined as follows.

Oxygen was let into the part of the gas handling
system that is enclosed by the dotted line in Fig. II-2
and the pressure was measured. Stopcock S1l1 (Fig.II-3)
was opened and the system was allowed to reach equili-
brium with the samplé immersed in liquid nitrogen. The
sample was sealed off and the-pressure in the filling
and gas handling line was measured. From initial and
final pressure and volume the amount of oxygen in the
sample was calculated.

This technique is not recommended when it is
desirable to accurately know the amount of oxygen in
the samples. The oxygen added is calculated as the
small difference between two large quantities and is
thus subject to considerable error.

The solubility of oxygen in cyclohexane was
interpolated from the solubilities of oxygen and nitrogen

in various solvents (93) (Fig. I1I-9). The solubility of
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(7.22). All data taken from ref. 93, p.243.
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nitrogen in cyclohexane is 7.22 x 10™% mole fraction at
25°C and 1 atm; this gives a value of 13 x 10”4 mole
fraction for the solubility.of oxygen in cyclohexane.

The corresponding Ostwald absorption coefficient is

0.29 at 25°C.

(e) Samples with extra drying

In some cases it was suspected that moisture from )
the air was absorbed during the preparation of the sol-
utipns. The samples were then placed over 0.2 g LiAlH4
in épecial vials (Fig. II-10). The fritted-glass disc
in these vials prevented the LiAlH4 from entering the
sample filling line. The samples were considered to be

dry when no more gas evolved from the hydride. Usually

a four hour drying period was sufficient.

FIGURE II-10

{ P Vial for additional drying
of sample.

D. Fritted-glass disc
70 - 100 yu.

\—_1‘J P. To sample preparation

line.

@m
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3. Sample analysis.

The analysis of irradiated samples naturally
divides into two parts: (i) qualitative analysis and
(ii) quantitative analysis. The techniques used in
the qualitative analysis will be briefly described
here, followed by a more detailed déscription of the

quantitative analysis.

(a) Qualitative analysis.

The chief method of identification was compari-
son of retention times of product peaks on the g.c.
with the retention times of authentic samples of the
products. At least two different columns were used with
this method.

In some cases the product peaks were trapped after
elution from a preparative Apiezon L column and analysed
by mass spectrometry, nmr, or ir spectroscopy. The

products found are given in the results section.

(b) Quantitative analysis.

The quantitative analysis was done exclusively by
gas chromatography. A list of the gas chromatographic
columns that were used for the analysis of the materials
to be irradiated is given in Table II-3. The columns
that were tried to obtain optimum resolution of the C12

products are given in Table II-4. For a number of

columns the separation obtained between the two thermal
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dimer isomers is expressed as the resolution R. The

resolution between two peaks is defined for isothermal

operation (88b) by:

_ 2At
1,2 (wl + w2)

R
where At is the distance between the maxima of the two
peaks, and w is the base width found by extrapolation of
tangents. The subscripts 1 and 2 refer to the two peaks
for which the resolution is being measured.

None of the columns tried gave complete separ-
ation (Rl,2 > 1.5) of the dimers. The best results
with respect to resolutiop and speed were obtained with
the 2% Apiezon L and the 2% Silicone Rubber columns. With
Apiezon L all four dimers of 1,3-cyclohexadiene were vis-
ible in the order I, II1I, II, IV. The resolution was not
sufficient to allow accurate measurement of at least one
of the first three peaks. With the Silicone Rubber column
three peaks were visible in the order I, II + III, IV. The
latter column was used in the final analytical scheme. The
packing of the 2% Silicone Rubber column was prepared from
the 10% F & M product as follows: 15 g of 10% Silicone
Rubber SE-30 on Diatoport WAW €0-80 mesh was added to 440
ml carbon tetrachloride and heated on a steam bath. 350
ml of the hot solvent was decanted and the remainder was

evaporated on a steambath. The packing was further dried
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and the fines removed by bubbling 200 ml/min dry nitrogen
gas through 2 g aliquots, contained in a glass tube of 1
cm i.d. The nitrogen flushing improved the performance
of the column considerably by virtually eliminating peak
tailing. In order to obtain good results it was necessary

to condition the column for three days at 200°C.

C. Internal standard.

An internal standard (n-dodecane) was added to the
samples prior to analysis for the following reasons:

It is not necessary to know accurately the
volume injected.

Evaporation of solvent after the standard is
added will not alter the relative amounts of
the standard and the Cyo prodacts.

A change in the sensitivity of the g.c. will
not change the G values measured.

Linearty of the detector response is required
over a small range only.

Thus the need for calibration curves was elimin-
ated, once it was established that the standard and the
products gave identical signals for identical amounts, and
that the detector response was linear over the region of
interest.

In practice approximately 100 ul of a standard
solution of n-dodecane in cyclohexane was placed in a small
covered vial and carefully weighed. The sample bulb was

then opened and the contents added to the n-dodecane sol-
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ution, and weighed again. It was now possible to assign
a "G value" to the n-dodecane in the sample:

" _ Wo x d x No x 100

w1 b 4 Md Xx D

where W, is the weight in g of the standard solution to which
wl g of sample was added; d is the concentration of n-dode-
cane of the standard solution in g n-dodecane/g solution;
Mg is the molecular weight of n-dodecane (170.33); N, is
Avogadro's number, and D is the total dose per gram received
by the sample.

The G values of the products were measured by
measuring the peak areas with an Ott planimeter and com-
paring the areas with the area of the standard. A typical

gas chromatogram is shown in Fig. II-1ll.
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Section of a gas chromatogram showing the C
fraction of an irradiated sample with n-dodecCane

_as internal standard. 2% Silicone Rubber SE-30

column.
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111 RESULTS

(A) Identification of C12 products.

Upon radiolysis of binary mixtures of CHD with ben-
zene, cyclohexane, n-hexane, dipropylether, and ethanol,
the major C,, products were four dimers of CHD. Two of
these dimers were identical to those obtained when CHD was
heated at 195°C in a closed tube. The other two dimers were
identical to those obtained by photolysis of an isopentane
solution of CHD containing B-acetonaphthone sensitizer.

Identification was done primarily by injections of
mixtures of irradiated samples with authentic samples of
thermal and photodimers on the g.c. Almost all the columns
listed in Table II-4 were used in this identification.

The identification of the thermal dimers was supported
by comparison of the nmr and ir spectra of the thermal pro-
duct with those of the dimers isolated from 200 ml of a 1%
CHD solution in cyclohexane, irradiated to a total dose
of 1 x 1020 eV/g. The nmr spectra are shown in Fig. III-1.
The agreement between the two spectra is good. It appears
that the radiolysis sample contained some cyclohexane, as
indicated by the extra absorption at T = 8.562. Literature
lists T = 8.564 for cyclohexane (94). Fig. III-2 shows the
ir spectra of the thermal and radiolysis products. Again

extra absorptions are visible in the radiolysis product.
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FIGURE III-1l. Nmr spectrum of thermal dimers of 1,3~-cyclohexa-
diene.

(a) Standard sample
(b) Radiolysis product.
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At least some of these extra absorptions were intro-
duced during the preparative gas-chromatography stage
of the isolation procedure, as is illustrated by Fig.
III-2C which shows the ir spectrum of the standard ther-
mal product after it was subjected to the same procedure.

In dilute ethanol solutions the major C12 product
was 2,2'-dicyclohexenyl. 1Identification was done by
mixed injections on Silicone Rubber and Ucon columns.

The dimer fraction was isolated from 100 ml of 4% CHD
solution in ethanol irradiated to a total dose of 8 x 1020
eV/g. Fig. III-3 gives the nmr spectrum of the radiolysis
product (recorded with a Varian HR-100) and that of an
authentic sample (Varian A-60). The agreement between

the two spectra is good.

In dilute solutions of CHD in cyclohexane there
appeared an extra peak in the gas chromatogram, on the
tail of the second CHD dimer peak. This product was ident-
ified by the mixed injection technique as dicyclohexyl.

A minor peak appearing in almost all solvents was not
jdentified beyond reasonable doubt. One compound which
enhanced this peak upon mixed injection was cyclohexyl-
cyclohexene. No attempt was made to get precise measure-

ments of these minor products.
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B. Variation of total dose and radiation intensity.

1. Effect of total dose.

(a) Benzene solutions.

The yield of the dimers of CHD from CHD/benzene sol-
utions at various doses is shown in Fig. III-4 and tabu-
lated in Table III-1. The product yields are given as
G-values, where G represents the molecules of product
formed per 100 eV absorbed by the whole sample. The
dose was varied between 1.25 and 18.0 x 1018 eV/g while
the dose rate was constant at 3.62 x 1019 eV/g hr. At the
highest dose employed the depletion of CHD, due to the
dimer formation, was 4%. The yield of I remained constant
and the yield of II + III and IV decreased with an increase

in dose. The decrease of G(II + III) was 16% and that of

G(IV) was about 45% over the dose range studied.

(b) Cyclohexane solutions.

The variation of yield of the dimers of CHD with dose
is given in Fig. III-5 and Table III-2 for 1.5 mole % CHD
solutions in cyclohexane. The dose was varied between 3.77

18 eV/g at a constant dose rate of 3.79 x 1019

and 50.4 x 10
eV/ g hr. The results were similar to those obtained in
benzene solutions: G(I) remained constant, G(II + III) de-

creased by about 15% and G(IV) by about 55% over the range

employed.
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TABLE III-1

*
Yield of CHD dimers from benzene solutions as a function
of dose rate and total dose

Dose rate x Total dose x / —6 N

16*° ev/g hr. 16%? ev/g e
3.62 0.125 8.81  4.62  0.30
3.62 0.368 8.18  4.41  0.30
3.62 1.09 8.65  4.05  0.20
3.62 1:80 8.56  3.88  0.16
0.445 0.371 8.55  4.79  0.22
0.173 0.372 8.74  4.60  0.31
0.103 0.372 8.95  4.79  0.31

CHD concentration = 0.87 mole %.
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TABLE III-2

*

as

a

function of dose rate and total dose.

Dose rate x

10-19 eV/ g hr

3.79
3.79
3.79
3.79
0.464
0.180

0.107

*
CHD concentration

T
1

otal dose x
612 ev/ g

5.04

1.13

1.13

1.13

1.56 mole &

O

4

I

3.31

3.31

3.46

3.32

3.80

3.70

3.63

~J

IT + III

l1.62

1.50

1.52

1.38

1.68

1.76

l.61

0.09

0.08

0.06

0.04

0.08

0.10

0.06
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2. Effect of dose rate.

(a) Benzene solutions.

The yield of the dimers of CHD as a function of dose
rate is shown in Fig. III-6 for an 0.87 mole % solution of
CHD in benzene. The results are also tabulated in Table
III-1. The dose rate was varied between 1.03 and 36.2 X

1018 eV/g hr at a constant total dose of 3.72 x 1018

ev/g.
The value of G(I) at a dose rate 36.2 x 1018 eV/ g hr that
was used in Fig. III-6 was interpolated from the graph of
G(I) in Fig. III-4., The yields of dimers I and IV remained

constant within the limits of error. Dimers II + III de-

creased by about 8% over the dose rate range studied.

(b) Cyclohexane solutions,

The variation in yield of the dimers of CHD with
variation in dose rate is shown in Fig. III-6 and tabulated
in Table III-2 for a 1.56 mole % solution of CHD in cyclo-
hexane. The dose rate was varied between 1.0 and

37.9 x 1018 eV/g hr at a constant total dose of 11.3 x

1018 eV/g. The results show that dimer I and dimers II
4+ III each decreased by about 10% when the dose rate was
increased over the range studied. The scatter in the

values of G(IV) does not permit conclusions with respect

to the behaviour of dimer IV with change in dose rate.
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Yield of CHD dimers as a function
of dose rate.

0.87 mole $ CHD in benzene 18
solvent. Total dose 3.72 x 10
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-=-- 1.56 mole % CHD in cyclohexan?9
solvent. Total dose 1.13 x 10
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O Dimer I
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The yields of dimer IV and of dimers II + III are
sensitive to the total dose received by the sample. To
eliminate variation of yields from a variation of total
dose all samples were irradiated to a total dose of about

19

1.2 x 10 eV/g where this was possible. Early experi-

ments required larger doses because of the limited sensi-
tivity of the g.c. The dependence of the yields on dose
rate was so small, that the change in dose rate, due to
the natural decay of the 60Co y-source over the time

taken to complete this work was insignificant. It is

thus sufficient to state that the dose rate in all sol-

utions and throughout this work was 3.5 + 0.5 x 1019
eV/g hr.
C. Radiolysis of 1,3-cyclohexadiene solutions.

(a) Pure 1,3-cyclohexadiene.

CHD of 99.4% purity was irradiated to a total dose

of 1.20 x 10%°

eV/g. The yields of the dimers were:
G(I) = 1.43, G(II + III) = 3.44, and G(IV) = 0.83. 1In
addition to these dimers 0.39 G units of other C12 compounds

were detected.

(b) Benzene solutions.

The yield of thermal dimer (I) as a function of
CHD concentration in the solvent benzene is presented in

Fig. III-7A and in Table III-3. Upon addition of benzene
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TABLE III-3

Yield of 1,3-cyclohexadiene dimers from benzene solutions.

/ CHD N\ 7 —G N\
et gleHe r maam oy fotal domey,
0.0490  0.000513  10.7 3.5 0.11 2.20
0.0533  0.000559 7.9 3.6 0.09 1.37
0.0572  0.000600 8.0 2.6 0.08 4.21
0.091 0.000956  10.7 4.7 0.16 4.21
0.101 0.001062 10.4 5.3 0.31 1.37
0.147 0.00156  13.1 6.2 0.22 4.21
0.362 0.00379  11.8 5.6 0.23 16.0
0.755 0.00791  10.2 5.2 0.23 16.0
0.772 0.00800 9.9 6.1 0.44 3.65
0.804 0.00841  11.4 6.4 0.28 3.60
0.839 0.00881  10.1 5.1 0.21 39.9
0.871 0.00912 8.7 4.1 0.20 10.9
0.978 0.01023 9.3 5.2 0.28 16.0
2.68 0.0282 9.0 5.4 0.35 39.9
4.59 0.0491 7.2 4.8 0.39 39.9
9.19 0.0960 6.25 4.80 0.47 40.0
20.2 0.209 4. 84 4.36 0.66 40.0
50.2 0.513 2. 88 3.66 0.65 12.0
59.7 0.608 2. 20 3.80 0.61 40.4

79.7 0.796 1. 66 3.86 0.65 40.5
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to CHD the yield of I increases until it reaches a
maximum G value of 12 + 1 at approximately 0.2 mole %
CHD. Depletion of diene resulting from the formation
of all C12 products was calculated for each sample.

The concentrations listed in Table III-3 are averages
between the initial and final concentrations. Only
samples for which the conversion of CHD to dimer was less
than 20% are included.

The yield of the mixed dimer gas chromatographic
peak, (dimers II + I1I1), as a function of CHD concentra-
tion is presented in Fig. III-7B, and in Table III-3.
Upon addition of benzene to CHD the yield of II + TIIX
increases until it reaches a maximum G value of about 6
at approximately 0.4 mole % CHD. The cis-cis-cis photo-
dimer (IV) which showed on the g.c. as a separate peak
was difficult to measure below CHD concentrations of 1
mole %, because of its low yield relative to I and (II +
1II). Less weight should thus be given to the line
below 1 mole %. The yield of dimer IV decreases with an
increase in benzene concentration. A maximum is not
observed. G(IV) is also given in Fig. III-7B and in
Table III-3.

The reproducibility of the measured G values was
approximately 15% from one batch of samples to another.

Precision within one batch was 5%. For diene concentrations
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below 1 mole % the corresponding figures for dimer IV were

30 and 15% respectively.

(c) Cyclohexane and hexane solutions.

The dimer yields from cyclohexane and from hexane sol-
utions of CHD are given in Tables III-4 and III-5 respect-
ively. The graphical results are shown in Fig. III-8 for
dimer I. In cyclohexane solvent the maximum yield of I,

G(I) = 6.4 + 0.4, was reached at about 7 mole % CHD. This
concentration is a factor of about 30 higher than the con-
centration of CHD at the maximum in benzene. The yield of
the mixed dimers II + III is depicted in Fig. III-9.
Initially the vyield of II + III decreased when the CHD
concentration was decreased through the addition of cyclo-
hexane. A minimum G value of about 2.5 was reached at
approximately 35 mole % CHD. When the CHD concentration
was lowered further, the yield increased again to a maximum
of about 2.9 at 8 mole % CHD. At first sight this behaviour
might be surprising. However, the yield is the sum of the
yields of two products, the curve thus reflects the differ-
ent concentration dependences of the two products. The
results for dimer IV are plotted in Fig. III-10. As was
the case in benzene, the yield of IV decreased continuously
with a decrease in CHD concentration.

When hexane was used as solvent the yields were similar

to those obtained in cyclohexane. The results are plotted



- 89 -

6 |-

4 |

2 -

(o} 1 1 1 1 1

0001 . 0003 0.0l 003 0.l 0.3 !

mole fraction CHD

FIGURE III-8 Yield of dimer I from CHD/cyclohexane
and CHD/hexane solutions.
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TABLE III-4

Yield of dimers of 1,3-cyclohexadiene from cyclohexane

solutions.

— CHD ’ G —

mole % electron total dose I II + 111 v
fraction evV/g x 1019

0.548 0.00502 1.60 1.96 0.73 -—-
0.934 0.00857 1.60 2.43 1.05 0.13
l.61 0.0148 1.20 3.71 1.71 0.11
1.62 0.0149 1.20 3.78 1.71 0.09
1.64 0.0151 1.20 3.53 1.62 0.09
1.64 0.0151 1.21 3.24 1.49 0.07
l1.64 0.0151 1.20 3.84 1.90 0.15
1.65 0.0152 1.20 3.25 1.84 0.09
1.89 0.0174 1.60 : 3.97 1.86 0.09
3.78 0.0347 - 1.60 5.59 2.53 0.21
7.07 0.0622 1.20 6.92 3.24 0.30
7.84 0.0723 1.20 6.54 3.65 0.36
7.92 0.0731 1.65 6.20 3.09 0.25
8.14 0.0751 1.65 5.81 2.79 0.20
12,1 0.112 1.65 5.74 2.79 0.27
24.7 0.232 1.64 3.96 2.44 0.36
24.9 0.234 1.21 4.02 2.75 0.42
37.2 0.352 1.63 2.94 2.51 0.46
56.0 0.538 1.62 2.08 2.56 0.53

87.2 0.862 1.60 1.50 3.01 0.75
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TABLE III-5

Yield of dimers of 1,3-cyclohexadiene from hexane solutions

/————— CHD N s — G

-\
Mole % Electron I II + III Iv
fraction

47.7 0.441 3.16 2.83 0.47
25.5 0.232 4.71 2.93 0.32
13.2 0.118 5.66 2.86 0.25
6.72 0.0596 6.11 2.75 0.21
1.10 0.00966 3.38 1.45 0.075
0.717 0.00630 2.40 1.02 0.060
0.350 0.00300 1.57 0.60 0.041
0.205 0.001804 1.20 0.43 0.022
0.0684 0.000602 0.85 0.17 not vis-

ible

Total dose 1.22 + 0.01 x 1019 ev/q.
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together with the cyclohexane results in Fig. III-8 for
dimer I, in Fig. III-9 for dimers II + III and in Fig.
ITI-10 for dimer IV. A noticeable difference between the
two solvents occurred in solutions containing more than
10 mole % CHD. When the samples were irradiated to a

19

total dose of 1.20 x 10 eV/g the hexane solutions were

opaque. After standing for one day the solutions were
clear again. When the samples were subsequently poured
from the sample tubes, the latter were coated on the in-
side by a clear polymer layer. When cyclohexane was used
as solvent the samples remained clear and coating of the
sample tubes was not observed. Whether this is an effect
of a difference in the solubility of the polymer in the

two solvents or of a difference in G(polymer) is not known.

(d) Di-propyl ether solutions.

When propyl ether is used as solvent the maximum
yield of I is again shifted to higher concentrations of
CHD. At the maximum, G(I) = 3.1 + 0.1 and the CHD con-
centration is about 50 mole %, as is shown in Fig. III-11.
4The yields of the dimers of CHD in propyl ether solutions
are given in Table III-6. To show the close relationship
between the G values of the mixed dimers and dimer IV they
were plotted together in Fig. III-12. For reasons of clarity,
the graph for the mixed dimers is displaced by 0.5 G units

along the ordinate.
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TABLE III-6

Yield of dimers of 1,3-cyclohexadiene from propyl ether

solutions
/——— CHD \ / G \
mole % electron I II + III Iv
fraction
74.6 0.691 2.78 3.38 0.69
57.2 0.500 3.02 3.04 0.61
49.0 0.422 3.10 2.95 0.58
44.0 0.373 3.06 2.76 0.53
26.7 0.216 2.44 1.84 0.36
13.9 0.1094 - 1.84 1.37 0.27
10.6 0.0825 1.21
10.1 0.0782 1.18 0.79 0.19
7.12 0.0550 0.73
3.60 0.0276 0.20 0.29 0.057
3.60 0.0276 0.29

Total dose 1.22 + 0.02 x 1019 eV/g.
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(e) Ethanol solutions.

When ethanol was used as solvent the formation of
CHD dimers was much less efficient than it was in the
other solvents mentioned. No maximum in the yield of
dimer I was observed. In Fig. III-13A and III-13B which
shows the yield of IV, a dotted line is included to in-~
dicate the yield that would be "expected" on the basis
of the electron fraction of CHD present with no inter-
action between the solute and solvent species. All three
dimers were formed in less than "expected" amounts when
ethanol was used as solvent. The yields were higher
than "expected" for the solvents benzene, cyclohexane,
hexane, and propyl ether. The dimer yields for ethanol

solutions of CHD are given in Table III-7.

D. Radiolysis of 1,3-cyclohexadiene solutions with

additives.

Samples containing CHD in various solvents and
small amounts of an additive were‘irradiated. The solvents
used were benzene, cyclohexane.and propyl ether. The addi-
tives used were ethanol, propyl ether, carbon tetrachloride,
nitrous oxide, sulfur hexafluoride and oxygen. The choice
of CHD/solvent composition to which to add a third compon-
ent was made on the basig of the results in the binary
solufions. Selected were: (i) a concentration close to

(or at) the maximum G(I) in cyclohexane and in propyl
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TABLE III-7

Yield of dimers of 1,3-cyclohexadiene from ethanol solutions

Jj————— CHD ————\ / —G \
mole % electron I IT + III Iv
fraction
71.50 0.7907 0.52 1.90 0.48
47.09 0.5972 0.23 1.22 0.30
29.10 0.4050 0.10 0.70 0.23
15.37 0.2335 0.04 0.41 0.02
11.46 0.1787 0.02 0.31 0.06
3.93 0.06461 * 0.12 0.06
1.90 0.03175 .k 0.06 0.01
0.922 0.01553 * 0.02 0.01
0.490 ‘0.00822 * , 0.009 +
0.252 0.00424 * 0.006 *

* g.c. peak not visible.
+ g.c. peak visible, but not measurable.

19

Total dose = 1.62 + 0.02 x 107~ eV/g
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ether, (ii) a concentration well.be;ow‘the concentration
of the maximum in cyclohexane and in propyl ether solvent,
(iii) a concentration higher than the concentration of
the maximum in cyclohexane and in benzene and (iv) the
lowest possible concentration in benzene at which measur-
able results would still be obtained.

To facilitate a comparison between the effects
of various additives, all additives were used with a 1.6
mole % CHD solution in cyclohexane. Carbon tetrachloride
was used as additive in all three solvents, so that the
solvents could be compared. The order of presentation of
the resulgs obtained with adaitives will be: (i) cyclo-
hexane solutions with additives (except carbon tetrachlor-
ide), (ii) CCl4 addition to various solvents and (iii)

ethanol addition to benzene/CHD solution.

1. Solutions of 1,3-cyclohexadiene in cyclohexane

with additives.

(a) Addition of ethanol.

Upon addition of ethanol to a solution of 1.6
mole ¥ CHD in cyclohexane the yield of the dimers of CHD
dropped sharply, as can be seen from Fig. III-14 and
Table III-8. When CHD and ethanol were present in equal
amounts the yield of I was 0.38 G units. Without ethanol,

the yield of I at this concentration of CHD was 3.56 + 0.09
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Yield of CHD dimers from cyclohexane solutions* with

ethanol additive.

Ethanol
Mole %
0.0
0.0
0.050
0.10
0.20
0.30
0.74
1.62
3.18
6.06
9.93

* CHD. concentration 1.63 mole $.

Total dose 1.20 x 10

/ G

I II + III v
3.78 1.71 0.09
3.53 l1.62 0.09
3.09 1.36 0.08
2.73 1.24 0.06
2.01 0.91 0.06
1.42 0.65 -——-
0.65 0.29 0.03
0.38 0.18 0.03
0.19 0.09 0.02
0.09 0.05 0.03
0.03 -——— 0.02

19 ev/g.
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(mean of six measurements, with standard error). Simil-
arly, the yield of II + III dropped from 1.71 + 0.04
with no ethanol present to 0.18 G units when ethanol

was Present in an amount equal to that of CHD.

At 1.6 mole % in cyclohexane, the yield of dicyclo-
hexyl was 0.30 + 0.03 G units. Since a complete separ-
ation was not obtained between the g.c. peaks of dimers
ITI + III and dicyclohexyl, they were measured together
and a correction was applied afterwards. It was thus
important to establish whether the addition of ethanol
altered the yield of dicyclohexyl. To this end, four
samples of cyclohexane containing various amounts of
ethanol up to 3 mole % were irradiated. The yield of
dicyclohexyl did not change significantly: (mole %
ethanol--G(dicyclohexyl)) none--1.78; 0.74--1.82; 1.62--
1.75; 3.18--1.74.

(b) Addition of propyl ether.

When propyl ether was used as additive the yield of
I and II + III was iowered while the yield of dimer IV
remained constant. At a propyl ether concentration half
that of the CHD, G(I) was approximately 25% of the value
obtained when propyl ether was absent. The results are

plotted in Fig. III-15 and tabulated in Table III-9.
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TABLE 1III-9

Yield of CHD dimers from cyclohexane solutions* with

propyl ether additive

Propyl ether / ¢ N
mole % I II + III Iv
0.0 | 3.7 1.71 0.110
0.109 2.44 1.33 0.107
0.217 | l1.89 1.03 0.113
0.433 1.39 0.92 0.115
0.864 0.87 0.63 0.082

* 1.6]1 mole % CHD.

Total dose 1.20 x 1019 ev/g.
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(c) Addition of nitrous oxide.'

Nitrous oxide (NZO) was added to 1.64 mole % CHD in
cyclohexane and to 7.07 mole % CHD in cyclohexane. The
latter concentration was close to the concentration of CHD
where dimer I exhibited a maximum.

The variations of yield with N,0 concentration and
with CHD concentration are given in Fig. III-16 and Table
III-10. The yield of I and of II + III increased with
increasing concentration of NZO for the 1.6 mole % CHD
solutions. For the 7 mole % CHD solutions plateau values
were reached: about 8.2 G units for dimer I and about 3.6
for dimers II + III. The yield of dimer IV decreased by
0.05 G units (see Table III-10) in both solutions when
0.1 mole % N20 was added; at higher Nzo concentrations
" the yield of IV remained constant at the lower value.

Whether this initial decrease is real is not certain.

(d) Addition of sulfur hexafluoride

When sulfur hexafluoride was added to a 1.65 mole %
CHD solution in cyclohexane, the results were similar to
those of NZO addition. Dimers I and II + III increased
while dimer IV decreased with an increase in SF6 concent-
ration. The results are shown in Fig. III-17 and tabu-

lated in Table III-11.
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TABLE 1III-10

o

- additive.

/ G \
CHD N.,0 1 II + III Iv
mole % moze %
1.64 0.0 3.84 1.90 0.15
1.64 0.122 5.01 2.17 0.10
1.64 0.475 5.35 2.30 0.11
1.64 0.820 5.71 2.49 0.10
7.07 0.0 6.92 3.24 0.30
7.07 0.114 7.46 3.31 0.24
7.07 0.298 8.16 3.54 0.25
7.07 0.823 8.20 3.65 0.24
7.07 1.66 8.00 3.60 0.25

Total dose 1.20 x 10

evV/qg.
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TABLE III-1ll

Yield of CHD dimers from cyclohexane solutions* with SF6

“additive
r G \
mole % SF I ‘ II + III v
0.0 : 3.25 1.54 0.09
1 0.086 4.42 1.79 0.05
0.21 | 5.04 1.96 0.05
0.62 5.26 2.06 —
* 1.65 mole % CHD
19

Total dose 1.20 x 10 evV/g
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(e) Addition of oxygen.

The addition of 0.5 mole % oxygen to a 7.84 mole
% solution of CHD in cyclohexane increased the yield of
dimer I by about 0.8 G units, while the yield of dimers
II + III was lowered by approximately this amount. Dimer
IV could not be measured in the oxygen containing solutions
because many additional products were formed and dimer IV
was "lost" in a multitude of peaks on the gas chromatogfam.
A blank sample containing about 3 atmosphere oxygen was
leff at room temperature while the other samples were
being irradiated. This sample did not show peaks on the
g.c. indicating that the interference was caused by radiol-
ysis products. The results are given in Table II1I-12.
After radiolysis the samples were opaque due to the form-

ation of polymer.

2. Addition of carbon tetrachloride to 1,3-cyclohexa-

diene solutions in various solvents.

(a) Cyclohexane solutions.

Carbon tetrachloride was used as an additive in various
amounts up to 1 mole % at two CHD concentrations: 1.64 and
24.9 mole %. The yields of the dimers as a function of
CCl4 concentration are depicted in Fig. III-18. Dimer I
increased steadily with increasing CCl4 concentration.

The dimers II + III increased with an increase in CCl4 con-
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TABLE III-12

Yield of CHD dimers from cyclohexane solutions* with 0

2
additive.
T\ / G —\
total in ligquid phase
sample mole % 1 ITI + II1I Iv
mole %
0.0 0.0 6.54 3.65 0.36
1.83 0.46 7.23 3.08 a
1.78 0.47 - 7.07 2.84 a
2,02 0.51 7.34 2,85 a

* CHD concentration 7.84 mole %

a not measurable because of interference by other pro-
ducts (see paragraph III-D-le)

Total dose 1.20 x 1019 ev/g.
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centration for the 1.64 mole % CHD solutions, while for
the 24.9 mole % CHD solution G(II + III) remained con-
stant after a slight initial increase of 0.2 G units.

The yield of dimer IV decreased steadily with an increase
in CCl4 concentration for both solutions. To test the
effect of CCl4 in concentrated solutions of CHD, one
sample containing 67.8 mole % CHD and 0.95 mole % CCl4
was irradiated. When the results of this sample are com-
pared with the G values of the products from the cyclo-
hexane solutions without additives (see Table III-4) it
appears that G(I) increased, G(II + III) remained con-

stant and G(IV) decreased with the addition of 0.95 mole

3 CC14. The results are summarized in Table III-13.

(b) Di-propyl ether solutions.

. Carbon tetrachloride was added to two séts of sol-
utions of CHD in di-propyl ether. The CHD concentration
of the first set was 10.1 mole %, a concentration well
below that where the maximum yield of dimer I occurs
(Fig. III-11). The other set had a CHD concentration
(49.0 mole %) close to that where the maximum yield of
dimer i occurs. The variations in the yield of the dimers
with CHD and with CCl4 concentration are given in Figqg.

II1I-19, and in Table III-14,
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TABLE

III-13 °

Yield of CHD dimers from cyclohexane solutions,. CCl4

“additive.

G

/ \
mole % CHD mole % CC14 I IT + IIX Iv
1.64 0.0 3.24 1.49 0.074
‘1.64 0.10 4.30 1.82 0.045
1.64 0.25 4.79 1.73 0.046
1.64 0.70 5.08 1.98 0.024
24.9 0.0 4.02 2.75 0.42
24.9 0.098 5.16 2.69 0.37
24.9 0.293 5.69 2.94 0.31
24.9 0.54 6.14 2.96 0.27
24.9 0.97 6.48 2.97 0.25
67.8 0.0 1.78* 2.72% 0.61*
67.8 0.95  4.27 2.76 0.49

* Interpolated from Table III-4

Total dose 1.21 + 0.01 x 1019 ev/g.
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TABLE III-14
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4
additive

— G

/ \
CHD ccl,
mole % mole % I II + III v
10.1 0.0 1.18 0.79 0.19
10.1 0.105 1.20 0.72 0.12
10.1 0.306 1.14 0.61 0.09
10.1 1.00 1.15 0.55 0.04
10.1 1.99 1.13 0.51 0.05
49.0 0.0 3.10 2.95 0.58
49.0 0.501 3.84 2.37 0.31
49.0 0.978 4.07 2.30 0.29
49.0 1.46 4.14 2.41 0.26

Total dose 1.21 x 10%°

evV/g
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For the 10.1 mole % CHD series the yield of I was
constant over the CCl4 concentration range used. The
yield of II + III was decreased by 35% and G(IV) was
decreased by 75% by the time 1 mole % CCl4 was added.

In the more concentrated CHD solution the yield of
I increased and the yield of II + III and of IV decreased

with an increase in CCl4 concentration.

(c) Benzene solutions

Carbon tetrachloride was added to three different CHD
concentrations in benzene solvent; one (0.049%) was below,
one (0.77%) slightly above, and the other (50%) much above
the concentration at the maximum in the G(I) curve in
Fig. III-7.

Fig. III-20 depicts the results obtained with the 0.049%
mole % CHD solution for dimer I and dimers II + III. Upon
addition of CC14, the yield of II + III decreased slightly.
The changes in G(I) and G(IV) are within the limits of
the experimental error, so that conclusions with respect
to the influence of CCl4 on the yield of these dimers
cannot be drawn.

Fig. II1I-21 gives the results obtained with the 0.772
mole % CHD solution. The yield of I was ccnstant within
the limits of the experimental error. The decrease in
G(II + III) and G(IV) with an increase in CCl4 concent-

ration might be real.
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When CCl4 was added to a 50 mole % CHD solution in
benzene the results, shown in Fig. III-22, were more
definite than those of the dilute CHD solutions, although
a large amount of scatter remained in the G values.

G(I) increased while G(II + III) and G(1V) decreased with
an increase in CCl4 concentration.

The results are tabulated in Table III-15.

3. Addition of ethanol to benzene solutions of 1,3-cyclo-

hexadiene.

Addition of small amounts of ethanol to benzene con-
taining 0.80 mole % CHD lowered G(I) considerably, as is
shown in Fig. III-23 and Table II1I-16. At an ethanol con-
centration of 0.4 mole & the yield was only 5% of the yield
of I without any ethanol present. 1In contrast, the yield

of IV remained constant and the yield of II + III decreased

by 70%.

E. Summary of Results.

The yield of dimer I exhibited a maximum in the
solvents benzene, cyclohexane, hexane, and propyl ether.
A maximum was not observed in ethanol solutions. Dimer IV
increased with an increase in CHD concentration in all sol-
vents.

The changes of the yields of dimer I and of dimer IV

with a change of total dose, dose rate, CHD concentration,
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TABLE III-15

Yield of CHD dimers from benzene solutions. CCl4 additive.

/ G

CHD CcCl total dose I II + III v

mole % mole % evV/g x 1018

0.049 0.0 2,20 | 10.6 3.54 0.1l
0.049 0.083 2.20 10.0 3.28  0.10
0.049 0.21 2.20 10.6 3.39  0.12
0.049 0.46 2.20 10.3 3.44  0.14
0.049 0.77 2.20 9.2 2.84 0.10
0.772 0.0 3.65 9.9 6.10 0.44
0.772 0.092 3.65 10.1 5.28 0.32
0.772 0.37 3.65 10.4 5.54 0.35
0.772 1.84 3.65 9.4 4.76 0.28
50.2 0.0 1.20 2.88  3.66 0.65
50.2 0.480 1.20 4.04  3.44 0.59
50.2 0.956 1.20 3.96 3.06 0.42

50.2 1.413 1.20 4.40 3.30 0.47
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TABLE III-16

Yield of CHD dimers from benzene solutions* with ethanol

additive
/ G \
ethanol I II 4+ III IV
mole §
0.0 11.4 6.36 0.28
0.092 2.46 2.35 0.30
0.365 : 0.60 1.70 0.30
1.80 0.11 1.53 0.29

* concentration CHD 0.80 mole %

fotal dose 3.60 x 1018 evV/g.
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and additive are summarized in Table III-17. The
effect of these variables on the yield of the dimers
II + III is not included in Table III-17 because the
composite nature of the g.c. peak makes the net effect

dependent on the magnitude of the individual effects.



- 128 -

TABLE III-17

Summary of Results.

Solvent CHD increase of dimer dimer
mole % or I IV
addition of

benzene 0.87 total dose o -
0.87 dose rate o o
cyclohexane 1.56 total dose o -
1.56 dose rate o o
1.63 ethanol - -
l.61 propyl ether - o
1.64 N,0 + 0
7.07 N20 + o
1.65 SFg + o
7.84 0, | + ?
l1.64 ccl, + -
24.9 ccl, + -
67.8 cCl, + -
propyl ether 10.1 ccl, o} -
49.0 cCl, + -
benzene 0.049 ccl, o o
0.772 ccl, o -
50.2 ccl, + - )
0.80 ethanol - o
+ = increase; -= decrease; O = no change; O = slight de-

crease.
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IV DISCUSSION

(A) Mechanism of formation of the thermal dimers

(1) Positive ion chain reaction

The curves of the yield of dimer I vs the concen-
tration of CHD exhibit maxima at 7 mole % CHD in cyclo-

hexane and in hexane solvent with G(I)max = 6.4, at ®0.2

mole % in benzene with G(I)ma 12, and at 50 mole % in

X
propyl ether with G(I)max = 3.1. The high yield in ben-
zene and, to a lesser extent, the yields in cyclohexane
and. hexane strongly indicate a chain reaction. Ethanol

was a much less efficient solvent for the formation of

I. Small amounts of ethanol were added to an 0.8 mole

% solution of CHD in benzene. The yield dropped from

G = 11.4 with no ethanol present to G(I) = 0.6 with 0.4
mole % ethanol present. Similarly a decrease in G(I) was
observed when ethanol or propyl ether was added to a

1.6 mole % solution of CHD in cyclohexane. Ethanol can
act as a positive ion scavenger in éyclohexane, presum-
ably through proton abstraction from a positive ion (95).
The proton affinity (PA) of an ether is higher than the

PA of the corresponding alcohol. This might be attributed
to the inductive effect of the alkyl group, which tends

to increase the negative charge density on the oxygen
atom of alcohols and ethers. Compare the decrease in

acid strength in the series formic acid, acetic acid, pro-
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pionic acid; the decreasec in ionization potential in the
series water, methanol, ethanol, propanol and in the series
dimethyl ether, diethyl ether, dipropyl ether.

The PA of ethanol is 193 + 8 kcal/mole (96), and
that of propyl ether can be estimated at 200 kcal/mole. A

possible ion scavenging reaction of ethanol and propyl

ether in cyclohexane is reaction [2] (95). The PA of the
+
C=CcH), W C-CcH " + e (1]
+ +
c-C6H12 + C2H50H > c—C6Hll + CZHSOHZ [2]

cyclohexyl radical is 179 kcal/mole.

The effect of ethanol and of propyl ether in cyclo-
hexane solutions can thus be interpreted as positive ion
scavenging.

The increased yields when the electron scavengers
N20, SF6 and CCl4 were added lead to the same conclusion,
namely that positive ions are involved in the formation
of I. The reasoning however, in this case is indirect:
an electron or anion is not the precursor of I, other-
wise the yield would have been lowered by these compounds.

Addition o oxygen led to a slight increase in G(I).
This virtually rules out a radical mechanism for I.

The positive ion chain reaction proposed here for the
formation of the Diels-Alder dimers of 1,3-cyclohexadiene
has charge scavenging by CHD as the initiation step and the

dimerization and subsequent charge transfer to CHD as

propagation steps. Termination may occur by neutralization,



- 131 -

charge transfer to an impurity, and by a reaction with

CHD itself. The latter reaction is postulated to account
for the low yield of I in pure CHD, in other words, to
explain the maxima in the G(I)-CHD concentration curves.
Since it is expected that a chain reaction would be more
efficient at high than at low CHD concentrations, the
observation of the reverse trend in the yields leads to
the postulate that CHD itself is an inhibitor of the

chain reaction. To satisfy the general shape of the yield
vs concentration curves the inhibiting reaction is either
of the first order in CHD in competition with a reaction
not involving CHD, e.g. a rearrangement of an intermediate,
or, of the second order in CHD in competition with a
propagation step that is of the first order in CHD. The

following mechanism assumes a rearrangement of an inter-

mediate, reaction [7].

M MY 4 e &}

CHD-#"W CHD® + e [4)

M" + cip » cupt + M (5]
cipt + cup +» p*" (6]
pt* 4+ 1t (7]

D+* + CHD =~ Trimer+ [8]
1¥ + cup » cHpt 4+ 1 (9]

* 4+ -
Mt ,cupt 0t 1) + N

¥

neutralization [10]

+

*
(M+,CHD+,D ,I+) + Z + chain termination [11]
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where M is the solvent, Mt is an ion capable of charge
transfer to CHD (reaction [5]), D+* is an intermediate
that rearranges (reaction [7]) to the thermal dimer
positive ion I+, N is an anion or electron, and Z is any
molecule that can react with a chain carrier (reaction
(11)) in such a manner that afterwards the charge cannot
be transferred to CHD. Reaction [11] offers an explan-
ation for the variation in G(I) with solvent, in particu-
lar for the solvent ethanol. The chain consists of
reactions [6], [7] and [9]. The termination reactions
are [8], [10] and ([11].

If inhibition of formation of I occurs by the second
above mentioned type of competition, rather than by
competition between [7] and [8], reactions [6], [7] and
{8] would be replaced by the competitive reactions [12]
and [13]:

CHD® + CHD - I [12)

cip® + 2 cHD + Trimer' [13]

This pair of reactions leads to the same type of kinetic
expression (see Appendix) for the yield of I as does the
original set of three reactions. Only the interpretation
of the various parameters would differ. However, true

termolecular reactions are rare.
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(2) Energetics of the dimerization.

For the chain to occur it is necessary that the
heat of reaction of the overall dimerization is suffic-
iently large to overcome the difference in the ionization
potentials of CHD and I. 1f the thermal dimer is con-
sidered to be a substituted cyclohexene (ionization
potential of 4-methylcyclohexene is 8.91 eV (25)), this
difference is about 0.5 eV (12 kcal/mole); the ionization
potential of CHD being 8.40 eV. The product is a tri-
cyclic unsaturated molecule with strong non-bonding inter-
actions between several groups. It is expected that a
considerable amount of strain energy is present in I.

The magnitude of this strain in I may be compared to
the strain in III, as the former compound isomerizes

to III at room temperature under certain circumstances
(77). An estimate of the strain energy of III is 24
kcal/mole, the usual strain of a cyclobutane ring (40d).

Using the following values for the bond energies
C-C bond 83 kcal/mole, C=C bond 146 kcal/mole, discre-
pancy energy for hydrogenation of CHD 1.8 kcal/mole, and
strain energy in the product 24 kcal/mole, the net exo-
thermicity of the overall neutral dimerization is calcu-
lated to be 2 x 83 - 2(146 - 83) - 2 x 1.8 - 24 = 12
kcal/mole. The net effect might be more or less, depending
on whether an extra strain energy is assigned to CHD (80)

over and above the strain energy in the cyclohexene rings
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in III (106).

The overall cationic dimerization is thus approx-
imately thermoneutral. With reference to the proposed
mechanism it seems necessary that each of reactions 5
and 6 is thermoneutral when the overall process is thermo-
neutral.

The proposed intermediate D+* (reaction 6) could
be of a structure V, by analogy with that (VI) suggested

by Valentine et al (77) to account for the isomerization

A0 O
of photodimers to thermal dimers at temperatures above 160°.
To assess whether V is reasonable as intermediate an
estimate of the resonance energy and the ionization poten-
tial of V will have to be made, and these estimates may
then be compared with known values of comparable compounds.
An estimate of the resonance energy of VI (and presumably
also of V) can be made on the basis of the known acti-
vation energy of the isomerization III»I (36.8 kcal/mole)
(77) . Using the same bond energy values as before the
resonance energy of VI is 83 - 24 - 36.8 = 22 kcal/mole.

The value of the ionization potential of VI, which
causes reaction [6] to be thermoneutral is then:

83 - 2 x (146 - 83) + IP(CHD) + 22 = IP (VI)

= 173 kcal/mole (7.5 eV).
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This latter value may be compared to the ionization po-
tential of the 2-buten-1-yl radical, 7.71 eV (26).

The resonance energy of the allyl radical is about 18
kcal/mole (40c). An intermediate with structure VI,
does not require unreasonable valpes for its resonance
energy and ionization potential in order to make
rcactions [6] and [7] thermoneutral. Before one can
have confidence in the calculated energetics of any of
these reactions more exact information is required

about the strain energy in the products.

(3) Mechanism of the Diels-Alder reaction

The mechanism of the Diels-Alder reaction has
been reviewed by J. Sauer (97). 1In the majority of
cases, éhe Diels~Alder reaction is regarded as one step
reaction. An ionic-two-step mechanism is discussed in
connection with the catalytic influence of Lewis Acids
(98) . No catalysis by Lewis acids has been observed in
systems with no polar groups, i.e. with purely olefinic
componehts. However, a two step Diels Alder reaction
is also proposed for those adducts that give a Woodward-
Katz rearrangement. This rearrangement appears to be
confined to adducts in which both components possess

diene character (99), as is the case under consideration

here.
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wWoodward and Hoffmann (100) in their theoretical
studies of cycloaddition reactions, characterized orbital
symmetry relationships as determinants in concertea inter-
molecular cycloaddition reactions. Their selection rules
can be summarized for the dimerizations of CHD as follows:
1,4-cycloaddition is thermally -allowed and 1l,2~-cycloaddition
is photochemically allowed. An extension of the rules
states: "the relationships apply to ionic components as
well as to neutral molecules". This implies that reactions
proceeding through positive ions give the same products as
thermal reactions, and that negative ions give the same
products as electronically excited molecules.

With respect to an intermediate Woodward and Hoffmann
made two remarks which differ from each other in the
degree to which intermediates are formed. First of all
the rules apply to all concerted cycloaddition reactions,
even though there may be considerable asymmetry in the rate
at which the various different newly forming ¢ bonds are
established. This refers in particular to the two-step
Diels-Alder reaction for those adducts that give a Woodward-
Katz rearrangement (99). Secondly, the selection rules need
not apply to multistep cycloaddition reactions which pro-
ceed through discrete diradical or dipolar intermediates,
containing a single newly formed ¢ bond.

The mechanism proposed for the formation of the thermal
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dimers during radiolysis might involve an intermediate
of the second kind. It is for this reason that the
Woodward-Hof fmann rules are not used as an argument in
support of the ionic-chain mechanism.

The rules are mentioned here merely to show that
the y-ray induced dimerizations support the theoretical

considerations of Woodward and Hoffmann.

(4) Kinetic considerations.

Since the major contribution to the yield comes
from the longest lived ions, especially in dilute solutions,
the free ions make a larger contribution to the reaction
than do those that undergo geminate neutralization. Thus
. the application of steady state homogeneous kinetics is
allowed. Assuming a steady state for all ionic species
in reactions [31-[11], the expression obtained for the

yield of thermal dimer I is eq. Iv-1:

k X 3
7 2 + 7 C +
1?“ C“G(CHD )ec il G M )em
8 8
G(I) = K k
c3 4 (B+y+8)C2 + {(y+ol) (B+8) + BSIC + BS (y+o)
kg kg
(IV-1)

(see Appendix for the derivation of this equation)

where a, B, Yy and § are constants of the form
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klo[N ] + k11[Z]

k.
J

(1v-2)

with j = 5 for o, 6 for g, 8 for vy and 9 for 8§, C is

the concentration of CHD in moles/l, and €n and €, are
the electron fractions of the 'solvent and CHD respectiv-

ely.
In dilute solutions the approximation may be made
that the contribution of the direct radiolysis of CHD

(reaction [4]) is negligible, compared to the sensitized

formation of cup’ by reaction [5]. Thus €n is taken as

1.0 and eq. IV-1 reduces to eq. IV-3 (see also Appendix Q@)

k
G(I) = El c3 G(M+)[C4 + (a+B+Y+5)C3 + {a(B+y+8) +
8

Ky 2 kg
(Y+E— ) (B+8) + BRSICT + {[(86+a(6+6)l(Y+Ef)}c +
8

8
k, -1
035(Y+E—)] (IV-3a)
8
or
- ac’ (IV-3b)
G(I) = 3 3 2

C' +bC” +dc” + eC + £

It is shown in the Appendix that e and f are small compared

to C and a reduction to three parameters is obtained
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(eq. IV-4):

G(I) = — aC (IV-4)
C“+ bCc +d

Values of the three parameters a, b, and 4 cannot be

chosen at random. The following three relationships hold:

The maximum in the curve is reached for Cma = d%; the

X

yield at the maximum is G(I)max = a/(2Cmax + b) and the

initial slope is (%% = %.
C=0
For solutions of CHD in cyclohexane, the best fit

with the experimental points is obtained with:

G(I) = 5 14.5C (IV-5)
cC® + 1.0C + 0.44

The considerable scatter in the results obtained
for the benzene solutions makes the identification of

G(I)ma and Cm very difficult (Fig. III-7). Indeed

x' ax

it can be questioned whether the fall-off in the curve
of G(I) vs CHD at the low concentration side has been
reached. Nevertheless for dilute solutions (< 1M) of

CHD in benzene the egquation:

G(1) = —=F (IV-6)
c® + 1.0C + 0.001

describes the observed yields within an error of about

10%.
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Propyl ether as solvent is different from the other
solvents employed in that the yields in > 4 M CHD solutions
are higher than in the other solvents. These high yields
are especially surprising when the inhibiting effect of
propyl ether in dilute solutions of CHD in cyclohexane is
considered. Analysis of the G(I) vs CHD concentration curve
reveals another difference from the solvents benzene and
cyclohexane in the initial slope at low diene concentra-
tions. The initial slope is finite in benzene and in cyclo-
hexane, but zero in propyl ether. The mathematical expres-
sion of the yield must then contain in the numerator the
diene concentration to a power one unit higher than in
cyclohexane or benzene, assuming the denominator to be of
the same form.

The mechanistic equivalent of this statement is that
charge transfer from propyl ether to CHD, reaction [5],
does not occur; G(M+) = 0 (in eq. IV-1l); dimer I is the
product of direct radiolysis of CHD. The ionization poten-
tial of propyl ether, 9.27 eV (25) is 0.9 eV higher than
the ionization potential of CHD. The failure of propyl
ether to transfer charge to CHD in dilute solutions may be
caused by the ion-molecule reaction [14), which lowers
the energy of the ion by the bond dissociation energy

+ +
C3H7OC3H7 + C3H.’OCI>12C2H5 > (C3H70C3H7)H + C,H,OCHC.H

377 275
(14]
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of the a C-H bond in ether, about 90 kcal/mole (3.9 eV).

Equation IV-1 rearranges to eq. IV-7, when it is

X
R-Z c? g(cuph)e
8 C
G(1) == 2 K7 K7
C” + (B+y+8)C™ + {(Y+k—)(8+5) + BSIC + 85(Y+k—) (IV-7)
8 ] 8

assumed that no charge transfer from propyl ether positive
ions to CHD occurs. The best fit with the experimental
results below 2 M CHD solutions is obtained with the
equation:

28.9 C e
G(I) = — (1V-8)
c? + 0.04c + 0.84

Comparison of this ecuation with the one that describes the
dilute cyclohexane solutions, gives the interesting result
that the constant a is a factor 2 larger in propyl ether
thén in cyclohexane. The reason for this might be that
G(free ions) in propyl ether is expected to be higher than
in cyclohexane. G(free ions) is roughly proportional to the
dielectric constant of the medium (14). The dielectric
constants of propyl ether and of cyclohexane are 3.39 (101)
and 2.02 respectively (102). Freeman (19) gives an approx-

imate rate constant klO for random neutralization:

klO = 2 X lolo/en, 1/mole sec
where n is the viscosity in poise and € the dielectric con-

stant of the medium. The lifetimes of the ions are then
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proportional to the dielectric constant. The increased ion
lifetimes would explain the fact that G(I) in concentrated
CHD solutions is higher in propyl ether than in the other

solvents.

An alternative explanation is offered by the ratio
of rate constants k7/k8 which form part of the constant a.

A solvent dependence of these rate constants, in the sense
that the ratio increases in propyl ether solution, compared
with cyclohexane or benzene solutions, would also lead to

an increase in the constant a.

The numerical expression for the yield in benzene
can be used to make estimates of the rate constants of
reactiéns [6] to [9]. Benzene is chosen because of the high
yield in dilute solutions compared to cyclohexane or hexane
as solvents; the influence of side reaction [11] is thus
minimal in benzene. As will be seen later, the G values
obtained for dimer I must be multiplied by a factor of about
1.3 to give the total yieid of thermal dimer. The following

expressions are obtained by combining eq IV-6 with eq IV-3:

k

15.6 = El cmt) (IV-9)
8 O

1.0 =a + B+ vy + § (Iv-10)

k
0.001 = a(B + v + 6) + (y + Kl)(B +v)
8

+ B6 ' (Iv-11)
Taking G(M+) = 0.1 in eq. IV-9 the value derived for k7/k8
is about 160. The second term in eq IV-11 is the largest

single term when k7/k8 is 160. This gives a value of
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1073/160 = 6 x 107® M for (B + 6).- The constants 8 and

§ are associated with the specific rates of reactions [6]
and [9]) respectively Reaction [6] is the formation of D+*
and reaction [9] is charge transfer from 1t to cHp. 1f

k6 = k9 then B = § = 3 x lOfGM. The average lifetime of

the free ions is calculated to be about 8 x 10_3 sec,

using G{(free ions) = 0.1, dose rate = 1 x 1016 eV/cc sec
and k10 = 1012 l1/mole sec. Substitution of the average
ion lifetime into B and § gives: k6 = k9 = 4 x 107 1/(mole
sec) .

The constant a was assumed to be small (see Appendix),
the value for vy found from eq IV-10 is then y = 1.0. Again
using 8 x 10-3 sec as the average lifetime of the ions k

" is found to be about 1.2x 102 1/mole sec, and from this

8

value and the ratio k7/k8 = 160 M, the value of k7 is found

to be 1.9 x 104 sec-l. The average lifetime of the inter-
mediate = ————l———z = 5 x 10'_5 sec.
1.9 x 10

It shouid perhaps be emphasised that the rate con-
stants obtained in this manner are only tentative. If
reaction [l11l] participates in the chain termination to the
extent that klllzl = hklonf], h >> 1, all rate constants
must be multiplied by the factor h. Also the value of
G(free ions) used in the calculation has a bearing on the

values obtained (see eq IV-9).
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For the solvent cyclohexane, a similar treatment
gives y = 1 M, ko/k, = 190 M, 8 = § = 1.2 x 10 M. The
reason for the lower yields in cyclohexane compared to
benzene must thus be sought in the constants 8 and 6. A
reaction between CHD' or 1t and the solvent (reaction [11])
could cause the constants B and § to increase.

The numbers obtained from the eguation describing
the propyl ether solutions are, assuming that the ratio
k7/k8 is the same as in cyclohexane: B = § = 2.2 x 10" °M
and y = 0.035M.

The large value found for y as compared to that of
(B + 8§) in the solvents cyclohexane and benzene, can be
rationalized in two ways. The first way is by referring
to the definition of y and simply stating that reaction
[8] is a slow reaction. The second possibility is to
assume another unimolecular rearrangement of D+*, in such
a way that the product will not be able to transfer its

charge to CHD, e.g an intramolecular " or H transfer,

reaction [15]. The product VII is a substituted l,3-cyclo-

A0 — O e
\"

VII

hexadiene that presumably is not able to transfer its

charge to CHD.The chain is thereby terminated. Thus
15

Y = 5
8

et

i

1 M. The ion VII is able to enter into another



- 145 -

addition reaction with CHD to give polymer; in this way

it would escape detection. A consequence of this postulate
is that any definite information with regard to the numeri-
cal values of k7 and k8 is lost. Reaction 15 also offers
an explanation for the lack of dose rate dependence of
G(I). 1In the expression for the yield in benzene only the
constant d is left as a dose rate dependent term. 1In 0.1
M solution, where the effect of dose rate was studied, the
denominator in eq IV-6 changes from0.11l1l to 0.116 when the
dose rate is increased by a factor of 36. The yield of

dimer I consequently changes only by 5%, which is within

the limits of error in G(I).

(5) The effect of scavengers

Some of the interpretations of the effect of scaven-
gers have already been given in the previous paragraphs.
The decrease in yield of dimer I with the addition of
ethanol and propyl ether was interpreted as scavenging of
positive ions. The yields observed in propyl ether solutions
led to the postulate that propyl ether cannot efficiently
scavenge the ions involved in the chain propagation reactions.
The proton affinity of the cyclohexadienyl radical is cal-
culated from a Born-Haber cycle to be > 197 kcal/mole,
possibly as high as 205 kcal/mole. Proton abstraction is
then probably not possible by either propyl ether (PA = 200

kcal/mole) or ethanol (PA = 193 kcal/mole) from the cyclo-
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hexadiene positive ion. This immediately poses the
question: how then does ethanol inhibit in benzene sol-
utions or when it functions as solvent? The answer might
be found in the addition of ethanol to CHD+, by analogy

[ H 1+ oC,H, "

+ CH OH — or [16]

- _ -
with the addition of alcohols to olefins as mentioned
in the Introduction (p.23). This reaction has not been
observed with ethers, thus making the ether a better

solvent than ethanol.

The effects of electron scavengers (CCl SF N,O

4’ 6' 2
and 02) on the yield of I are difficult to explain. The
problem is not so much the lack of influence in dilute
benzene solution, but that they increase the yield of I in
cyclohexane and in concentrated CHD solutions in both
benzene and propyl ether. A slow down of the neutraliza-
tion reaction has been proposed to account for an increase
in the yield of propane from the radiolysis of solutions
of cyclopropane in saturated hydrocarbons to which elect-
ron scavengers were added (103). A decrease in the rate
of neutralization cannot be used in the present system

for various reasons.

The first reason is that CHD itself might be an
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electron scavenger (17). The second reason is a kinetic
one. In dilute solutions in cyclohexane the increase in
yield could be described by a decrease in the constants

b and d. For 25% CHD in cyclohexane the same explanation
is just possible with both b and d equal to zero at the
highest yield obtained. But in the 69 mole % CHD solu-
tion this same treatment is no longer possible; a 2.5

fold increase in a is necessary to account for the observed
yield.

If the electron scavengers do not increase the over-
all lifetime cf the ions, it seems necessary to postulate
that the neutralization reaction itself is responsible for
the higher yields. It is possible that the short lived
ions contribute to the yield in the more concentrated
solutions. In agreement with this idea is the observation
in concentrated solutions, that the yields are higher than
those calculated from the numerical expressions eq IV-5, 6
and 8. The differences are about 0.2 to 0.5 G units, which
indicates that only 10 to 20% of the yield at these con-
centrations is contributed by the short lived ions.

Assume that the ring closure of D+* (reaction [7])
is the slow step in the dimerization. Then, for the short
lived ions, the neutralization will take place almost
exclusively with D+*. The influence of an electron sca-
venger might thus be considerable when the neutralization

is changed in character. When a chain carrier is neutral-
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ized by an electron or CHD negative ion, a thermal dimer
is not formed, but when it is neutralized by a negative
ion of an additive a thermal dimer is formed.

The photodimers are also formed from ionic pre-
cursors (see later), and it appears that the sum of the
increase in the yield of thermal dimers and the yield of
photodimers is larger than the total yield of ions avail-
able in 70 mole % CHD in cyclohexane. Part of the in-
crease in thermal dimers must thus be attributed to an
increased lifetime of the (short lived) ions. More ex-
periments, especially in concentrated CHD solutions, are
needed before the details of the effects of electron sca-

vengers can be filled in.

B. Mechanism of formation of the photodimers.

From an examination of the summary of results, Table
III-17, it can be concluded that there are no additives
which effectuate an increase in dimer IV, whereas the yield
of dimer I is increased by several additives. Dimer IV is
therefore taken as representative of the photodimers i.e.

a set of dimers which is formed by another mechanism

than dimer I. Dimer I was taken as representative of the
thermal dimers, on the ground that it was not formed in

the photosensitized dimerization of CHD. The set of photo-
dimers might include part of the yield of dimer II.

The yields of the photodimer IV in solutions of CHD
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in the solvents i»enzene, cyclohexane, hexane and propyl
ether are higher than the yields expected from the elect-
ron fraction of CHD present in the solutions. These sol-
vents sensitize the dimerization reaction. When ethanol
is used as solvent the opposite is found; ethanol inhibits
dimer formation.

The photochemical formation of the photodimers in
isopentane solutions of CHD containing a triplet sensit-
izer points to a triplet state molecule as a possible
precursor of the photodimers. CHD is also an efficient
quencher of singlet excited states (104). The quenching action
apparently does not lead to product formation from CHD, in
particular dimers were not observed. This indicates that
the dimerization of CHD involves CHD molecules in the
triplet excited state. According to the theory of Wood-
ward and Hoffman the photodimers could be formed from a
CHD negative ion, in addition to formation from an elect-
ronically excited CHD molecule. Electron scavenging
followed by dimerization seems unlikely as a possible
mechanism, because this mechanism could lead to a chain
reaction analogous to the cis + trans isomerization of

CHD + CHD - IV [17]
IV + CHD - CHD + IV (18]
cis-stilbene (see P.19). From what is known about electron

affinities it seems likely that an electron could transfer
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from the photodimer negative ion to CHD (reaction (18],
because the dimer does not contain conjugated double
bonds. No sign of a chain reaction with respect to the
formation of photodimers was observed.

| Carbon tetrachloride lowered the yield of IV by
20 - 75% in all solutions for which precise data are
available. This is a sign of an involvement of negatively
charged species in the dimer formation. Since it is un-
likely that the negative ion of CHD itself forms the dimer
it is concluded that the photodimers are formed after
neutralization, or as a result of the neutralization re-
action. It is thus safe to state that the nature of the
positive ion involved in the neutralization reaction is
a determining factor in the formation of photodimers.

The failure of ethanol to inhibit dimer IV formation
in dilute CHD solutions in benzene is explained by the non-
occurrence of a reaction between the benzene positive ion
and ethanol (cf. paragraph IV-A-5). Neutralizationvof
C6H6+ by an electron could produce an electronically
excited (singlet or triplet) benzene molecule which might
transfer its excitation to CHD, followed by dimerization._
Neutralization by CHD could likewise lead to an electroni-
cally excited CHD molecule. It is not sufficient to state
that triplet state benzene has been established to occur

in radiolysis systems inde¢pendent of ionization processes,
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and that ethanol should thus not have an effect. Since
CCl4 decreased the yield of photodimers by 35% (Fig. III-
21) in solutions where ethanol had no effect, tﬁe charged
species are involved in the dimerization in benzene solutions.
The yield of IV in benzene solutions shows a continuous
increase with an increase in éHD concentration. No plateau
value was reached, as was the case in the benzene sensi-
tized isomerization of 2-butene (51). 1In 0.1 M solutions
G(triplet olefin) was about 3.0 for 2-butene in benzene.
G(photodimers) for 0.1 M CHD in benzene is 1.8 and at least
35% of this yield has ionic precursors. The lack of a
plateau in dilute solutions, and the participation of at
least two precursors prohibit an estimate of the contribu-
tion of triplet excited benzene to the yield of photodimers.
Ethanol completely inhibited the formation of IV in
cyclohexane solutions (Table III-8). Propyl ether had no
effect. It was postulated in sections IV-A-4 and 5 that
ethanol and propyl ether could react with a cyclohexane
positive ion, and that ethanol could react with a CHD
positive ion, while propyl ether failed to do so. The neut-
ralization reaction leading to triplet CHD molecule in
cyclohexane thus involves a CHD positive ion, and not a
cyclohexane positive ion. The cyclohexane positive ions
are of course precursors to the CHD positive ions. Propyl

ether is then expected to have an effect on the photodimer
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yield, through competition with CHD for the solvent posi-
tive ions. The fact that it has no effect might be due to
the competition being heavily in favor of CHD, since elect-
ron abstraction from CHD might be faster than proton ab-
straction by propyl ether.

At 7 mole % CHD in cyclohexane, addition of only 0.3
mole % N20 gave the maximum effect on the yields of all
dimers. An increase to 1.7 mole % NZO did not further
change the G values. It seems necessary to postulate that
neutralization by a negative ion of N,0 also leads to an
electronically excited CHD. Hertzberg (105) places the
energy of the triplet state of NZO at 60 - 70 kcal/mole.
There is then a possibility that a neutralization reaction
between NZO- and CHD+ produces a triplet excited CHD mole-
cule, perhaps via a triplet excited N,O. The energy of
the lowest triplet state of CHD is 53 kcal/mole ( 64).

It is unfortunate that the G values of dimer IV are
subject to considerable scatter. It is not possible to
extract quantitative information with respect to life-
times of excited states or scavenging efficiency of CHD for

positive ions from the data.
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C. Total G values of thermal dimers and photodimers

Since it was not possible to find a gas chromato-
graphy column that separated all four dimers of CHD, it
is necessary to use an approximation in the calculation
of total G values for the thermal dimers and the photo-
dimers.

One approach would be to use the ratio of II: I
obtained in the thermal dimerization of CHD. This ratio
is I%-= 0.29. Multiplication of I by 1.29 then gives
the total thermal dimer yield, and the remainder of the
dimers is photodimer. Another approximation is offered

by the ratio of the photodimers as obtained from the

photolysis of CHD in isopentane solution. The ratio is

IT1 + III

v = 4.35. The total photodimer yield is then

given by 5.35 G(IV), and the remainder of the dimers con-

stitute the thermal dimers. When both ratios are tried

on a set of results the values obtained for the total

thermal dimer yield and the total photodimer yield do

not agree with each other. The discrepancy varies but

is for the photodimers in some cases as high as 90%.
Schenck et al. (83) claim that the ratios of the

yields of the various dimers is dependent on the solvent,

the sensitizer, the temperature, and the type of radiation

employed. Extrapolation of the results from the thermal

dimerization and the photolysis in isopentane to the
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radiolysis at room temperature in various solvents would

thus be meaningless.
An empirical approach to each separate eystem seemed

in order. Assume that the ratio of the thermal dimers

II(t)

I = r, and the ratio of the photodimers I1(p) + IIT_

Iv
are constant in a particular system. Dimer II, which was

formed in the photolysis as well as in the thermal dimer-
jization is divided over these two ratios in some unknown
manner. The second gas chromatographic peak is the sum of
the minor thermal dimer (II) and the major photodimer.

The area of this peak can be expressed in the areas of the

peak of the major thermal dimer (I) and the minor photo-

dimer IV:
II(t) + {II(p) + III} = rI + pIV
Dividing by IV gives
I1 + III I
— = r—— + po
Iv IV

The equation of a straight line with slope r and intercept p.
An example of a plot of (II + III)/IV vs 1/1IV is given in
Fig. IV-1. The ratio of the photodimers p = 3.3 and the
ratio of the termal dimers r - 0.33. In order to find
accurate values of p and r the values of IV must be accurate. -
This is not always the case. For this reason only a few
accurate values of p and r were obtained.

The ratio of the photodimers found from the intercept

(3.3) is much lower than the ratio found from the photolysis
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O 5 10 15 20

I/IV

Figure IV-1 Ratios of the peak areas of
the CHD dimers.

The numbers near the points
give the CHD concentration in
moles/l. Solvent cyclochexane.
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in isopentane (4.4). Schenck et al. report for photoly-
sis of pure CHD without a sensitizer the following com-

position of the dimer mixture: II-33%, III-44%, and IV-

33 + 44

23%. The corresponding ratio p is then 5y =

3.35,
in good agreement with the above value.

It appears that the ratio of the photodimers is sub-
ject to change from one system to another. If this is
the case even the above derived method is subject to a
systematic error since for CHD/solvent mixtures extra-
polation occurs always towards pure CHD. An intercept
of about 3 will thus be found, but this intercept (ratio
p) does not necessarily describe the ratio of the photo-
dimers in dilute solutions. The results of scavenger
stuaiéé‘in dilute solutions, in particular ethanol in
benzene and propyl ether in cyclohexane, have been treated
by the above method and it appears that the ratio of photo-
dimers might be as high as 5.0 in dilute solutions. The
constant r varies between 1.22 (propyl ether)‘and 1.39
(benzene) .

The possibility of a systematic error, and the lack
of accuracy in dimer IV, limited the discussion to dimer

I and dimer IV. Total G values were not calculated.

D. Summary of conclusions.

The Diels-Alder (thermal) dimers are formed in a



- 157 -

positive ion chain reaction, initiaced by charge transfer
from the solvent in benzene, cyclohexane and hexane sol-
utions. 1In ethanol and in dilute solutions of CHD in
propyl ether charge transfer from the solvent does not
occur.

The chain proceeds through an intermediate that can
either react with CHD to form trimer or form a Diels-Alder
positive ion in a unimolecular reaction.

In 0.7% of the cases the intermediate may undergo an
intramolecular H atom or H+ transfer reaction. Such a
reaction explains the dose rate independence of the yields.

Chain carrier positive ions may undergo an addition
reaction with ethanol. Such a reaction does not occur
with propyl ether.
| Electron scavengers may chenge the neutralization
reaction in such a way that Diels-Alder dimers are
formed.

Electronically excited (triplet) benzene molecules
formed directly by the radiation and by ion neutralization
might be precursors to the photodimers in benzene solutionf

The photodimers are formed during neutralization or
as a result of neutralization in cyclohexane solutions.
Neutralization involving a cyclohexane positive ion does

not lead to a photodimer.
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Neutralization of CHD+ by a negative ion of N20 may
lead to a triplet excited CHD molecule, perhaps via a

triplet excited N20.



10.

1l.

12.

- 159 -

REFERENCES

G. J. Hine and G. L. Brownell "Radiation Dosimetry"”
Acadenmic Press, New York (1956) (a) p.83; (b) p.67.
J. W. T. Spinks and R. J. Woods, "An Introduction to
Radiation Chemistry," J. Wiley and Sons, New York,
(1964) p.30.

H. A. Bethe, Ann Physik, Folge 5 Bol 5, 325 (1930).
H. W. Bethe and J. Ashkin, in "Experimental Nuclear

Physics," E. Segré, ed., John Wiley and Sons, New

. York, Vol. I, 1953 p.266.

A. Kupperman, J. Chem. Ed. 36, 279 (1959) .

A. H. Samuel and J. L. Magee, J. Chem. Phys. 21,
1080 (1953).

H. Frohlich and R. L. Platzman, Phys. Rev. 92,

1152 (1953).

A. Kupperman, Nucleonics 19, No. 10, (1961) p.38.

E. J. Hart and J. W. Boag, J. Am. Chem. Soc. 84
4090 (1962).

J. Jortner, M. Offolenghi and G. Stein, J. Phys.
Chem. 66, 2029 (1962).

L. M. Dorfman in "Solvated Electron" Advances in
Chemistry Series 50. American Chemical Society

Publications 1965, Chapter 4.

G. R. Freeman, J. Chem. Phys. 38, 1022 (1963)



13.

14.

15.

l6.

17.

18.

19.

- 20.

21.

22.

23.

24,

25.

- 160 -

A. O. Allen and H. Hummel, Disc. Faraday Soc.,

36, 95 (1963).

G. R. Freeman and J. M. Fayadh, J. Chem. Phys.

43, 86 (1965).

G. R Freeman in Radiation Research, G. Silini, ed.,
North—Holyand Publishing Co" Amsterdam, 1967, p.1l13.
G. R. Freeman, J. Chem. Phys. 46, 2822 (1967).

E. D. Stover, Ph.D. Thesis, University of Alberta
(1967) .

L. G. Walker, Ph.D. Thesis, University of Alberta

(1967) .

G. R. Freeman, Advances in Chemistry Series, August
1968.

J. P. Keene, E. J. Land, A. J. Swallow, J. Am. Chem.
Soc. 87, 5284 (1965).

J. W. Hunt and J. K. Thomas, Radiation Res. 32, 149
(1967).

Th. Forster "Fluoreszenz Organischer Verbindungen"
Vandenhoeck and Ruprecht, Gottingen, 1951, p.123.

R. O. Kan "Organic Photochemistry" McGraw-Hill,

New York, 1966, p.1l.

W. G. Burns and R. Barker in G. Porter, ed., "Progress
in Reaction Kinetics), Pergamon, Oxford, 1965 p.310.
K. Watanabe, T. Nakayama and J. Mottl, J. Quant.

Spectr. Rad. Transfer, 2, 369 (1962).



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

R. W. Kiser "Introduction to Mass Spectrometry and
its Applications". Prentice Hall Inc. Englewood
Cliffs, N.J., 1965, p.308.

A. L. Farragher, F. M. Page and R. C. Wheeler,

Disc. Faraday Soc. 37, 203 (1964).

R. B. Cundall and P. A. Griffiths, J. Phys. Chen.
69, 1866 (1965).

See ref. 24, p.331.

C. D. Wagner, Trans. Faraday Soc. 64, 163 (1968) .

S. Meyerson and P. N. Rylander, J. Chem. Phys.

27, 901 (1957). '

F. Meyer and A. G. Harrison, J. Chem. Phys. 43,
1778 (1965).

S. G. Lind, D. C. Bardwell and J. H. Perry, J. Am,
Chem. Soc. 48, 1557 (1926).,

See for instance "A Bibliography on Ion-Molecule
Reactions”. N.B.S. Technical Note 291, U. S. Govern-
ment Printing Office, Washington, D.C. 1966.

W. H. T Davison, S. H. Pinner and R. Worrall, Proc.
Roy. Soc. (London) A252, 187 (1959).

F. Williams, J. Am. Chem. Soc. 86, 3954 (1964) .

T. Shida and W. H. Hamill, J. Am. Chem. Soc. 88, 5371
(1966) .

Ref. 22 p.92

Ref. 22 p.116



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

- 162 -

J. A. A. Ketelaar, "Chemical'Constitution" 2nd ed.
Elsevier, Amsterdam, 1958, (a) p.205; (b) p.220;
(c) p.254; (d) p.207.

U. Laor and A. Weinreb, J. Chem. Phys. 43, 1565
(1965) . '

Ref. 22 p. 117

H. Schueler, E. Lutz and G. Arnold, Spectrochim Acta
17, 1043 (19¢1l).

R. J. de Kock, N. G. Minnaard and E. Havinga, Rec.
Trav. Chim. 79, 922 (1960) .

R. Srinivasan, J. Am. Chem. Soc. 83, 2806 (1961).
P. Sigal, J. Chem. Phys., 46, 1043 (1967) and

42, 1953 (1965).

R. B. Cundall and T.F.Palmer, Trans. Faraday Soc.
56, 1211 (19€0).

J. K. Thomas, K. Johnson, T. Klippert, R. Lowers,
J. Chem. Phys. 48, 1608 (1968). J. W. Hunt and

J. K. Thomas, J. Chem. Phys. 46, 2954 (1967) .

G. S. Hammond and P. A. Leermakers, J. Phys. Chem.
66, 1148 (1962).

R. B. Cundall and P. A. Griffiths, J. Am. Chem. Soc.
85, 1211 (1963).

(a) R. B. Cundall, F. J. Fletcher and D. C. Milne,

Trans. Faraday Soc. 60, 1146 (1964).

(b) R. B. Cundall and P. A. Griffiths, Trans. Faraday

Soc., 6L 1968 (1965).



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

- 163 -

M. A. Golub, C. L. Stephens and J. L. Brash, J.
Chem. Phys. 45, 1503 (1966).

L. I. Samokhvalova and V. A. Krongauz, Dokl. Phys.
Chem. (U.S.S.R) 168, 309 (1966).

H. P. Lehmann, G. Stein and E. Fisher, Chem. Comm.

7, 583 (1965).

E. Fisher, H. P. Lehman and G. Stein, J. Chem.
Phys. 45, 3905 (1966).

R. A. Caldwell, D. G. Whitten and G. S. Hammond,
J. Am. Chem. Soc. 88, 2659 (1966).

R. R. Hentz, D. B. Peterson, S. B. Srivastava, H

14

F. Barzynski and M. Burton, J. Phys. Chem. 70
2362 (1966).

R.R. Hentz, K. Shima and M. Burton, J. Phys. Chem.
71; 461 (1967).

G. B. Evans, Ph.D. Thesis, University of Notting-
ham, 1967.

G. S. Hammond, J. Saltier, A. A. Lamola, N. J. Turro,
J. S. Bradshaw, D. O. Cowan, R. C. Counsell, V. Vogt
and C. Dalton, J. Am. Chem. Soc., 86, 3197 (1964).

K. Kawaoka, A. U. Khan and D. R. Kearns, J. Chem.
Phys. 46, 1842 (1967).

E. C. Lim and V. L. Kowalski, J. Chemn. Phys. 36, 1729
(1962).

D. F. Evans, J. Chem. Soc., 1351 (1957) .



64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

- 164 -

D. F. Evans, J. Chem. Soc. 1735, (1960).

W. G. Burns, R. B. Cundall, P. A. Griffiths

and W. R. Marsh, Trans. Faraday Soc., 64, 129
(1968) .

R. Luther and F. Weigert, Z. Phys. Chem. 53, 385
(1905) as quoted by S. Glasstone "Textbook of
Physical Chemistry" 2nd ed. Macmillan, London 1956
p. 1168.

H. Kallmann and M. Furst, Phys. Rev. 79, 857
(1950) . M. Furst and H. Kallmann, Phys. Rev. 85
816 (1952).

T. FOrster, Pure Appl. Chem. 7, 73 (1963).

R. B. Cundall, Prog. Reaction Kinetics, 2, 165
(1964).

Ref. 71 footnote 12.

D. R. Arnold, D. J. Trecker and E. B. Whipple,
J. Am. Chem. Soc. 87, 2596 (1965).

P. J. Kropp, J. Am. Chem. Soc. 88, 4091 (1966).
J. A. Marshall and R. D. Carroll, J. Am. Chem.
Soc. 88, 4092 (1966).

G. S. Hammond, N. J. Turro and P. A. Leermakers,
J. Phys. Chem. 66, 1144 (1962).

R. Srinivasan and F. T. Sonntag, J. Am. Chem. Soc.,
87, 3778 (1965).

G. S. Hammond, N. J. Turro and A. Fisher, J. Am.

Chem. Soc. 83, 4674 (1961).



77.

78.

79.

80.

8l.

82.

83.

84.

85.

86.

87.

88.

89.

- 165 -

D. Valentine, N. J. Turro aﬁd G. S. Hammond,

J. Am. Chem. Soc. 86, 5202 (1964).

R. L. Stock and H. E. Gunning, Can. J. Chem.,
38, 2295 (1960).

W. A. Cramer, J. Phys. Chem. 71, 1112 (1967).

S. S Butcher, J. Chem. Phys., 42, 1830 (1965).
B. R Wakeford, Ph.D. Thesis, University of
Alberta, 1964.

R. Srinivasan, in "Advances in Photochemistry",
Vol. 4, W. A. Noyes, Jr., G. S. Hammond and J. N,
Pitts, Jr., eds., Interscience, New York, N.Y.
1966, p.1ll1l2.

G. O. Schenck, S. P. Mannsfeld, G. Schomburg und
C. H. Krauch, Z. Naturforsch. 19b, 18 (1964) .

E. H. Farmer and C. G. Moore, J. Chem. Soc.,

131 (1951).

A. Zlatkis, J. F. Oro and A. P. Kimball, Anal.
Chem., 32, 162 (1960).

A. B. van Haaften and S. T. Sie, Chem. Weekblad.
61, 189 (1965).

W. E. Harris and H. W. Habgood, "Programmed
Temerature Gas Chromatography? John Wiley & Sons,
New York, (1966) p.llé.

J. H. Knox "Gas Chromatography" Methuen & Co.,

London (1962), (a) p.86; (b) p.24.

A. O. Allen, "Radiation Chemistry of Water



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

- 166 -

and Aqueous Solutions", D. Van Nostrand,
Princeton, N.J. (1961) p.2l.

G. Friedlander, J. W. Kennedy, and J. M. Miller,
"Nuclear and Radiochemistry:'2nd ed. John Wiley
& Sons, New York, 1955 p.538.

S. Satq, R. Yugeta, K..Shinsaka and T. Terao,
Bull. Chem. Soc. Japan, 39, 156 (1966).

S. Sato, T. Terao, M. Kono and S. Shida, Bull,
Chem. Soc. Japan, 40, 1818 (1967) .

J. H. Hildebrand and R. L. Scott, "The Solubility
of Nonelectrolytes" 3rd ed. Reinhoitd, New York,
1950, p.243.

G. V. D. Tiers "Characteristic Nuclear Magnetic
Resonance (NMR) "Shielding Values" (Spectral
Positions) for Hydrogen in Organic Structures. Part
1. Tables of 1-Values for a Variety of Organic
Compounds! Minnesota Mining and Manufacturing
Co. (1958).

J. W. Buchanan and F. Wiiliams, J. Chem. Phys.
44, 4377 (1966).

G. R. Freeman, Rad. Res. Rev. 1, 1, (1968) .

J. Sauer, Angew Chemie Int. Ed. 6, 16 (1967) .

T. Inukai and T. Kojiina, J. Org. Chem. 31, 1121
(1966) .

R. B. Woodward and T. J. Katz, Tetrahedron, 2,

70 (1959).



100.

101.

102.

103.

104.

105.
106.

- 167 -

R. Hoffmann and R. B. Woodward, J. Am. Chem.

Soc.

w. R.

G. S.

87, 2046 (1965).

Pyle, Phys. Rev. 38, 1065 (1931)

Hooper and C. A. Kraus, J. Am. Chen.

Soc. 56, 2265 (1934).

A. A.
Chem.
L. M.

G. S.

Scala, S. G. Lias and P. Ausloos, J. Am.
Soc. 88, 5701 (1966).
Stephenson, D. G. Whitten, G. F. Vesley and

Hammond, J. Am. Chem. Soc. 88, 3665 (1966).

G. Hertzberg, Z. Phys. Chem. Bl7, 68 (1932).

F. RI

Jensen and C. H. Bushweller, J. Am. Chem.

Soc. 87, 3285 (1965).



- 168 -

APPENDTIX

(a). Derivation of equation IV-1l of page 136.
Application of steady state homogeneous kinetics

to the reactions [3] to [11]

M —p Mt o+ e [3]

CHD ...+ CHD' + e~ (4]

Mt + cip - cHpt + M (5]

caot + cip - DY (6]

ot* L+ 1t (7]

p** + cup +  Trimer’ (8]

1+ cup » cHD' 4 I (9]
(M+,CHD+,D+*,I+ + N) -+ neutralization [10]
(M+,CHD+,D+*,I+ + 2Z2) 4 chain termination {11]

leads to the following set of simultaneous equations (for

definition of symbols see p.138).

+
déﬁ ] - G(M+)€m-[M+](ksc + kyoINT] + ko, (2])= 0
= ame ~k IM') (Cta) A-1
kK ~[N"] + k,.[2]
where o = 10 K 11
5
d[cupf] cup” ke + ko (ot upt] (k.Cc +
_____dt_____ = G(CHD )€c+ 5 9[ ]Jc -[CHD ] ( 6

kigIN 1 + kll[z]) 0

G(CHD+)ec+k5[M+]C + kglT'1C + kg [CHD'] (C+8)
A-2
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klo[N ] + k,,[2]

_ 11
where 8 = k6
d[D+*] + +* -.
T k6[CHD ]Jc - [D ](k8C + k7 + klO[N ] +
klllzl) =0
- x.[cptic - ko 01 (C + £7 + v) 3
= 6 D 8 )—(—8— 'Y A_.
klolN ] + kll[z]
where y = X
8
arrty L ettt + - _
——gz—— = k7[D ] - [1 ](kgc + klO[N ] + kll[z]) =0
=k, 10"") - kgl1*1(C + 6) A-4
k-~[N"] + k.,[2]
where § = 10 K 11
9

From eq A-1 to A-4 the expressions for the concentrations

of each of the ions of the chain are derived:

+ G(M+)em Aes
M) = k. (C ¥ o)
GiCHD+) +x.mmt1c + k. (1h1C
[CHD+] - € %5 9 A-6
ks(c + B)
+
[D+*] ) k6[CHD ][c]k A-7
kg(C + v + El)
8
k. (0t "]
() = A-8
k9(C + &)

Substitution of A-6 into A-7 and substitution of the result

into A-8 gives:



k k. C

+ 6
ity = —1— . - K
kg(C + ) k8(c +Y+j‘—8)
+ + +
+ e
G (CHD )EC kS[.I ]1C kQ[I ]C
—_ - — A-9
k6(C + B) k6(C + 81
or after rearrangement and substitution of A-S
ut
. ot G(M )emC}
+ Clelemd et g
[I ] = — -,k - —-
7 2
k8k9(0+8) (C+6) (C+\+k~é—) - k7k9C A-10
The thermal dimer is formed in reaction [9]
(1) = kgl1¥lc A-11

Substitution of A-10 to A-1l1l gives the yield of thermal

dimer equation A-12:

+
G(M)e C
2 + m
k.C°{G(CHD )e , + ——r——
G(I) = 7 c C+ a

X
kg{(C+B) (C+8) (C+L + &) + - c?)

8 8

A-12

= * -

A final rearrangement gives eqg. IV-1.

+
k G(M e C
o c?{e(captye_ + ——T_ )
8 ¢ C +
G(1I) = a .
3 2 kq
C™ + (B+y +48)C” + {BS + Cy+E—)(B+6)M:+
k 8

BS (y+ ;1) V-1
8 .
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(b) Reduction to three parameters

The number of data available and their precision
are not sufficient to allow a calculation of all five para-
meters. To decide which parametérs can be neglected in
the calculations a trial calculation was done. For C = 1 M
in cyclohexane solutions G(I) = 5.8. Substition of these
values in eq. IV-3b gives: a = 5.8 (1 + b+ d + e + f).

Combination with eq. IV-3a gives:

EZ GiM') = 5.8 (L + Db+ El (B + &) + ‘2 (B + 8) + “ BS +
k8 - N k E—B'G. }G
k7 k7
T aBo + rest terms not including — ).
k8 k8
whence:
k

El {(ciMt) - 5.8 (L +a)(B + 6 + B8)} = 5.8 (L + b + rest
8

terms) .

Since all constants are > 0, a solution can only be found
for

GMT) > 5.8 (1 + a) (B + & + BS).
Taking a maximum value of G(M+) = 4,0 the result is

(. +# o) (B + & + REY < 0,69

A similar calculation for C 0.1 M, G(I) = 2.0 in cyclo-

hexane gives:
(1 + 100) (B + & + 10B8) < 0.2

Independent of the value of o the upper limit for B + & +
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1088 is 0.2. For a given sum of (B + §) < 1, the product
BS is maximal for B = § thus 28 + 1082 < 0.2 and B = § <

0.07. Neglecting the term BS in the constant e the ratio

- _BS

= F¥35 The maximum value of this ratio is: 0.0049_

0.14

®

0.03. Thus in 0.1 M solution in cyclohexane the contri-
bution of f to the denominator is maximal 30% of the contri-
bution of the term eC. When a more realistic value of

G(M+) is taken, i.e. G(M+) = G{free ions) = 0.1 the ratio

£ 3

is found to be 10 °, the contribution of f is thus 10% of

the contribution of eC to the denominator when C is 0.1 M.
Considering the mechanism, the reaction [5] deter-
mining o, and the reéction [9] determining § are of the
same type: charge transfer from M+ or I+ to CHD. It may
be assumed that the rates of these reactions are of the
same order of magnitude. The constants o and § are then
of the same order of magnitude. To explore the maximum

values of a, B and §, they are assumed to be equal. Thus,
with G(M+) = 4,

a + 15a2

+ 50a° < 0.1 .. a <0.05

With G(M+) = 0.1 a value of o < 0.002 is obtained. The

ratio of the constants e and d is thus found to be g < 0.05.
The assumption that o is of the same order of magni-

tude as 8§ leads to the conclusion that e << d. It was

demonstrated that f < eC. A reduction to three parameters
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may thus be obtained by neglecting the last two terms in

the denominator of eq IV-3b:

G(I) = —ilgl__. Iv_4
c® + bCc + d
(c) Derivation of the kinetic expression for the

mechanism with competition between a bimolecular and

a termolecular reaction.

cip” + cup » 17 [12)

cip’ + 2cHD » Trimer’ [13]

Upon application of steady state homogeneous kinetics
to the reactions [3] - [5] and [9] to [13], the following
equations are obtained for the concentrations of the ionic
species:

che,
E;TEfITE) | A-13

)

+v 4 + ot
G(CHD" Et ko [MT]C + kglI']C

k (c+]—c—l—3-C2+k [N"] + k..[2])
12 k 10 11

12

(cupt)

G(CHD') ectkg M 1C + kg [TV]C

k
klz(c + Elé Cz + n)
12

klO[N ] + kll[Z]
k

A-14

where n =

12
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X 2[cno*]c

The yield of thermal dimer is given by:

. k12c2[CHD+]
G(I) = k9[I ]jCc = A-16

(C + &)

Substitution of A-15 and A-13 into A-14 gives:

— cmt Ye, k12C2[CHD+]
ccaptye 4 o My
(cupt) = cCr+ a cC+9 A-17
kyz 2
klz(c + T C° + n)
“12

After rearrangement and substitution of the result into

A-16 the expression for the yield of thermal dimer obtained

is:

G(Mf);mc
+ : '
S G(CHD X+ =5 A-18
C + & (k13 c2 e - cl
amHe nC
C (G(CHD )g +E—+T )
G(I) =
(C+6)(—C2+C+n) - ¢2
ky2
or k12 2 + CG(M+)em
K']—.; C (G(CHD )Ec + -—C———+—&——-
G(n) = X X
C3 + acz + Elz (n + 8)C + Ell né

13 13
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(d) . The use of the complete formula eq. IV-1l in the trial
calculation of appendix b reduces the limits found for

B, 6 and o by 1%. In concentrated solutions (C>>a) where

the assumption €n = 1.0 cannot be used a reduction of the

numerator of eq. IV-1 to:

2 c?tcmre + clcuptye )
k C
8
is obtained.
The assumption €n = 1.0 may now be supplanted by the

assumption cM*) = g(cHp™), in order to keep the number

of parameters down to three:

e

X
7 % (e, + €g) = T ¢

kg kg

.The latter assumption is not unreasonable since equation

IV-1 was derived for the long lived ions (free ions). The
proper value of G(M+) and of G(CHD+) to be substituted in
the formula is thus G(free ions) = 0.1 in all the hydro-

carbon solvents used.



