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ABSTRACT

A study has been made of the reactions of recoil tritium atoms
with cyclohexene {at 25°C and 135°C) and with methylcyclohexene (at 135°C).
Principle attention was given to unimolecular decomposition processes
following T-for-H substitution. T was produced by recoil in the
3He(n,p)T reaction. The neutron irradiations at 25°C were in a standard
Lazy Susan facility. Irradiations at 135°C were in a specially designed
neutron irradiation container in which all samples received the same
neutron dose and the temperature was controlled to %0.5°C. The tritiated
products were analyzed with a specially designed radio-gas-chromatographic
system. Peaks were monitored at a constant flow rate in the same detector
(a beta proportional counter) and the injection volume was large. A
system of four columns used in series gave adequate resolution of more
than twenty products from the whole sample. This system was a combination
of (1) stop-flow, (2) center-cut, (3) recycle, {k4) stepwise temperature
programming, and (5) stepwise pressure programming technigues.

The comparative efficiency of SO2 and 02 as radical scavengers
was determined in the T + cyclohexene, T + trans-2-butene, and

T + n-butane gas phase system at 25°C. 02, the only scavenger previously
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in use in T + alkene systems, caused an anomalous increase in the
butadiene-t yield from T + cyclohexene reactions. All other tritiated
products from cyclohexene and trans-2-butene reactions showed similar
scavenging trends. The use of SO2 as a scavenger may be advantageous in
some alkene systems although 802 fails to remove all thermal contributions
to the HT yield in the T + n-butane system.

The anomalous increase in the butadiene-t yield (fran
T + cyclohexene reactions at 25°C) with O2 scavenging was clarified by
determining the comparative efficiency of st, butadiene-d6, 02, and SO2
as radicel scavengers in the T + cyclohexene system at 25°C. Direct
tritium substitution of cyclohexene yields cyclchexene-t which may undergo
unimolecular decomposition to produce butadiene~t. In unscavenged
samples butadiene-t is selectively depleted by reactions with H atoms
produced by radiolysis. Neither 802 nor HES is sufficiently reactive
with H atoms to protect butadiene-t from such depletion. The "hot"
butadiene-t yield can only be determined by means of 02 or butadiene—d6
scavenging. All products except butadiene-t exhibit normal behavior with
S scavenging.

0 802 or H

2
The pressure dependence (in the 300 to 1500 torr pressure range)

2’

of the products of recoil tritium reactions with cyclohexene was
determined at 135°C. Both at 135°C and at 25°C roughly 85% of the

T + cyclohexene reactions which gave gas phase products resulted from
tritium atom abstraction to form HT, addition to form cyclohexyl-t
radicals, or T-for-H substitution to form cyclohexene-t. The dependence

of product yield on pressure showed that ethylene-t and butadiene-t
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resulted from the unimolecular decomposition of excited cyclohexene-t
{formed ty T-for-H substitution). The apparent rate constant of
cyclohexene-t unimolecular cecomposition was determined as 5.1 X 106 sec-l.
The s parsmeter in the RRK (for Rice, Ramsperger and Kassel) treatment
of the unimolecular decomposition of cyclohexene was determined as
s = 24, Similarly, the pressure dependence of product yield showed that
n-hexene-t, l-butene-t and methane-t resulted from the unimolecular
decomposition of cyclohexyl-t radical (formed by T addition to cyclohexene)
with rate constants of 8 x lO3 sec-l, 3 x lOu sec-l, and 5 X 102 sec~l,
respectively. The relative rate of abstraction versus addition of
radicals in alkenes was determined from the scavenger dependence of the
yields of products with a radical precursor.

The reactions of recoil tritium atoms with methylcyclohexene
were also ‘tudied at 135°C. Roughly 90% of the T + methylcyclohexene
reactions which gave gas phase products resulted from tritium atom
abstraction to form HT, addition to form methylcyclohexyl-t radicals, or
T-for-H substitution to form methylcyclohexene-t. The dependence of
product yield on pressure (300 to 1200 torr pressure range) showed that
excited k-methylcyclohexene-t (formed by T-for~H substitution) decomposed
unimolecularly to give propylene-t or butadiene~t with a rate constant
T

of 1 x 10 sec"1 end that similarly excited 3-methylcyclohexene-t

decomposed unimolecularly to give ethylene-t or pentadiene-t with a rate

constant of 3 X 106 sec™L,

A test was made of the RRK~RRKM sssumption (M reflects the

contribution of Marcus) of energy randomization prior to unimolecular
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decomposition. The rates of unimolecular decompositisn of cyclohexene-l-t
end cyclohexene-3-t (formed by T-for-methyl substitution reactions of
recoil tritium atoms with l-methylcyclohexene and 3-methylcyclohexene,
respectively) were compared. The rates of unimolecular decomposition of
cyclohexene-1l-t and cyclohexene-3-t were similar. Using the previously
determined RRK parameter (s = 24) for the unimolecular decomposition of
cyclohexene, the average energy of excitation deposited in cyclohexene-t
by T-for-methyl substitution reactions with methyleyclohexene was
estimated at 6.5 eV for both cyclohexene-l-t and cyclohexene-3-t. For
the same energy of excitation, the preobability of unimolecular
decomposition was independent of the site of energy input.

It was concluded that the RRK-RRKM assumption of energy

randomization prior to unimolecular decomposition is valid for the recoil

tritium initiated unimolecular decomposition of cyclohexene.
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INTRODUCTION
Translational Excitation in Bimolecular Reactions

A Maxwell-Boltzmann distribution of the thermal energies of
reactive species is & barrier to the study of high energy bimolecular
reactions. Of two competing reactions, the reaction with the lower energy
threshold tends to predominate simply because of the larger number of
molecules with sufficient energy for reaction. For many years, the role
of translational energy in promoting virtually all reactions has been
emphasized. This suggests that the energy barrier to the study of high
energy bimolecular reactions may te circumvented. One (o1 both) of the
reactants could be a translationally excited species whose energy is not
given by a Maxwell-Boltzmann distribution. The selection of reactants
depends upon: (1) which reactants are "interesting" to study, (2) the
relative dlfficulty of formation of the translationally excited
reactent(s), (3) the relative ease of analysis of the predicted products.
The large number of hydrocarbons in the environment focuses attention on
reactions with hydrocarbons. The translationally excited reactant then
logicelly becomes a hydrogen atom. Four methods have been used to

produce translationaelly excited hydrogen: (1) Beams of hydrogen ions

+
2

range have been reacted with solid1 and gaseouse hydrocarbons. (2) A

+
(H and H, or the isotopic equivalent) with energies in the 1 to 200 eV

beam of thermsl hydrogen atoms has been reacted with alkenes.3 (3)

Transletionally excited hydrogen atoms have been produced via photolytic

decomposition and resulting recoilh’5 and have been allowed to react with
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gaseous alkanes. (U) Translationslly excited ("hot") hydrogen atoms have
been produced via nuclear reasctions and resulting recoil and have been
allowed to react with hydrocerbons in all phases.G’7 The study of
hydrogen atoms (tritium atoms) produced by nuclear reaction is called
recoil tritium chemistry.

I am interested in the reactions of recoil tritium atoms with
cyclohexene and methylcyclohexene., In particular, I am interested in
unimolecular decomposition reactions which are often observed as secondary
processes following T-for-H substitution in recoil tritium~hydrocarbon
systems. I intend to use activation (energization) by recoil tritium
atoms to test the assumption that excitetion energy is randomly distributed
in a molecule before the molecule undergoes unimoleculer decomposition.
Consequently, this Introduction will be divided into three sections:

(1) a sumary of recoil tritium reactions, (2) a general discussion of
unimolecular reactions, (3) & more detailed definition and discussion of

the aims and scope cof this work.



1. RECOIL TRITIUM REACTIONS
1.1 General Considerations

Recoil tritium reaction studies began 1In the late 1950's as an
effort to produce high specific activity tritium labeled compounds (the
half life of tritium is 12.3 years) of blological interest such as
glucose and galactose.a'g The tritium was produced by ruclear reaction.
Nuclear reactions 6Li(n,a)T and 3He(n,p)T liberate large amounte of
energy which is shared (with conservation of momentum) amongst the
products of the reaction. The energy which each particle receives in
this manner is called its recoil energy. The recoiling tritium has an
energy of 2.7 and 0.19 MeV, respectively, from these nuclear reactions.
This excess energy is a driving force for the labeling reaction.

Subsequent studies of the recoil tritium labeling process
(reviewed in Refs. 6 end 7) have yielded the following general scheme.
The tritium is initially produced es an ion. The recoil triton (tritium
ion) velocity is much faster than the velocity of an electron in the
first Bohr orbit. The triton is produced with a recoil energy which is
virtually infinite on the chemical scale. Carbon-carbon and carbon-
hydrogen bond energies are 3 to i eV (one eV is 23 Keal mole™l). Thermal
tritium atom energles are about 0.02 eV. The triton must undergo a
series of energy-losing colligions with its environment until it reaches
an energy below 20 eV where reactions which produce a stable tritium
labeled species are thought to occur.

This energy degradation of the tritdén and proton or elphe

particle produces bulk radiation damage (radiolysis) of the hydrocarbon
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system.lo In the typical recoil tritium experiment 1'Y to 10

hydrocarbon molecules are placed in a glass capsule along with the
appropriate source of tritium atoms (6Li or 3He). Neutron bombardment

of the capsule is used to produce 10lo to 1012 tritium atoms. This
number of tritium atoms is necessary to analyze the sample for tritium
labeled products through separation of the products by gas chromatography
and monitoring of the radicactive tritium by proportional beta counting.

0 to 1012 tritium atoms usuelly results in radiolysia

Production of 101
damage of less than 1%. This ensures that the tritium atom is reacting
with the parent hydrocarbor; not a radiolysis produced hydrocarbecn
fragment.

Although I have referred and will refer hereafter to the
reactions of recoil tritium atoms, the charge state of the tritium (when
it reacts to give the stable tritium lebeled species) is a matter of
some controversy. With each collision during the period of energy
degradation the ion (or atom) could undergo charge exchange to give a
possible T+ or TO species., Detailed experimental determinations of the
triton-tritium atom population in the 0.5 to 50 eV range have not been
made. Arguments baesed on the adiabatic principle have been used to
suggest that recoll tritons probably are11 and later on, probably are
not12 completely neutralized in an environment containing a great deal
of helium.

The generel reaction scheme developed this far is of a highly

energetic recoil triton being degraded in energy and ultimately reacting

ags an energetic tritium atom. Some of the tritium atoms mey survive



collisions in the 20 to 0.02 eV range and ultimately react as thermal
tritium atoms. But because all the reacting tritium atoms entered the
reactive energy region from the high energy end, a study of high energy
tritium atom reactions is possible. The fundamental limitation of recoil
tritium studies is that the energy distribution of the reacting tritium
atoms is not known., The energy distrihution can, however, be modified,.
Consider gas phase recoil tritium reactions. Addition of a highly
reactive substence (a scavenger) such as 02 to the 3}[e/hydrocar’bon

mixture removes (scavenges) all thermal tritium atoms and tritiated
radical intermediates., All tritiated product yields which survive in

the presence of & scavenger are thought to result from high energy
tritium reactions. Conversely, addition of an inert species (a moderator)
such as a ncole gas to the 3He/hydrocarbon mixture increases the number
of energy losing but unproductive collisions which the tritium atoms may
undergo. This increases the number of tritium atoms which survive
throughout the entire reactive energy renge to ultimately react as thermal
tritium atoms. All tritiated product ylelds which increase with
increasing concentration of moderator gas are thought to result from
thermal tritium atom reactions. Scavenger and moderator studies have been

used to determine the general reaction paths discussed in the next section.

1.2 Observed Reactions

The reactions of recoil tritium atoms, as observed from the

study of reactions with more than one hundred parent compounds, follow

three general reaction pathways.6’7’l3 The reaction paths are arranged

in order of increasing threshold energy.
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T
addition T + R-CH=CH-R' > R-C-C-R' 1-1
HH
ebstraction T + R-H > H-T + R' 1-2
substitution T + R-X > R-T + X' 1-3

X = H, alkyl, halogen, «NH2, ~COOH

1.2.1 Addition

Addition is the reaction with the lowest energy threshold in
recoil tritium-alkene systems. Thermal studiegs show addition to have an
activation energy of 2 to 4 Keal mole™! and to be 30 to 40 Kcal mole™!
exothermic.lLl Thermal H atom reaction rate constants for addition are
usually an order of magnitude greater than for abstraction.15 The
addition of a tritium atom to the double bond forms & tritlated radical.
This tritiated radical can undergo further reaction to: (a) abstract a
hydrogen atom from the hydrocarbon system to form a tritiated alkane
(which does not react further). The alkane-t species 1s monitored by
radio-gas-chromatography. (b) undergo radical addition to an unlabeled
parent hydrocarbon molecule initiating a radical chain. Tritiated dimers

have been monitored by radio-gas-chromatography.16’17

Higher tritiated

polymers have been monitored by other means.18 (¢) be removed from the

system by a scavenger. The ultimate fate of the scavenged species is,

of course, dependent on the scavenger used. (d) decompose unimolecularly.
The observed unimolecular decomposition of tritiated radicals

is pressure dependent in the expected manner. At higher hydrocarbon

pressures more radicals are stabilized by collisions prior to
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decomposition.16 A camparison of the unimolecular reaction rate of
tritiated radicals formed from recoil tritium reactions with known
reaction rate parameters from thermal kinetics studies indicates that

the mverage tritium atom addition reaction occurs at 0.1 eV above thermal
energies.l6 The observed unimolecular decomposition of tritiated
radicals is also temperature dependent in the expected manner. The
decomposition of the tritlated radicals increases at higher temperatures.
This increase in decomposition is consistent with an increase in
excitation energy corresponding to the increased internal energy of the
radicael at the higher temperature.l9 The important thing to note in that
the temperature dependent process is a secondary decomposition. No
temperature effect has been observed in the primary addition, abstraction
or substitution reactions of recoil tritium atoms.19 This is consistent

with recoil tritium reactions occurring at high energies.

1.2.2 Abstraction

Abstraction is the reaction with the lowest threshold in recoil
tritium~alkane systems. Abstraction is observed in thermal kinetic
studies with an activation energy of 7 to 8 Kcal mole-1.20 Abstraction
is 1 to 20 Kcal mole-'l exothermic depending upon the C-H bond site from
which the H atom is a.bstracted.21 This bond energy effect is important
in recoil tritium atom abstraction reactions. The HT yield per C-H bond
increases with decreasing bond energy. This can be expleined by an
energy cut-off model in which the weaker C-H bonds permit abstraction at

lower energies. With a larger energy range of reaction, more tritium

atoms are available for reaction. The probability per collision of an
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aebstraction reaction in the energy range available for reection also
increases with a decrease in C~-H bond energy.22 A primary isotope effect
has been observed in recoil tritium atom abstraction reactions. At the

tertiary C-H bond in isobutene, HT formation is favored over DT formation

by 1.6 to 1.0.23

l.2.3 Substitution

Substitution is the reaction with the highest energy threshold
of the three recoll tritium reactions listed above. Substitution is not
obgerved in thermel systems. Although the reaction is thermoneutrel, a
threshold energy of 1.5 eV (in the lab frame, 1.3 eV in the center of
mess frame) has been measured using photolytically produced tritium
atoms.zh The average substitution reaction, however, occurs at much
higher energy. Comparison of the unimolecular decomposition of
cyclobutane-t (following T-for-H substitution) with kinetic parameters
known from thermal studies indicates that the average T-for-H
substitution reaction leaves 5 eV of excitation energy in the cyclibutane~t
molecule.25’26 A similar analysis shows that T—for-CH3 substitution
reactions in 1,3 dimethyl cyclobutana leave an average of 6 to 7 eV of
excitation energy in the methyl cyclobutane-t molecule.27

The substitution of T-for-H occurs with: (a) 99% retention of

3 28

configuration (no Walden inversion) at asymmetric sp~ sites” and T0%

retention of configuration at sp2 sites.29 The retention of configuration

at sp3 sites is especially interesting since several theoretical trajectory

studies indicate that T-for-H substitution with Walden inversion (and

loss of configuration) should be an important reaction channel.3o’31



(b) an isotope effect of 1.25 to 1.00 favoring T-for-H over T-for-D
substitution.23 (c) decreasing yield in CH3X as the electronegativity
of the X substiturnt increased.32’33 This indicates that successful
replacement of an H atom by a recoil T atom ig facilitated by the presence
of higher electron density in the C-H bond under attack.

The substitution of T-for-X, where X is not H, occurs with:
(a) increasing yield in CHQX as Lhe C-X bond energy decreases.32 The
substitution of T for an alkyl group may also incremse as the relevant
C-C bond energy decreases. The evidence is seanty.Bh Electronegativity
effec’'3 mey also be important in alkyl substitution reactions.35 (b) 85
to 95 per cent of the T being bonded at the position within the molecule
recently occupled by the X species. This was shown by chemical

degradation to determine the intramolecular tritium content.36
1.3 Estrup-Wolfgang Kinetiec Theory

1.3.1 Basic Theory

The Estrup-Wolfgeng kinetlc theory of hot atam reactions6’7’37-39
assumes that a tritium atom of energy ¥ can react with a molecule to
produce product i with probability pi(E). If there is a variety of
possible high energy products produced by tritium atoms at different
average energies, then the formation of the product from the reaction
with the highest average energy wi.' reduce the number of tritium atoms
avuilable to form the lower average energy product, The yield of high

energy products will be enhenced. The yield of both high and low energy

products will be reduced by the addition of inert moderator. The
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relative yield of the low energy product will increase because there are
fewer high energy coilisions between tritium atoms and the hydrocarbon.
The effect of addition of an inert moderator upon the total

yield of ell high energy reactions (P) may be described by

P =1 - exp(-fl/a) 1-k
f = mole fraction of reactive component corrected for
collision cross section (SJ)
fﬁ = SJXJ/E:SJXJ SJ = collision cross section between
T atom snd reactive component
Xj = mole fraction of component J
E
2 Zpi(E) dE

I= f 5 = reactivity integral

El
a = logarithmic energy loss parameter

EJ‘( after collision)
o, = ~-1ln T
3 EJ (before collision)

a= 3 £,
Let R be & single reactive substance and M be & single inert moderator.
Then a graph of [-in(1l - P)]"l versus (1 - fR)/fR should be a straight
line with slope a(M)/I and intercept a(R)/I. Such a graph has been
called a plot of the "first kind". Although absolute values cannot be
obtained, I and a(R) may be determined in terms of a(M). These may be

used to construct & plot of the "second kind" for individual products.

(a/t)p; = I, - (f/a)K, 1-5
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s pi(E) 2o Pi(E)
fe [ [ ]
El E

4 plot of (ot/f)Pi versus (f/a) will give a straight line with

slope K, and intercept Ii' Ii’ the reactivity integral, is the urea

1
under a plot of reaction probability versus the logarithm of tritium

atom energy. X, in the "energy shadowing" term which measures how much
reaction has teken place at energies higher then the energy range for the
production of produect i.

The Estrup-Wolfgeng Kinetic theory further assumes that: (1) the
number of collisions in a reactive energy zone will be large. This
Justifies the use of en integral form. (2) the tritium atom population
at energy E can be determined by subtracting out the reactions between
limits E, and E itself (see Eq. (1-7)). (3) the value of a for the
various components will be constant in the energy range considered.
Despite the crudity of these assumptions, straight line relationships
have been o'btained.6 However, recently it has been shown that straight
line graphs can be obtained although meny of the conditions of the theory
have bteen violated.ho In addition, refinement of the basic assumptions

b1,k A straight line on an Estrup-

leads to non-linear predictions.
Wolfgang graph may not signify much, certainly not as much as once

thought.
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1.3.2 Practical Applications

I have mentioned the Estrup-Wolfgang kinetic theory because it
has served as a means of presenting experimental data. Note that it
requires the "absolute yield" of each product, the fraction of the total
tritium available for reaction which reacted to give product i. Often
this is difficult to establish with certainty. The total amount of

tritium produced Nt is given by

Nt Znfor 1-8

where n is the number of 3He or 6Li atoms in the sample, f is the flux

of neutrons experienced by the sample in neutrons cm-2 sec—l, o is the
cross section for the nuclear reaction in cm2, and T is the length of
irradiation in sec. The length of irradiation can be accurstely determined.
The cross sections for the reactions are well known (5330 barns and 940

43 A barn is 10'2h cme.).

barns, respectively, for 3He(n,p)T and 6Li(n,a)T.
The number of target atoms can be determined by weight for 6Li or from
the pressure of 3He and volume of the capsule for 3He. One problem lies
in attenuation of the neutron flux by boron (the loB(n,u)7Li reaction

cross section is 38L0 barnsh3) in the wall of the glass capsule. Variations
in the thickness of the capsule wall or the boron content of the glass

from semple to sample could lead to spurious absolute yield measurements
even though care is taken to ensure that each capsule recelves the same

total neutron dose. Another problem lies in determining the amount of

tritium which is not "stopped" by the hydrocarbon but recoils into *he
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wall of the capsule*. Semi-empiricel methods of determining the amount
of this recoil loss may be *10% in error.bh The uncertainty induced by
these two effects can be lessened by irradiation of a standard hydrocarbon
sample with each sample batch and then normalizing all absolute yields

to this standard yield.39

The alternate approach is to determine the yield of all observed
products relative to one major product, usually the tritiated parent
hydrocarbon., If the tritiated parent hydrocarbon is undergoing
unimolecular decomposition then the sum of tritieted parent plus tritiated
unimolecular decomposition products mey be chosen as the re.ative
standa.rd.26 The use of relative yield is advantageous because it is
eagsier. Often only one method of reporting the results is used and then
only a partial tabulation of product yields is found in the literature.
Equally often the unreported date or aliernate method of reporting the
data is of subsequent interest, but unretrievable. Consequently, tables
of the relative yields of all observed products in this work will be

found in the Appendix. The information necessary to transform relative

yields to absolute yields will also be included.

®
For example, the recoil range of a 122 keV triton in 10 cm Hg pressure
of methane gas is approximately 3 cm. L]
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2. UNIMOLECULAR REACTIONS

Unimolecular reactions have often been observed as a secondary
process in recoil tritium-hydrocarbon systems. In this section, the
study of unimolecular processes will be reviewed at the level necessary
for the understanding of recoil tritium initiated unimolecular reactions.
Much more deteiled end comprehensive reviews of unimolecular reactions

are availsble. h5-T

2.1 Baeic Theories

2.1.1 Lindemann-Hinshelwood Theory

The Lindemann-Hinshelwood theory is the basis for all modern

48,49 This theory considers the

theories of unimolecular reactio..

unimolecular reaction of molecu.e A to occur as three discrete processes:
k *

(a) Activetion. A+M—2> 4" 4y 2-1

A certain fraction of the A molecules become energized by collision

to gain energy in excess of a critical energy Eo. The rate of the
energization process depends on the rate of bimolecular collisions with
M. M is another A molecule, an added "inert" gas molecule, or a product
molecule. The energization process is considered to be largely one of
translational-vibrational energy transfer. Vibrational energy is no
doubt the major contribution in obtaining the critical energy, Eo.
However, rotational energy may be importza.n‘t..h6

In the Lindemann-Hinshelwood formulation kl is given by

s=-1

E
k=t [('ﬁ) rl—lrx] exp(-B,/kT) 2-2
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where Zi is the collision number given by50
1 L
7. = (0,° v /R)(&n N x/w)2(1/1)? 2-3
i d A A
. =1 -1 . -1

Zi will be in Torr ~ sec (consistent with ki in sec ~ and pressure in
Torr) when: cd is the collision diameter in em., u is the reduced mass
in g mol-l, T is the temperature in degrees Kelvin, NA is 6.023 x 1023 mol-l,
R is 6.236 x 1ou em3 Torr °K~t mol-l, and k is 1.3805 x 10716 erg °K°l,

Boltzmann's constant.
The exp(-Eo/gr) term of Eq. (2~2) represents the probability that

two colliding molecules have relative translationel energy >=E° along their
s-1

E
o] 1
line of centers. The [(5?) ?;:TTT] term of Eq. (2-2) represents the
probability that molecule A would possess energy >=Eo in s classical
degrees of internal freedom; that is, energy other than in the two
clessical degrees of freedom along the line of centers.

k
2, A+ M 2=}

(b) De-activation. A e m
The energized molecules are de-energized by collision. This is the
reverse of the process in Eq. (2-1). The rate constant, k,, is taken as
energy independent. Furthermore, k2 is teken as the collision number,
Zz. The inherent essumption is that every collision of A* with M leads
to de-sctivation. This is known as the "strong collision" essumption
and will be discussed later.

*
(c) Decomposition (or isomerization). A

Decomposition or isomerization occurs with some time-lag after

ks

>B + C 2=5

activation. In this early formulation, k3 was‘independent of the energy

*
content of A .
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Application of the steady state hypothesis to the concentration

*
of A gives

LB L= 0=k (alM] - Ky [A"IDN) - (") 2-6

*
solving for [A ] gives

. kl[A][M]

)= g all
k3 + k2 M
The overall rate of reaction, R, is given by

w,  kgk [a][M]

R = k3[A ] = E;ﬁ;-EETﬁT 2-8

At high pressures, k2[M] >> k3; so BEq. {2-8) becomes

R, = (kgk,/k,) [M] = k [M] 2-9
At low pressures, ke[M] << k3; so Eq. (2-8) becomes
Rim = kl[A][M] = k.bim[A][M] {bim = bimolecular) 2-10

At high pressures the reaction rate constent, k_, is & true constant
independent of pressure. At low pressures the reaction rate constent is
the second order rate constent for energization. The low pressure region

is called the "fall-off" region. This is where ko

e, =gy (- 4a) - 211
wi ~ (AT \| “dt kg + K [M

{uni = unimolecular)
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or kuni/kw plotted as a function of pressure "falls off" fram the high

pressure k  value.

2.1.2 RRK Theory

51,52 53,54

Rice and Ramsperger and Kessel expended the basic
Lindemenn-Hinshelwood scheme to include expressions for the energy
dependence of k3. In vheir formulation, known as RRK theory, k3 becomes
ka(E). The subscript, a, denotes the "apparent" rate constent for
unimolecular decomposition. In RRK theory, the critical amount of energy,
Eo’ must be concentrated in one particular part of the molecule. The
total energy, E, of the molecule is assumed to be rapidly end freely
redistributed around the molecule. Thus, for any molecule witkh E > Eo'
there is a finite statistical probability that energy Eo will be found

in the relevent part of the molecule. TFor a molecule of s classical

oscillators with total energy E, the probability of energy = Eo being

found in one oscillator is probability

E-E -1
(energy = E_ in one oscillator) = (_E_o) 2-12
Then
E -E s-1
Kk (E) = A( = °) 2-13

The A factor only becomes significant when Eq. (2-13) is combined with
Eq. (2-2) and (2-9) and the equation is integrated over the entire

renge of activation energies E # Eo'



® E - Eo ol
k, = f [A( T ) [(E_T) T exp(-E/lc_T)] a{E/kT)
E=E
° 2.1k
Then
k_ = A exp(-E/kT) 2-15

which is the Arrhenius equation.55 Similar derivation of kuni allows

"fall off" plots to be made from

k - s=-1

i 1 x exp{-x) dx
k i 5-1) 1 f s=-1 2-16
x=

0 1+ (a;TMI™H{x/(x + E_/kT))

This function has been well studied and ‘l:a.bula.‘l:ed.56

2.1.3 RRKM Theory

The extension of RRK thecry by Ma.=.rcu557‘58 is called RRKM theory.
In RRKM theory: (a) k1 is evaluated as a function of energy by a quantum-
statistical-mechanical treatment as opposed to the classical treatment
of RRK theory. (b) k, is still considered to be independent of energy.

k, is equated with the collision number, Z2, or AZ2 vhere A is a

2
collisional de~activation efficiency factor. (c) The energized molecule
A' must achieve the precise quantum state (the necessary energy in the
relevant vibrational mode of the molecule) before the reaction occurs.
The energized molecules will not react instantaneously even when this

rare quantum state is achieved. The vibrational modes will in general

not be correctly phased at first. Thus, the energized molecules have
|
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decomposition lifetimes which are long campared to vibrational periods.
*
Furthermore, the energized molecule, A , must pass through an intermediate
»
between A and product. This intermediate is known as the activated

complex, A+.

k (E') t
* g + k
Arg"y > A

> products 2-17

The activated complex is characterized by having a configuration
corresponding to the top of the energy barrier between reactant and
products. The activated complex is thus unstable to movement in either
direction along the reaction coordinate (the site of bond bresking in
unimolecular decomposition). In contrast to the energized molecule, the
activated complex has no measurable lifetime. There will usually be more
than one quantum state of A* which can be formed from a given A*, because
of the different possible distributions of the energy between the
reaction coordinate and the vibrational and rotationsl degrees of freedom
of the complex. The rate constant, ka(E*), will Le evaluated from the
various possible activated complexes. Methods of evaluating ka(E“) are

given in Ref. L5,

2.1.4 Slater Theory
59,60 . . X
Slater theory is an extension of the Lindemann-Hinshelwood
reaction scheme. The molecule undergoing reaction is pictured as an
agsembly of harmonic oscillators of particular amplitudes and phases. In
the strictest formulation of Slater theory, the vibrational modes are

entirely harmonic. There is no possible interchange of energy between
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vibrational modes. If the ene gy input is not in the critical mode,
regardless of E being greater -~han Eo, decomposition does not occur.
2.2 Comperison of Theory and xperiment: Fall-Off Data

Fall-off experiments h ve been used to test theories of
unimolecular reaction. The exrerimental fell-off data on cyclopropane

61,62

isomerization

> C=C~C 2-18

N

has been well reproduced by Sle .er theory,63 RRK theory,6h and RRKM
theory.6h Slater theory predicted drastic differences between the

cyclopropane and cyclopropane-d, fall-off cu.rves.hS—h7 RRK end RRKM

iheories predicted little difference. The experimental resul1:565 showed
.little difference. Consequentl-, at present, Slater theory is little
used. RRK and RRKM theoretical curves have closely fitted the
experimental fall-off data in r ny cases. It should be noted that in

. pplying RRK theory; s, the number of "active" vibrational modes, is an
edjusteble parameter. The energy, E, is freely interchanged among all

¢ modes, but s is often less than the total number of vibrational modes,
(3N - 6), when the A molecule is composed of N atoms. RRK theory is not
rredictive since it contains amn ad)ustable parameter, s. However, RRK
theory is much easier to apply than RRKM theory. Often “quickie"
c1alitative fall-off curves are calculated with RRK theory using s as
172 to 2/3 of (3N ~ 6). The average value66 of s from a large number of

e <perimental fits is s = %(BN - 6).
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2.3 Assumptions of Basic RRK-RRKM Theory

2.3.1 Energy Randomization Prior to Decomposition

RRK and RRKM theories assume that the non-fixed energy of the
active vibrations and rotations is subJect to rapid statistical
redistribution. This means that every sufficiently energetic molecule
will eventually be converted into products unless de-activated by
collision. Often this assumption is stated as "the rendomization of
energy within the molecule prior to decomposition is rapid on the time
scale of unimolecular decomposition". This does not mean that energy is
interchanged among all degrees of freedom. Ma.rcus57 made provision of
some of the degrees of freedom to be completely inactive. The energy in
the inactive degrees of freedom cannot flow into the reaction coordinate.
The energized molecule A* is one with non-fixed energy greater than Eo
in the active modes.

Tests of the randomizetion assumption have bzen made by chemicel
activation studies. Butler end KistiakOWSky67 activated methylcyclopropane

by the two different reactions shown in Eq. (2-19).

Yom, + \ o w, N %3 stapilization (S)
N/ CH 2-19
3 K,
1 ” ™ .
CH2 + CH3CH=C}I2 butene decomposition

products (D)

Excitation by the different reactions should result in energy input into

characteristicelly different regions of the molecule. However, the
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chemically ectiveted species reacted at rates which were in accord with
the expected difference based only on the ™~ 7 Kcal mole—l differential in
excitation energy.

The urimolecular rate constant, ka’ in chemical activation studies
is determined “rom the decomposition (D) to stabilization (S) ratio.
Assuming the orly reaction of the excited species to be either
decomposition o:- stabilization, then the D/S ratio is equal to the ratio
of the rate constants kaﬁn. Using the strong collision assumption

discussed later, w is the collision frequency.
w = ZP 2-20

Note: 2 is given br Eq. (2-3) and P is the pressure in Torr. This leads

to

ka = w(D/S) 2-21

The usual technique is to determine the pressure dependence of the D/S
ratio.68 The pressure at which D/S = 1 is determined from a plot of the
D/S ratio versus pressure. The collision frequency at this pressure is

k .
a

Similarly, sec~-butyl radicals activated in the characteristically
Adifferent ways shown in Eq. [2-22) decomposed with a difference in rates

explainable by the energy differentia.l.69 Butane is formed

CH3CH20H=CH2 + H. - W, butane (S)
32 300k, 2-a2
CH3CH=CHCH3 + H. CH‘3- +[c=c-C (D)]

when the stabilized sec-butyl radical abstracts a hydrogen atom.
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6
Recently Rynbraendt and Rabinovitch 8 reported the first positive
example of energy non-randomized unimolecular decomposition. The

reaction sequence is shown in Eq. (2-23).

CF,~CF-CF=CF,, + 1CD —/CFz',C” ~CF-CF, (8)
2 2 2 N
Ny, cn,
CH,, N
OF,,=CP~CP~CF, > [cF -cr-cr»—cn2 (D)7 + cF
1 ~ Ny 2
CF\2-/CF-CF-CF2 + “oH, CH, CD2 \2 ”
CH ‘
2 [cr 5~CP-CF=CH, ( D2)] + CF,
D,
2-23

If energy was randomized prior to decomposition, kal = ka2' However,
analysis showed that regardless of the isotopic labeling of the added
methylene, the newly formed ring was more probable to decompose. This

non-random decomposition occurred in 3.5% of the totel decompositions.

2.3.2 Strong Collisions

The assumption of strong collisions means that relatively large
amounts of energy are transferred in molecular collisions. The RRK-RRKM
model treats the processes of activation and de-activation as essentially
single step processes. A sirong collision is assumed to be so violent
that the state of the molecule after collision is in no way dependent
upon the state before collision. The final state is a random choice from
all the available states with the eppropriate energy.To

The strong collision assumption is reasonsbly realistic for

thermal reactiuns in the temperature range of conventional kinetic

studies. A counstant limiting de-energizing efficiency of various gases
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ebove a moderate size (03 or greater) is observed in the second order
unimolecular decomposition region.Tl This limiting efficiency is presumed
to be unity. These studies indicate that 5 Kcal mole_l or more of energy
1s transferred per collision. Because of this large energy transfer only
a few collisions should be necessary to de-ictivate the majority of
energized molecules. The average energy of excitation in thermal reactions
is typicelly only 5 to 15 Keel mole_1 above the criticel energy, Eo' For
reaction systems with a low méle % of potentially activated large molecules
in e bath of small inefficlent de-sctivator molecules, crude allowaence

for limited energy transfer on collision may be made on a semi-empirical

basis. Equation (2-21) becomes

k, = Buw (p/s) 2-2h

where B 1s an experimentally determined collisional de-activation
efficiency parameter. Tables of B values are derived from studies of
collisional de-activation efficiencies in the second order region of
unimolecular decomposition.7l The B values for smell inefficient
deactivator molecules are less than unity. Combining Egs. (2-20) and
(2-24) end noting that Z is independent of the relative concentrations

of potentially activated lerge molecules snd bath gas gives Eq. (2-25).

k, = z{BP) (D/S) 2-25

The term BP is the "effective pressure" of the reaction system.

The concept of effectlve pressure is best illustrated by exemple.

).71

Nitrogen has a B value of 0.27 relative to butene in Eq. (2-22 For
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a system of 10 Torr tremns-2-butene, 0.1 Torr of a source of H-atoms, and
no bath gas, ka would be calculated using Eq. (2-21). TFor a system of

5

10 Torr trens-2-butene, 0.1 Torr of a source of H-atoms, and 10” Torr of

N2 bath gas, ka would be calculated using Eq. (2-24). The “effective
pressure’ of the system would be BP = 0.2T x 10° Torr. This means that
the sec~-butyl radicals were stabilized (S) by collisions as if the

p

system were pure trans-2-butene at a pressure of 0.27 x 10” Torr.

Egs. (2-21) end (2-2%) may be used to calculate k, is systems composed
of the extremes in concentration of potentially activated large
hydrocarbon (HC) molecules relative to small inefficiently deactivating

molecules of & bath gas (BG). TFor relative concentrations between the

extremes a linear combination of Egs. (2~21) and (2-24) may be used.

This gives

k, =2 P_.. (D/s) 2-26
with

Pors = effective pressure = PHc + BPBG 2-27

The alternative to this single step de-activation process is e
ladder-like process in which molecules lose their energy in a series of
small steps. The ladder model requires detailed treatment of the energy
levels of the excited molecule and the dynamics of the de-activating
collisions.72 The comparative simplicity of the strong-collision

treatment is often the basis for use of the strong collision assumption.
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3. THE AIMS AND SCOPE OF THIS WORK

3.1 Project Definition

This project wes to test the energy rendomization assumption of
the RRK~RRKM theories of unimolecular reactions using activation by
recoil tritium atoms. A priori consideration of T + methyleyclohexene
reactions showed that one reaction cheannel was T-for-methyl substitution
to give a labeled cyclohexene~t molecule. Cyclohexene-t molecules could
be labeled at different sites by recoil tritium reactions with different
methylcyclohexene isomers. The resultant activated (energized)
cyclohexene-t molecules, regardiess of the labeling site, were either:
(a) stabilized {8) through collisions at rate w, or (b) decomposed
unimolecularly (D) to ethylene end butadiene (only one of which is T
labeled) in a retro-Diels—Alder-reaction.73 This reaction scheme is

shown in Egs. (3-1) to (3-3).

CH

1-methyl 31, T -
cyclohexene klc Cxp-T

X Q (s)
.
T
3-methyl I
cyclohexene c
k >
3c

i

Q=
Qe O

3 T

2\

c
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*
h-methyl KN T 23
cyclohexene O c Cu
c
CH T I (o)} +
: | e ]

As showm in Sec. 2.3.1, the unimolecular rete constants, klc' k3c’
and khc' can be determined from the pressure dependence of the D/S ratio
shown by the appropriate tritium labeled products of T + methylcyclohexene
reactions. The rate of unimolecular decomposition of the excited
cyclohexene=t molecule should, by RRK~-RRKM theory, be independent of the
site of the T label. Any difference in the three rate constants can be
attributed to: (1) energy non-randcmized decomposition of cyclohexene~t;
that is, the breakdown of the RRK~-RRKM assumption of energy randomization.
(2) daifferences in the average energy of excitation of cyclohexene-l-t,
cyclohexene-3-t, and/or cyclohexene-4-t molecules following T-for-methyl

subgtitution. This will be developed further in Sec. 3.2.

3.2 Assumptions

In the postulation and discussion of the reaction scheme shown in
Bags. (3-1) to (3-3), there are several necessary assumptions:

(a) T-for-methyl substitution occurs as indicated, without s

shift of the double bond. Evidence to support this assumption has been

given in Sec. 1.2.3.
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Test. The validity of this assumption could be checked by using

established chemical degradation procedures'{h’75 to determine the

intramolecular tritium content of the (stabilized) cyclohexene-t molecules.

(b} 'The only reaction of excited cyclohexene-t molecules is

either stebilization or retro-Diels-Alder cleavage as indicated to give
ethylene-t or butadiene-t. The unimolecular decomposition of cyclohexene

to give primarily ethylene and butadiene has been well established in

T4, 76-80 81-83 84,85

shock tube, photolysis, and mercury sensitized

pyrolysis,

photoly51986 studies. Of the total unimolecular decompositicns, 96% occur
glving ethylene and butadiene, 3% occur by H2 elimination to give

cyclohexadienes and benzene, end the remaining 1% give C5 and smaller

hydrocarbons presumably through a free radical mechanism.78’79’85 A

possible radical contribution to the ethylene and butadiene yield has

been proposed from cyclohexyl radicals via H-atom addition to

cyclohexene.81’82 However, addition of scavenger does not affect the

ethylene and butadiene yield.78'85’86 The unimolecular rate constant

for cyclohexene decomposition

k, = 10%+3 exp(-66,900 cal/kT) 3

has been so well determined that cyclohexene is used es an intermal
standard in shock tube studies.az’83
Strong evidence for the retro-Diels-Alder cleavage of cyclohexene

comes from the photolysis of cyclohexene—3,3,6,6-dh. The photolysis
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of cyclohexene-3,3,6,6-—dh occured as shown in Eq. (3-5) to give CH), and
C,H D), in 98% of the decompositions at 4.9 eV photolysis energy and 86%
of the decompositions at 8.l eV photolysis energy. At 8.4 eV the
remaining 14% of the decompositions gave 02H2D2 and ChHhDZ indicating

cyclohexene cleavage as shown in Eq. (3—6).85

> 02H2D2 + ChHhDe 3-6

D D

Further evidence for the retro-Diels-Alder cleavage of cyclochexene
comes from: (i) The pyrolysis of cyclohexene-1-t and cyclohexene-3~t to
give primerily butaediene-t and the pyrolysis of cyclohexene-b-t to give

primarily ethylene-'b.Th

(1i) The retro-Diels-Alder cleavage of substituted cyclohexenes as

shown in Egs. (3-~T7) to (3-11).

CH C /CH3

3 C o)
@’ > 1+ 87,88 3.7
Cc C
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(1i1) The retro-Diels-Alder cleavage observed in the mass spectral
fragmentation patterns of cyclohexene73'9l’92 and substituted
cyclohexenes.73’93-96

Test. The assumption of excited cyclohexene-t molecules reacting
only by stabilization or retro-Diels-Alder cleavage appears to be
strongly based on experimental evidence. The validity of this assumption

could be checked by: (i) searching for cyclohexadiene-t formed by H2

~
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elimination. (ii) employing scevenger studies to ettempt to determine
(and eliminate) @ possible radical precursor to the ethylene-t and
butadiene-t yield. (iii) determining the deuterium content of the
ethylene~t and butadiene-t from tritium atom reactions with 1- and
h-methylcyclohexene-3,3,6,6—dh and 3—methylcyclohexene-3,6,6-d3. A
T-for-methyl substitution reaction with these deuterated species would
produce tritium labeled cyclohexene-3,3,6,6-dh (cyclohexene-3,6,6—d3
from 3—methylcyclohexene—3,6,6-d3). The cleavage patterns of
cyclohexene-3,3,6,6-dh are established in Egs. (3-5) and (3~6).

(c) The reaction sequence shown in Egs. (3-1) to (3-3) is the

only reaction channel leading to the formation of butadiene-t from

T + l-methylcyclohexene and T + 3-methylcyclohexene reactions and
ethylene-t from T + L-methylcyclohexene reactions. This assumption is
supported by the retro-Diels-Alder cleavege of the methylcyclohexenes
shown in Eqs. (3-7) to (3-9).

Test. Test (iii) of essumption (b) would also demonstrate the
possibility of butadiene-t (or ethylene-t) coming from sources other

than the retro-Diels-Alder cleavage of excited cyclohexene-t.

(d) Ethylene-t snd butadiene-t undergo no further reaction

following the retro-Diels-Alder cleavage of cyclohexene-t. This
76-86

agsumption is contrary to published dats on cyclohexene decomposition.

This data shows that the butadiene yield is alweys less than the ethylene
yield. Although stoichiometrically the yields should be equal, the

8k

butadiene yield is less by as much as 10%. The discrepancy in the

butadiene yield is larger than can be accounted for by further reaction



of butadiene via dimerization.97 Further reaction of butadiene by

secondary decomposition has been proposed.85 The possibility of a
discrepancy in the stoichiometry of the products of the retro-Diels-
Alder cleavege of excited cyclohexene-t molecules may limit this test
of the RRK-RRKM energy rendomizetion assumption to a comparison of klc

with k The determinatic: of k., and k3c both depend on measuring

3c’ le
the butadiene-t to cyclohexene~t ratio. Thus, the determination of klc

and k e is independent of any discrepancy in the ethylene/butadiene

3
stoichiometry from the retro-Diels-Alder cleavage of cyclohexene.

Assumption d may then be relaxed to: if the butadiene~t molecules from

the retro-Diels-~Alder cleavege of cyclohexene-t reect further, this
further decomposition or dimerization occurs at the same rutve for
butadiene-2-t ag butadiene-l-t. This is tantemount to assuming energy
randomization prior to decomposition for butadiene-t while testing
energy randomization prior to decomposition for cyclohexene-t. It shou.d
be remembered, however, that for Ch specles energy non-randomized
decomposition has not been observed (Sec. 2.2.1).

Test. The only way to test this relaxed assumption would be to
discover and monitor a tritiaeted product known to result only from the
secondary decomposition of butadiene-t.

(e) .Corrections can be made for possible differences in the

average energy of excitation of cyclchexene-l~t versus cyclohexene=3-t
which are formed as shown in Eqs. (3-1) and (3-2). Implicit in this
assumption are several corollaries, none of which cau be tested:

(i) The average energy of the T atom initiating the T-for-methyl

substitution is the same in the T + l-methylcyclohexene and
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T + 3-methyleyclohexene systems. Tabulated values of a, the logarithmic
energy loss perameter (Sec. 1.3.1), show a strong Aependence on carbon
number. Changes in structure from l-methylcyclohexene to
3-methylcyclohexene, however, should not drastically affect the tritium
energy distribution.6

(ii) The energetics of the reaction are correctly given by the

estimated AH values (Kcal mole-l) shown in Egs. (3-12) and (3-13).21

CH,

4 . T
+109 B T .
O/ > + C'H3 ~108 > + CH3
+ 83 T g .
Q >O+'CH3 =% O*c‘*s
CH,g

T 3-13

3-12

This shows that cyclohexene-3-t possesses an averige of about 1 eV more
excitation energy than cyclohexeune-l-t if it is further assumed that

(iii) the methyl radical carries awsy the same aversge energy in
the reactions shown in Egs. {3-12) and (3-13).

(iv) This difference in excitation energy can be corrected for using
RRK theory and Eq. (2-13) if the s parameter is known. An alternate
route, of course, is to perform a complete RRKM calculation to determine
the energy dependence of ka for the unimolecular decomposition of
cyclohexene.

(v) The s parameter of RRK tieory in Eq. (2-13) may be determined

for the retro-Diels-Alder unimolecular decomposition of cyclohexene by a



~3k-

study of T + cyclohexene reactions. This will require a separate
experiment to determine the pressure dependence of the D {ethylene-t

plus butadiene-t)/S (cyclochexene-t) ratio from T + cyclohexene reactions.
Working backwards through Egs. (2-21), (2-20), and {2-3) to (2-13) with

E set equal to 5 eV (the average energy of a T-for-~H substitution reaction

<

(Sec. 1.2.3)) will ellow determination of the s parameter of RRK theory.

3.3 Project Summary

The first phase of this project will be to study T + cyclohexene
reactions, to test as many as possible of the assumptions concerning the
retro-Diels-Alder cleavage of cyclohexene-t, and to determine the s
perameter in the RRK treatment of the unimolecular decomposition of
cyclohexene. The second phase will be to study T + methylcyclohexene
reactions, to test as many as possible of the assumptions listed in
Sec. 3.2 (including the retrn-Diels-Alder cleavage of methyleyclohexene)
and to test the energy randomizatioq assumption of the RRK-RRKM theories
of unimolecular reaction bty determining if the difference in the apparent
rate constant of unimolecular decomposition between cyclohexene~l-t and

cyclohexene-3-t can be attributed solely to the estimated 1 eV difference

in average energy of excitation.
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EXPERIMENTAL TECHNIQUL.
The typical recoil tritium experiment involves:

(1) sample preparation - encapsulation of the potential source of recoil
tritium with the hydrocarbon and moderator or scavenger of interest.
(Discussed in Sec. L.)

{2) sample irradiation - nevtron irradiation of the sample to produce
recoil tritium atoms from 3He(n.p)T in the gas phase and 6Li(n,a)T in
the liquid and solid phases. (Discussed in Sec. 5.)

(3) sample anelysis - separation and counting of the gas phase tritium
labeled products by radio-gas-chromatography and recovery and liquid

scintillation counting of higher molecular weight tritium labeled

products. (Discussed in Sec. 6.)
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4, SAMPLE PREPARATION
4,1 Gas Phase - Parent Hydrocarbon Ch or Less

The gas phase sample was placed in a 1720 Pyrex capsule. The
1720 Pyrex gless was chosen for two reasons: (1) HT cannot diffuse
through the wall of & 1720 Pyrex capsule. HT has been observed to
diffuse out of quartz capmsles;g8 {2) Type 1720 Pyrex has desirsble
irradiation properties, chiefly low sodium content. The cylindrical
body was 6.720.2 cm long, 2.17%0.03 cm o.d. with a 0.10%0.01 cm wall.
The internal volume of the capsule (Vc) was 14.4%0.4 ml. These large
dimensions were chosen to minimize loss of recoil tritons to the well
of the capsule.hh One end of the capsule was hemispherical. The other
end was a hemisphere with a tapered stem. This stem was used to connect
the sample to the vacuum line.

The stem of the capsule was inserted through a one hole silicon
rubber septum (Burrell fitting) in the end of a stopcock (K in Fig. 4.1)
controlled inlet to the glass vecuum line. Of the four sample positions
(stopcocks K, Ky, K3, Kh) only one is shown in Fig. 4.1. Once the
capsule was on the vac :am line, stopcock K would be opened and the
capsule would be evacuated. The external wall of the capsule would be
heated with the flame of a propane/oxygen torch to attempt to remove any
material adsorbed to the interior capsule wall. Simultaneously the rest
of the vacuum line shown in Fig. L.l would be evacuated. After several
hours a vacuum on S micron Hg or less (shown on a NRC 801 thermocouple

gauge from Norton Vacuum Equipment) could be mainteined without pumping
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Fig. 4.1. Vacuum Line. Stopcocks Q, R, S, and T are inlets for
scavengers, moderators and parent hydrocarbons Ch or less. Stopcocks
U and V are for vacuum gauges.
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by the mercury diffusion pump (protected by liquid nitrogen (IN) traps)
and a rotary oil pump. The capsule was now ready to be filled.

A three-way stopcock (E) connected a 300 ml bulb (C) to the
menifold i) or another 300 ml bulb (B). To initiate the sample filling,
stopcock E was set to connect the manifold to bulb C and this volume
isolated by closing stopcock H. Stopcock L was opened briefly and the
desired pressure of 34e admitted to the manifold (M) and bulb c*. This
pressure was measured on a mercury manometer. (Stopcock J is another
three-way stopcock which connects either the manifold to the manometer
or bulb W to the manometer. In this case the manifold M 1s connected
to the manometer.) Stopcock F would then be closed, isolating bulb B.
Stopcock E was rotated to connect bulbs B and C. The air space above the
mercury level in the mercury reservoir was opened to the atmosphere.
Stopcock D was opened to the mercury reservoir. The mercury level rose
in bulb C eventuelly forcing all the 3He into bulb B. Bulbs C and B are
the same size. This prevents condensation of low boiling hydrocarhons
which could occur if the gas mixture was compressed. Then stopcock D was
closed and stopcock E was rotated to comnect the manifold M to bulb C now

filled with mercury. Stopcock N was opened to the atmosphere and the air

*The 3He (Mound Laboratories) was certified as 99.7 mole % 3He with a
tritium content of 1.0 X 10_ll mole %. A standard radio-gas~-chromatographic
analysis (Sec. 6) of ean unirradiated aliquot of 3He containing at least
twice the moles normally sealed in the 1720 Pyrex capsules showed no
measureble tritiated contarinent. The 3He was used directly from the

Mound Laboratories' container without further purification. All other

materials used were research grade unless otherwise indicated.
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space above the mercury in the mercury reservoir evacuated. When
stopcock D was opened the mercury was forced out of bulb C and back into
the reservoir. Stopcocks D and N were then closed, stopcock H opened,
and the system evacuated.

This process could be repeated to place a known pressure of
moderator or scavenger into bulb B. No 3He is lost from bulb B when

3He)

another gas is added. Opening stopcock E to connect bulb B (with
to bulb C (with moderator, for example) would allow both gases to
equilibrate over bulbs B and C. The rising mercury level in buldb C
forces all of the moderator and 3He into bulb B. 1In this manner,
sequential addition of gases to bulb B can be made without loss of any
preceding gas. The finel composition of the gas mixture in the bulb is
thus well known. When the final gas was added to bulb B the mercury
was not forced out of bulb C and into the reservoir. Instead stopcock J
was rotated to connect bul'b W to the manometer. The manometer, bulb W
{65 m1) and the sample capsules were then evacuated. Stopcock G was
then closed and stopcock F opened. The sample gas mixture in bulb B
expanded into the menometer, bulb W and the sample capsules. The mercury
level was then allowed to rise into bulb B until the pressure on the
manometer was the sum of the pressures (Pi) sequentially measured into
bulb C. Stopcock K was then closed isolating the gas mixture in the
semple bulb, The composition of the gas in the sample was now well known
assuming that the gases were independent and that the total pressure was
the sum of the partial pressures of the components of the gas mixture.
The bottom end of the sample capsule was then cooled to LN

temperature. This froze the parent hydrocarbon (and condensible
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scavangers or moderators) on the bottom of the capsule and prevented
gross sample decomposition by pyrolysis when the capsule was heat
sealed. The entire capsule was then immersed in ILN. The capsule was
heat sealed (and removed from the vacuum line) by collapsing the wall of
the stem near the hemispherical end to form a "break tip" sturdy enough
to survive handling. An identifying number was scratched onto the side
of the capsule. In determining the final pressure of the gases in the
sealed capsule, corrections had to be made for the volume between the
stopcock K and the semloff point. This volume (Va) was 1.8 ml. For
condensibles the pressure (at 25°C) in the sealed capsule (Pf) was
related to the partial pressure of that component in the final manometer

reading (P,) by

i

v, + vc\
Pf = Pi ! Vv, = capsule volume L1

Ve ]

For noncondensibles the assumption of ideal gas behavior led to

= )
TV, + V) Ty = TT°K

P =P ____E__E_S_ L2
£\ T, T, = 298 °K

4.2 Ges Phase - Parent Hydrocarbon C5 or Greater
4,2,1 Pressure of Parent Hydrocarbon Sealed in Capsule < Vapor Pressure
at 25°C
Cyclohexene end the methylcyclohexenes were readily absorbed into
Apiezon N vecuum grease. This absorption was so rarid thst the vacuum

could not be maintained long enough to seal the sample capsules. High-
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vacuun silicon stopcock grease absorbed cyclchexene and the
methylcyclohexenes at a slower but noticeable rate. After 5-10 minutes
the silicon grease seemed to saturate. For exemple, 5 cm Hg of
cyclohexene vapor were added to bulbs B and W and to the sample capsules
end manometer. Ten minutes later only 3 cm Hg pressure was observed, but
the 3 cm value did not change over the next half hour. In sealing
cyclohexene end methylcyclohexene samples 1t was necessary to "pre-condition"
the stopcock grease in stopcocks K, G, J, F, and E. A standard taper
gless Joint was added to one of the four sample positions. The
cyclohexene (or methylcyclohexene) was inletted through stopcock K from a
storage bulb placed on the standard taper Joint. Stopcocks G and E were
closed at this time. After ten minutes, the pressure of cyclohexene was
measured on the menometer and stopcock B closed. Prilor to the
preconditioning the 3He had been added to bulb C and 1solated by closing
stopcock E. The 34e was now forced into bulb B (along with the cyclohexene)
in the standard manner previously described. Stopcock J was then switched
to conrect the manometer to the manifold M. Evacuation of the manifold

to a pressure of 5 mlicron Hg was now not possible due to outgassing of

the cyclohexene absorbed in the stopcock grease of stopcock J. A pressure
of 20 micron Hg could be obtained and scavengers or moderators added to
buld B in the standard menner. Note that the 3He had been added to bulb

C under 5 micron Hg pressure conditions. Thils was done to prevent
contamination of the 3He supply. Once the desired mixture was obtained

in bulb B, stopcock J would be rotated to connect bulb W to the manometer.
Then stopcock G was opened and the menometer, bulb W and the sample
capsules evacuated (again to a pressure of 20 micron). Thereafter the

procedure was the same as previously described.
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4.,2.2 Pressure of Parent Hydrocarbon in Sealed Capsule at 135°C > Vapor
Pressure at 25°C

Capsules with cyclohexene and methyleyclohex. me pressures of
nearly two atmospheres at 135°C were also prepared on this vacuum line.
The capsules were evacuated as described. Stopcock J would be rotated
to connect bulb W to the manometer. Stopcocks KE’ K3, Kh were closed.
Stopcocks G and F were also cloged. Stopcock Kl would be opened to
allow a measured pressure of cyclohexene {or methylcyclohexene) into
bulb W and the manometer. The sample capsule in position 2 (stopcock K2)
was cooled to LN temperature. Stopcock K2 was then opened asnd all the
cyclohexene in bulb W and the maenometer was condensed into the capsule,
Stopcock K2 was then closed and the process of measuring the cyclohexene
pressure into bulb W and then condensing the cyclohexene into capsule 2
was repeated as often as necessary to achieve the desired final pressure,
Capsules 3 and 4 would be similarly filled. The calculated pressure
(at 25°C) in the sealed capsule could be obtained using Eq. (U4-1) with v
equal to the volume of bulb W (Vw) plus the volume of the gas in the
manometer (Vﬁ). In actuality a liquid was observed in the bottom of the
capsule at room temperature. When the capsule was placed in an oven at
135°C, no liquid was observed. This was expected from the data in
Table U-1.

Prior to introduction of cyclohexene to bulb W, 3He had been
introduced to bulbs B and C. 3l-Ie is extremely expensive. The amount
of 3He used could be conserved by rotating stopcock E to alternately
connect bulb C to the manifold M or to bulb B {with stopcock F closed).

In this manner the 3l-Ie pressure in the manifold M and bulbs B and C was
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Table 4-1. Measured Vapor Pressures

[o]
Hydrocarbon B.P. (°C) Vapor Pressure (cm Hg)
[Ref. 99] 25°¢ 135°¢C
Cyclohexene 83 7.1 > 150
1-methylcyclohexene 110 2.2 > 150
3-methylcyclohexene 104 3.2 > 150

Yemethylcyclohexene 103 3.2 > 150
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nearly equal. The 3He in bulb C weaws then forced into bulb B by raising
the mercury evel. A noncondensible scavenger could then be added to the
3He in the standard manner. (A condensible scavenger could be added to
the sample capsule in the standard manner before the cyclohexene was
intrcduced into bulb W. Condensing the scavenger in the capsule before
stopcock K2 was opened to admit the ~yclohexere prevented loss of the
scavenger.) Stopcock J was rotated to connect the manometer to bulb W.
Stopcock G was opened for a finel evacuation of the menometer and bulb W.
Stopcock G was then closed and stopcock T opened. The mercury level in
bulbs C and B was ralsed until the desired 3He pressure (plus non-
condensible scavenger, if used) was obtained on the manometer. Then
stopcock F was closed. The capsule in position 2 was first cooled with
IN on the bottom end to condense the cyclohexene {and condensible
scavenger, if used), then the entire capsule was immersed in LN. Stopcock
KE was then opened. The 3He pressure on the manometer would drop and
quickly stebilize at pressure PLN' Stopcock K2 was then closed and the
capsule gealed and removed from tbe vacuum line as previously described.
The 3He pressure (and non~condensible scavenger pressure, if used) in the
sealed capsule was calculated from the final 3He pressure on the
manometer P, and the volume of the capsule (Vc) using the ideal gas
equetion. Note that there was no loss of cyclohexene {and condensible
scavenger, 1f used) because the cyclohexene was condensed when stopcock

K, was opened to admit the 3He. Stopcock F was opened and the mercury

2
level was raised to obtain the same “He pressure initially obtained for

the capsule in position 2. The 3He filling process was repeated for

samples in positions 3 and 4. In this manner sample capsules of known

composition could be obtained.
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4,3 Liquid Phase

Liquid phase samples were prepared in 7T40 Pyrex capillary melting
point tubes. One end of the tube was heat sealed. About 10 mg of LiF
(enriched to 95% 6Li) would be weighed into the capillary by difference
in the capillary weight before and after addition of the LiF. The open
end of the capillery was inserted into the Burre itting previously
described. The capillary was then evacuated. The hydrocarbon of interest
was then placed into bulb W in one of the previously described manners.
Cooling the capillary in LN would condense to hydrocarbon into the
capillary. Only one sample capillary would be open to bulb W at a time
during this condensing. The condensing process could be repeated for
other additives. The capillary was then sealed in a manner similar to
that previously described. The semple was then placed in a labeled
polyethylene bag for identification.

LiF is insoluble in most hydrocarbons. Consequently, the
distribution of the hydrocarbon and the sovrce of recoil tritium atoms
(6Li) was obviously non-homogeneous in liguid phase recoil tritium
experiments. At the beginning of irradiation, the LiF was in the bottom
of the capillary and the hydrocarbon above the LiF. After irradiation,
some of the LiF was observed to be scattered along the walls of the
capillary. Presumably this scattering resulted from tritons recoiling
out of the LiF. Scattering of the LiF end diffusion of the hydrocarbon
tends to reduce the possibility of recoil tritium atoms reacting
principally with w=adiolysis produced hydrocarbon fragments whose

concentration is greater near the LiF/hydrocarbon interface. As yet there
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is no evidence to suggest the non-homogeneous distribution of LiF and
hydrocarbon in the liquid phase (as compared to the homogeneous
distribution of 3He and hydrocarbon in the gas phase) has any effect on
the course of recoil tritium reasctions. Differences in the product
distribution from T + hydrocarbon reactions between gas and liquid phases
have been explained solely by the increase in collisicn frequency and the
resultant increase in the £/D ratio from recoil tritium initiated

unimolecular decompositions in the liquid phase.s‘7



—y7-

5. SAMPLE IRRADIATION

All irradiations were made in the Berkeley Campus Nuclear Reactor,
a Mark ITI Triga pnol type reactor facility. The irradiations were made

in two locations; depending upon the temperature of irradiation.

5.1 Irradiations at 24°C

Irradiations of samples at 24+1°C were made in the Lazy Susan
facility. The samples were loaded in the standard Lazy Susan polyethylene
capsule. One ges phase capsule would fit snugly into each Lazy Susan
capsule. Six liquid phase capillary tubes were placed in each Lazy
Susan capsule. The liquid phase irradiations were made with the capillary
in the identifying polyethylene bag. The Lazy Susan revolved around the
.eactor core with a period of two minutes during irradiation. This ensures
that each gas phase sample received the same average flux hence the same
total neutron dose. The irradiations were for 10 minutes at a flux of
3.80 x lOll n cm-2 sec-l. The flux was monitored by a cobalt foil

60

(SQCo(n,Y)GOCo) and subsequent measurement of the ~ Co activity with a
Na(I) counter. Comparison of foils placed inside a 1720 Pyrex gas phase
capsule with one at the same distance from the core but between the 1720
Pyrex capsule and the internal wall of the Lazy Susan capsule showed that
the flux wes decreased by 12% through absorption in the 1720 Pyrex

capsule wall.
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*
5.2 Irradistions at 135°C

5.2.1 Background
The temperature of the sample duvring irradiation is an important

parameter in radietion chemistry100 and hot atom chemistry.s’T

The

primary and secondary processes being studied may be temperature dependent.
In addition, the phase (gas, liquid or solid) or the sample during
irrediation is obviously temperature dependent. Temperature control

during irradiation may be advantageous in activation analysis. Numerous
low tempereture irradietion devices have been reported. Neutron
irradiations using these cooling devices have been made at: 1liquid

nitrogen102 and liquid helium103

10k

temperatures, any temperature between

105
or

12 °K and 25 °K and sny temperature from 25°C down to -30°C

106

- 75°C. Gamma irradiations have been made at ary temperature from 15°C

to —196°C.107 The same gamms irradigtion container could have easily been

audapted for use ut higher then umbient temperustures (up to 150°C). High

< A 108,109
temperature neutron irradiations have also been made. Temperature
control in the 250°C to 800°C range has been achieved. A variable pressure
gas gap around the sample controlled the rate of the loss of the hea’ that

was generated in the sample by reutron absorption. The sample was

essentially self-hested.

*
The material in this section has been previously published as LBL-126L,
Design of a High-Temperature Neutron Irradiation Container, by Darrell C.

Fee and Samuel S. Markowitz and has been accepted for publication in

Nuclear Instruments and Methods.
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I am interested in hot-atom chemistry in general and recoil
tritium reactions in particular. In hot-atom chemistry it is often
desirable to irradiate many samples simultaneously. This ensures that
all the samples in a series are irradiated under the seame experimental
conditions. The importent experimental parameters during irradietion
are temperature (as discussed previously) and total neutron dose. Inter-
sample comparlsons of absolute product yields can only be made if each
sample receives the same neutron dose.6’7’39 Furthermore, it is
advantageous if these temperature and dose~controlled irradiations could
be made in the most commonly availsble neutron irradiation facility, a
pool type nuclear reactor. Dose~controlled hot~atom studies are easily
made at pool temperatures using the "Lazy Susan" facility (see Sec. 5.1).
Previously mentioned low temperature irradiation techniques are readily
adapted to allow low temp=rature, dose-controlled hot-atom studies.

The high temperature irradiation techniques mentioned eariler cannot be
adapted to hot-atom studies because little heat is generated in tx.e hot-
atom sample by neutron bombardment. Hot-atom studies have been made at
temperatures higher than pool temperature. The irradiations were made
with the samples in an o0il bath on a hot plate in the dry irradiation
facility (Hohlraum or exposure room) of the reactor. These studies were
19

limited because the neutron does varied with sample position. Reported

here is the design and constructure of an irradiation container in which
all samples receive the same total neutron dose and the temperature is

controlled, to *0.5°C in the 25°C to 200°C range.
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5.2.2 Apparatus

The design concept was simple. The samples would be irradiated
in a temperature-controlled oil bath placed in the Hohlraum of the
reactor. The samples would be rotated so that each sample received the
same neutron dose. The rotation could be achieved by directly coupling
a motor to the sample rack. This would require neutrnn shielding to
protect the motor. This is shown in Fig. 5.1.

Figure 5.1 is a cut-away side view of the apparatus. All materials
are 1100 F aluminum (> 99% pure) unless stated otherwise. Constructing
the irradiation container chiefly from 1100 F a’uminum minimizes the
potential radiation hazard. The 27Al(n,Y)28Al reaction during irradiation
gives 28Al with a 2.8 min half-life. After allowing the short-lived 28AJ.
to decay away, the sample capsules can be removed from the irradiation
container. The 1/2 inch thick neutron shielding, A in Fig. 5.1, is
composition 254 from Reactor Experiments, Inc. This thickness of
shielding reduces the flux at the motor by a factor of lO-lO. The
shielding protects the steel alloy Bodine motor which operates at 6 rpm.
The motor is connected through a flexible rubber coupling (C) and Nylon
shaft {G) to the sample rack (I). The sample rack is a right cylinder
vhich rotates on the same axis as the Nylon shaft. A top view of the
sample rack would show 24 slots for the standard 1720 Pyrex glass sample
capsules (J). The sample slots are evenly spaced on a circle near the
perimeter of the sample rack. If the period of irradiation is long
compared to the period of rotation of the sample rack, each sample in the

rack will receive the same neutron dose. The central shaft of the sample

rack is threaded at the top. Unscrewing this shaft from the Nylon shaft
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Fig. 5.1. Irradiation Container - The lid has been raised for purposes of
illustration. Legend: A, neutron shieldj B, brass pressure relief valve;
C, flexible rubber coupling; D, pipe to pressure relief valve; E, hole
for thermocouple lead plug; F, Teflon gaskets; G, Nylon shaft; H, O-ring
groove; I, sample rack; J, sample capsule; K, oil bath container; L, 13"
support leg; M, motor support leg; N, Nylon collar; O, 1lid; P, motor
shaft; Q, Nylon bolt and nut.
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allows the sample rack to be removed for sample changing. A slotted 1id
is shown in Fig. 1 as the uppermost part of the sample rack. This 1lid
is to keep the sample capsules from floating out of the slots when the
rack is immersed in the oil bath. The 0il used is heavy mineral oil
(B.P. 360°C - 390°C). This oil is housed in & cylindrical container (K).
The axis of the container is the same axis as the Nylon shaft and sample
rack. This container is supported on legs (13 inches long) (L) which
raise the level of the samples to the center line of the Hohlraum. This
puts the samples in the highest flux possible. The container is heated
by winding three one inch by eight foot silicone-coated heating tapes
around the sides of the cylinder. A fourth heating tape is looped back
and forth on the bottom of the oil bath. Temperature control is maintained
by operating three of these heating tapes via a rheostat at all times
during irradiation. The rheostat would be adjusted so that the three tapes
would maintain the temperature of the oil bath at 5 to 10°C less than the
desired temperature. The fourth heating tape (controller tape) would be
turned on and off by a temperature controller to maintain the desired
temperature. The proportional temperature controller was located remote
from the Hohlraum. The temperature probe used with the temperature
controller was an iron-constantan thermocouple placed in the oil bath.
Other convenient construction features should be noted. The
flexible rubber coupling (C) adjusts for small misalignment between the
motor shaft (P) and the Nylon shaft. N is a Teflon collar attached to
the Nylon shaft. This collar serves as the bearing on which the sample
rack turns. The weight of the sample rack is suspended from this bearing,

not the motor. M is just a support leg for the motor and neutron shield.
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In addition to the neutron shielding, several safety features

were incorporated in the design. (1) When the entire assembly shown in
Fig. 5.1 was irradiated, it was placed in an oil drip pen. If the oil
bath leaked, the oil would be caught in the drip pan. (2) A drastic
0il leak could be remotely monitured and the irradiation stopped. A
second thermocouple (safety thermocouple) was placed between the controller
tape and the wall of the oil bath container. If a large leak occured, the
0il level in the oil bath would drop below the controller thermocouple.
The heat conduction between the wall and the controller thermocouple
would be poor. Thus, the controller tape would be turned on all the time.
The temperature monitored by the safety thermocouple would increase past
a preset safety margin around the desired operating temperature. This
would cause a remotely placed bell to ring, alerting the experimenter.
(3) When the oil bath was filled with oil at room temperature, the oil
level (including the samples and sample rack) was two inches below the
top of the container. This margin would allow for expansion of the o0il
bath during heating.

(4) The oil was preheated in en open container for eight hours at
200°C before it was used for an irradiation. This would remove any
significant low-boiling fraction. Nevertheless, oil vapors would be
formed by the heating and irradiaticn. These vapors were not allowed to
escape into the Hohlraum. The 1id (0) of the 0il bath was vapor sealed to
the bese (K) by a Teflon O-ring placed in groove H. The 1id was held
down by twenty 1/4-inch Nylon bolts {and nuts)} (Q)} which fastened the

1id to the 1lip of the oil bath container. The thermocouple leads were
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forced through tiny holes in a Teflon plug before they were welded into

a thermocouple. This Teflon plug was screwed into a “hreaded hole in the
1id (E) to make a pressure seal. Vapors could not escape around the
Nylon sheft because of two Teflon gaskets (F). Pressure relief at 3 psi
above atmospheric was provided by a brass pressure relief valve (B). The
pressure relief valve was placed behind the neutron chielding but connected
to the interior of the container by a pipe (D). The exhaust side was
connected to the reactor facility vacuum exhaust system by 3/8" Nylon
tubing. Any vapor which escaped around the lower gaskel would presumably
be exhausted before it escaped past the upper gasket and into the
Hohlraum. The exhaust from the pressure relief valve and from the volume
between the gaskets is not shown in Fig. 5.1.

(5) Also not shown in Fig. 5.1 is a microswitch which showed if
the Nylon shaft was indeed rotating during irradiation. One side of the
top of the Nylon shaft that prolected into the neutrnn shielded region
wvas flattened., The arm of the wmicroswitch was placed against the side
of the shaft so that as the sheft rotated the switch would be activated
by the flatlened side. This wouwld occur once each revolution and could
be remotely monitored.

(6) The temperature controller, the rheostat, the safety
thermocouple alarm circuit, and the rotation sensor were all located
external to the Hohlraum. The wires and the Nylon tubing were lead out
of the Hohlraum through a beam port. A wocden beam port plug was made
with one groove down the entire length for the nylon tubing and another

groove for the wires. All wires except the thermocouple wires were fixed
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with guick disconnects. The wires were fed through a pressure-tight cap
at the external end of the beam port. This cap prevented escape of h]'Ar,

L

from hOAr(n,Y) lAr, formed in the Hohlraum during irradiation.

(7) The temperature monitored by the control thermoccuple wes alsc
read out on a strip chart recorder. This gave a continucus record of the
temperature control and would alert the experimenter to any failure.

(8) In addition to ringing an elerm, the sefety thermocouple also shut

down all current to the irradiation container. (9) The total current to

all four heating tepes is displayed on an ammeter,

5.2.3 Illustration of Irradiation Container Use and Capability

Excellent temperature control (#0.5°C) has been achieved at all
temperatures in the 25°C - 200°C range in tests outside the reactor.
Irrediations have been made for 2% hours at the Berkeley Cempus Nucleer
Reactor. Excellent temperature control was obtalned at 135%0.5°C. The
irradistion container was removed from the Hohlraum 40 hours after the
end of bombardment. The observed gamma radiation was primarily from the
heating tapes. The observed radiation two inches from the irradiation
container and heating tapes (at the level of the sample capsules) was
only 130 mR/hr on the side that was nearest the core and 70 mR/hr on the
side that was farthest from the core. The flux on the side of the

2 -l)

container at sample level was (in units of lO8 nem - sec 34.5 nearest

the core, 10.3 farthest from the core and 3.90 in the sample position.
The flux was monitored with cobalt foils. Na(I) counters were used to
monitor the gemma radiation from 6000 formed in the 5QCo(n,Y)s()Co

reaction.
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*
6. GSAMFLE ANALYSIS
6.1 BRackground to Radio-Gas-Chromatographic Analysis

Gas chromatography has been widely applied in the separation and
analysis of multicomponent systems. If the components are radioactive,
the effluent from a chromatographic column mey be mixed with a counting
gas and the radioactivity measured as the mixture flows through nn
internal proportional counter.llO This immediate radio-assay is called
radio-gas~chromatography. The radio-gas-chromatographic anslysis of
tritium labeled hydrocarbons is of particular interest to me. I am
studying the reactions of recoil tritium atoms.

There were several & priori considerations for the design of a
general radio-ges—chromatographic znalysis system for the products of

recoil tritium reactions: (a) the expected (tritium labeled) products

differed widely in boiling points and physico-chemical properties. The

expected products ranged from HT and CH3T to the tritiated parent

hydrocarbon (I intended to eventually study the recoil tritium reactions
of cyclohexene and methylcyclohexene) and included nearly every straight

chain alkene-t and alkene-t species in between (for a review of recoil

tritium reactions (see Refs. 6 and 7)). In addition, I wanted to

*The bulk of the material in this section (notable exceptions are Secs.
6.2.5 and 6.2.6) has been vreviously published as LBL-1249, Multicolumn
Radio-Gas--Chromatographic Analysis of Recoil Tritium Reaction Products,
by Darrell C. Fee and Samuel S. Markowitz and has been accepted for

publication by Analytical Chemistry.
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separate the methylcyclohexene-t isomers. (This would determine whether

or not direct T-for-H substitution was accompanied by a shift of the

double bond.6’7’75 A normal "boiling point" column would not separate
3-methylcyclohexene-t from 4-methyleyclohexene-t. The three methylcyclohexene
isomers had been individually resolved on a saturated silver nitratc/ethylene
glycol column.lll The methylcyclohexene-t isomers and the smaller

tritiated alkenes from recoll tritium reactions would be individuelly
resolved on a seturated silver nitrate/ethylene glycol column. However,

all alkane-t species would emerge as one peek from such a column.112 This
suggested an aliquoting procedure. The tritiated alkenes and the
methyleyclohexene-t isomers could be assayed using one aliquot. The
tritiated alkanes could be assayed using another aliquot. Upon further
consideration, I decided that no aliquoting procedure would be possible.
Aliquoting might lead to unequal fractionation of low vapor pressure

parent compounds. Consegquently, I decided to inject the entire sample

at once. The typical gaseous semple was contained - glass capsule,

6 cm long with en internel diameter of 1.5 cm. (The dimensions of the
capsule are fixed at such large values to minimize the loss of recuil

tritons to the cepsule wall following the 3He(n,p)T reaction.hh) The

glass capsule would be mechenically crushed directly in the stream of

the chromatograph.

This led to: (b) a large sample injection volume. The sample

is initially distributed throughout the 20 cm3 volume of the mechanical
crusher. This sample volume is swept onto the gas chromatographic

column in about 100 sec, assuming typical radio-gas-~chromatographic
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flow rates and pressure drOps.ll3 In contrast, the typical residence

113 The

time in the 85 ml internal proportional counter is only 60 sec.
residence time in the counter is smaller than the sample injection
interval. Although the proportional counter has a large volume compared
to conventional GC detectors, the volume or the counter is not a limiting
factor. The large sample injection volume is the most important factor
affecting peak resolution.

However, the use of the counter does add one limitation, namely,

(c) the flow rate through the counter must remain constant. The flow

-1
rate, F (ml sec ~), is related to the experimentally determined area of the

ith radioactivity pesk, Ai (counts) by
-1
A, =AN, EVF 6-1
i i

where A is the decay constant of the rasdioactive nuclide (sec_l), Ni is
the number of radioactively lebeled molecules of identity i, E is the
detection efficiency of the counter for the nuclide of interest, and V
is the active volume of the counter (ml).

The variable of experimental interest is Ni’ the number of
tritium labeled molecules in a pesk whose identity is known from the
retention time. Ni can easily be determined if the flow rate, F, is
constant while a peak is being counted. The values for E and V can be
experimentally determined. The value of A is known from other sources.
In principle, Ni could be determined although the flow rate, F, varied
drastically from one peak to another. The flow rate must only be known

for each peak and constant during the counting of any given peak. In
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practice, a peak to peak change in flow rate is virtually impossible.
The measured flow rate, ¥, is really the combined flow rate of the
helium carrier gas flowing through the chromatograprhic column, and the
counting gas, usuelly propane. The helium flow rate snd the propane flow
rate can not be independently varied. A 1.8 to 1.0 propane to helium
ratio gives the best counting characteristics.ll3 An independent change
of either the helium flow rate or the propane flow rate causes a shift
in the plateau of the proportional counter. A plateau shift can change
the detection efficiency, E. It is extreme v difficult to make stepwise
changes in both the helium and propane flow rates and to be zure that the
combined flow rate has stabilized (at a 1.8 to 1.0 ratio) in the interval
between peaks.

The limitation of a constant flow rate through the counter is,
in practice, a limitation to a constant flow rate for the helium carrier
gas- The helium flow rate is usually changed in programmed temperature
gas chromatographyllh and in programmed pressure gas chromatographyll5
and in sequential applications of the two techniques.ll6 Consequently,
these powerful techniques for gas chromatogresphic separations over a
wide range of boiling points have not been used in radlo-gas-chromatogrephy.
However, a stepwise change in column temperature accompanied by a stepwise
change in column inlet pressure could be used in radio-gas-chromatography.
The simulteneous chenge of two factors which affect the helium flow rate
could be pre-calibrated so that the resultant helium flow rate is
unchanged. The simultaneous stepwise change of both temperature and

pressure could ceuse large perturbations in the helium flow rate. The
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time interval between the radioactivity peaks would ha;g to be large
enough so that the helium flow rate was stabilized before the next peak
was counted.

Another standard gas chromatographic technique wiich has not been
used in radio-gas-chromatography is post-inJecto splitting of the helium
flow stream.llT With flow splitting, the effluent from each column must
be individually monitored. This is often prohibitive in radlo-gas-

chromatography because it means duplication of relatively expensive

counting equipment. (d} All counting of radicactivity must be done with

only one counting system.

The four design criteria discussed above are not unique to the
radio-gas—chromatographic analysis of recoil tritium reaction products.
The same criteria are individually met elsewhere in the application of
gas chromatography. Consequently, there remained three avenues of

attack: a) Trapping and reinjecting. The disadvantages of trapping

are the tedious procedure involved in the addition of non-radioactive
carrier and the nagging worry about trapping efficiency.ll8

b) Backflushing.ll9 Backflushing offers no advantage in the
radio-gas~chromatographic analysis of recoil tritium reaction products.
Although the parent hydrocarbon certainly mekes up the bulk of the
sample, there is no sharp break in the boiling points between the parent
hydrocarbon and the other tritiated products. In addition, tritiated
products of higher boiling peint than the parent are formed.ls—l8 Back-

flushing would not resolve these products from the parent hydrocarbon.

c¢) Multiple columus in series. Theoretically, the separating

efficiency of each individual column may be reduced if the sample is
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passed through more than one column before reaching the detector.120
However, useable separations have been made with columns of different
liguid p.aases in series. No one column completely resolved all the
peaks. All peaks were resolved when the sample was passed through more
than one column i~ series.121 It is not feasible to pass all sample
components through all columns if the sample components differ widely
in boiling points and physico-chemical properties. The column in a series
which glves good resolution of the low-boiling components gives unuseable
peak shapes for the high~boiling components, end vice-versa. The obvious
solution was to arrange the column in the series in the order: injector,
high-boiling component column, low-boiling component column, detector.
The trick was to pass the low-boiling components through both columns
while passing the high-boiling components through the high-boiling column
only. Three methods of solution have been develcped: i) Rabinovitch and
co-vorkers start with the columns in series but at the appropriate time

during analysis change to have the columns in parallel.lch This requires

multiple detectors.

ii) Rowland end co-workers start with the columns in series but
reverse the order of the columns at the appropriate time during the
ana.lys:ls.lz3 Some or all of the low-boiling components pass through the
high-boiling component column twice. This “"recycling", using match
columns, has been used to achieve difficult isotopic separa.tions.12h With
the unmatched columns required in a general radio~-gas-chromatographic

anglysis system, the recycled peaks and the high-boiling component peeks

may overlap.
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iii) Borfitz had discovered that the helium flow through o column may
be stopped and peeks in that column may be "stored" for analysis at a

later time.125

The intuitive prediction is that the shape of the pesks
would deteriorate rapidly once the flow through the column was stopped.
In practice, useable pesk shapes were obtained later when flow was routed
through the column in the same direction as before the flow stoppage.
Several ta.uthors:l'zs'-lz8 had applied the stop-flow technique to a series

of multiple columns. In this multicolumn stop-flow method, the order of
the columns remains unchanged.

The continuing interest in isotopic separations in generall and
my specific interest in separating species which differ only by the
position of the radioactive label (see Refs. 4 and 129) led me to create
a multicclumn series with stop flow gnd recycle capability. I decided to
maintain a constant flow rate through the detector in stop-flow
applications by stepwise pressure programming instead of using preset
needly valves (as in Refs. 122,126-128). A radio-gas-chromatographic
system with stepwise pressure programming capability would also have
stepwise temperature programming cepability as discussed earlier. Later
I was forced to develop the ability to remove and further separate
unresolved peeks emerging in the middle of the analysis. This is known
as taking a center cut. I am reporting a general radio-gas-chromatographic
system which operates under the design criteria discussed earlier: (a)
The components of the hydrocaerbon mixture differ widely in boiling point
and physico-chemical properties. (b) The sample injJection volume is

large; namely the whole sample. {c) The flow rate through the detector
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is constant. (d) All peaks are monitored with the same detector (beta
proportional counter). This system uses four columns in series and has
the capability for (a) stop flow, (b) recycle, (c) center cut, (d) stepwise

pressure programming, and (e) stepwise temperature programming applications.
6.2 Apparatus and Procedures

6.2.1 Pressure Control and Valve Arrangement

Pressure regulation of the helium carrier gas began at the
commercially available tank with a standard two stage regulator. This
regulator maintained a pressure of 100 psi in the ballast tank. The
bellast tank was a common input to five single-stage regulators used for
pressure programming. These single stage regulators‘each exhausted
through a check valve {(on/off) into a common manifold. Only one pressure
regulator was open to the manifold at any time. That pressure regulator
was preset for a specific series of columns. The preset pressure
maintained a helium flow rate through the counter of 30 cc/min. Removing
(or adding) a column from (or to) the series required a shift to a lower
(or higher) preset pressure to maintain a 30 cc/min flow rate. The
pressure in the manifold was chenged by first shutting off the pressure
regulator in current use., The manifold pressure was then bled off to
the atmosphere. Following bleed-off, the new preset pressure regulator
was opened to the manifold. This made a sharp pressure change.
Reproducible flow rates were obtained with these "presettings" over long
periods of time. During an analysis, the flow rate obtained through use

of preset pressure regulators was more constant than the flow rate
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obtained using a commercial constant flow controller (#63~BU-L, Moore
Products Co.); particularly during stepwise temperature programming and
reversing the order of the columns in the flow stream. This manifold was
the beginning of the arrangement of columns and 4-way valves shown in
Fig. 6.1.

The flow down stream from the manifold was through 1/6 inch o.d.
stainless steel tubing. The lY-way valves were #P26-418 from Circle Seal
Corp. The stainless steel tubing and 4-way valves were operated at 25°C.
The exhaust from the buffer column passed through the detector side of
a standard thermistor cell {plus power supply and bridge circuit) from
Gow-Mac Corp. The thermistor detector was, of course, not sensltive
enough to measure carrier-free amounts of tritium labeled hydrocarbons.
The thermistor detector was used to determine retention times of standards
and to monitor the parent hydrocarbon peak during an actual analysis. The
thermistor response was printed out by one pen of a Leeds and Northrup
10 »V dual pen strip chart recorder. Following the thermistor the
helium flow stream was mixed with propane in a standard 1/4 inch Swagelock
Tee. The propaene flow streem similarly consisted of a commercial tank,
two-stage reguletor, ballast tank, single-stage regulator, check valve,
dummy column to give a useable pressure drop, then the mixing Tee. The
combined helium and propene flow passed through the counter, through a
soap bubble flow meter and was then exhausted into a hood. The combined
flow rate was maintained at 83 ce/min, giving the desired 1.8/1.0 propene

to helium mixture.113 The propane pressure was not changed during an

analysis.
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Fig. 6.2. Schematic diagram of gas chromatograrhic flow stream. The columns are defined in the
text. The chcice of columns is specific for th's =nalvsis. The recycle arrangement of b=ira-
velves with positions for four columns is presented as a general gas chromatograghic system.
The injJector is discussed in Sec. 6.2.5 and illustrated in Fig. 6.h.
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6.2.2 Columns

HT, CH3T, ethane-t, and ethylene-t were resolved on a 50 ft.
column of 10% propylene carbonate (PCA) on 60/70 mesh activated alumina
F-1 in 1/4 inch o.d. copper tubing. The mathod of column preparation
and typical retention times are given elsewhere.l3o This column was
operated at Lwo temperstures: -78°C, muintuined by immersing the column
in a dry ice-acetone slurry, and -8°C, maintained by immersing the column
in an acetone bath inside a commercial freezer. The temperature change
from -T8°C to -8°C (or -8°C to -78°C) was made by physically removing
the PCA column from one temperature bath and placing the column in the
other temperature bath. Tritiated C3 and Ch hydrocarbons were resolved
on a 50 ft. colum of 25% 2,4-dimethyl sulfolsne (DMS) on 30/60 mesh
acid-washed Chromosorb P in 1/4 inch o.d. copper tubing. Typical
retention data for this column are given in Ref. 131, This column was
operated ab room temperature. Tritiated CS - C7 hydrocarbons were
resolved on a 4.5 ft. column of 22% di-n-butyl tetrachlorophthalate
(DBTCP) on 30/60 mesh acid-washed Chromosordb P in 1/% inch o.d. copper
tubing. Typical retention data for this column are given in Ref. 132.
This column was operated at room temperature. During the course of this
work, it became necessary to separate 1,3 butadiene-t from 1,3 butadiene-dst
(see Secs. 7 and 8). This separation was done on a 25 ft. column of
saturated silver nitrate/ethylene glycol (AgNO3) on 30/60 mesh acid-washed
Chromosorb P in 1/4 inch o.d. stainless steel tubing. The method of
column preparation and typical retention date are given in Ref. 111. This

column was operated at room temperature. A buffer column was placed
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immediately before the counter to minimize the flow perturbations caused
by changing Lhe ordsr of' the columns in the series. The dbufter column
was 25 ft. of 60/80 mesh glass beads in 1/ inch o.d. copper tubing and

was operated at room temperature.

5.2.3 Counting and Data Reduction

13

The 85 ml proportional counter has been described‘l A typical

plateau of this counter is shown in Fig. 6.2. The efficiency of this
counter, E in Eq. (6-1), for tritium was 99%1%. The high voltage on

the centerwire of the counter was maintained by a 5 kV power supply. A
pre-amplifier of my own design (schematics are available on request) was
coupled to the counter. The pulses from the pre-amplifier went through

a standard amplifier and single-chennel enalyzer, before passing through
a Standard anticoincidence network. An anticoincidence screen of plastic
scintillator as well as an arrengement of lead bricks shielded the counter
from background radiation. This lowered the background of the counter

to typically 10 counts/min. The train of pulses emerging from t.e
anticoincidence network was divided. One branch went to a rate meter.

The ree meter response on & logarithmic scale was printed out on one

pen of the dual pen recorder. During an actual analysis, this gave a
continuous plot of the log of activity .monitored by the counter) versus
time. The other branch passed through a variable time control unit and
into a 1024-channel enalyzer (Technical Measurements Corp.). The 102k-
channel analyzer was used in the multiscaler mode. The length of the time
during which the response of the counter was recorded in a single channel

was set by the variable time controller unit. At the end of the preset
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length of time the controller unit advanced the counter response to the
next channel. The controller was started when the sample was injected.

At the end of analysis the number of counts recorded in each
channel had been stored in the memory of the analyzer. The memory could
be printed out in both analog and digital fashion. Qualitative informetion
could be obtained from the analog printout on a lHewlett-Packard X-Y
ploLter. The analog printout was a plot of counls {in each channel) versus
channel number. The channel number could be converted to time from
knowledge of the settings of the time controller. A typical radio-
chromatogram is shown in Fig. 6.3. The sequence of operations used to
obtain this radio-chromatogram is given ia Teble 6-1. (Calibrated
retention data is given in the Appendix, Table A-6-1.)

Quantitative information could be obtained from the digital
printout of a Hewlett-Packard model 562A printer. The digital printout
could be obtained in two modes. Mode one gave the channel number and
the counts recorded in that channel. Mode two gave the channel number
and the sum of the counts in that channel and all preceding channels.

A, the activity of the ith redio-activity pesk (see Eq. (6~1)), could

be easily obtained from this information. TFirst the mode one printout was
scanned. A channel number corresponding to the start of the ith pesk
selected. For this channel number the value of the running sum was
determined from the mode two printout. Similarly, the value of the sum
was determined for the channel corresponding to the end of the ith peak.
The difference of these two sum values gave the gross area under the ith

peak. Ai was this gross area less background contribution.
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Table 6-1. Sequence of Radio=-Gas-Chromatographic Operations

Time Manifold Arrangement Column Order Comment
Min. Pressure of Valves® in Flow Stream
psi 123 k56 7

-1 34,4 BBA AAB B DBTCP, DMS, PCA-78 break capsule

0 ESA AAB A inject sample; timing interval 0.5 min/channel
10 BBA AAB B injector by passed

30 34,2 BBB AAB B DMS, PCA-7T8 DBTC? by passed

38 28.0 ABB AAB B PCA-T8 DMS by passed

98 32.0 PCA~8 Temp. change -78°C to -8°C for PCA
162 PCA-78 Temp. change -8°C to -78°C for PCA
165 34,2 AAB AAB B PCA-T8, DMS flow restarted in DMS
250 change timing interval to 1.5 min/channel
265 36.2 AAB AAA B PCA-T8, DMS, AgNO3 AgN03 center cut of butadienes
320 AAB ABE B PCA-TE, AgN03, DMS end center cut
375 AAB AAA B PCA-T8, DMS, AgNO3 order switched
380 AAB BAA B PCA-T78, DMS, AgN03, DBTCP flow restarted in DBTCF

-'[L_

Bsee Fig. 6.1.

With valves as indicuted and propylene carbonate column (PCA) in position C in Fig. 1, di-n-butyl
tetrachlorophthalate column (DBTCP) in position D, 2,4-dimethyi sulfolane column (DMS) in position
E, saturated silver nitrsate/ethylene glycol column (AgNOa) in position F.
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6.2.4 Semple Preparation for the Illustrated Analysis

The procedure employed for sample preparation has been described
previously (Sec. 4.2.2). The sample was a 1720 Pyrex capsule (1l ml
internal volume) to which 8.5 cm 3-methylcyclohexene, 2.6 cm of
h-methylcyclohexene, 1.5 cm butadiene-d6 and 30 cm of 3He had been added
(pressures corrected to 135°C). The irradiation was for 24 hours at a
flux of 3.9 X lO8 n cm-2 sec"1 in the Hohlraum of the Berkeley Campus
Nuclear Reactor. The temperature of the sample during irradiation was

maintained at 135.040.5°C by the specially designed irradiestion container

described in Sec. 5.2.

6.2.5 Sample Injector

A side view of the sample capsule breaker is shown in Fig. 6.4,
The breaker is constructed from brass unless otherwise indicated. The
direction of flow through the bresker is from right to left. The gas
sample capsule is placed in the breasker at the right end. The gas tight
seal is made by screwing the hex head bushing (B) in against the removable
end plate (C) to compress the Viton o-ring (D). Helium flow comes into
the bresker through 1/16 inch o.d. stainless steel tubing (A). The 1720
Pyrex capsule is crushed by depressing a spring loaded plunger (E). A
gas tight seal around the plunger shaft is made by Viton o-rings (F).
The gas phase tritium labeled products are liberated when the capsule is
crushed. These products are carried out through the left end of the
breaker by the helium flow stream. Another gas tight seal is made
similar to the one at the right end.

The breaker was heated by wrapping it with heating tape. In

general, for gas phase capsules the breaker was heated to the same
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Fig. 6.4. Semple Capsule Breaker (Injector), side view. The helium flow stream is from right to
left through the bresker. The labels "from valve T" and "to valve T" refer to valve T in
Fig. 6.1.
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temperature at which the irradiation was made. TFor liquid phase samples
the breaker was heated to 135°C. For the samples in capillary tubing,
a brass insert was made to hold the sample tube in position jJust below
the plunger. The sample tube and insert would be placed in the bresker
similar to a gas phase capsule.

The exhaust from the breaker passed through a ten foot section
of 1/16 inch o.d. stainless steel tubing (G) called the cool tube
{operated at 25°C at a2ll times) and then through a six inch column of
60/80 mesh glass beads in L1/k inch copper tubing. This small buffer
column was called the plug and was operated at 25°C. The cool tube and
plug will be discussed later.

Befors being placed in the breaker the standerd procedure for
determining the internal volume of the gas phase capsule was initiated.
The total volume displaced by the capsule (volume of glass (Vg) plus
internal volume of the capsule (Vc)) was measured by placing the capsule
in a standard volume measuring device of volume VS. The remaining
volume was filled with water from a buret. The volume of water required
waes Vs- (Vg + Vc) = Vl. The glass pieces from the capsule were collected
after the capsule was broken. After the high molecular weight tritiated
products had been extracted from these capsule pieces (see Sec. 6.2.6)
the pieces were placed in the standard volume measuring device. Again
the standard volume was filled with water. The volume of weter required

The internal volume of the ceapsule is then given by

was Vs - Vg = V2.
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6.2.6 Recovery and Analysis of High Molecular Weight Tritiated Products;
"Polymer-t"

Tritium labeled products which are not eluted in the normal
radio-gas-chromatographic analysis scheme discussed above are called
"polymer-t". The recovery of "polymer-t" was similar to that previously
described:18 (a) Low (molecular weight) "polymer-t" 1s backflushed off
the DBTCP column. In backflushing, flow is reversed in the column (after
the radio-gas-chromatographic analysis) for 1.5 times the length of the
forward flow. The "polymer-t" is collected in toluene when the reversed
flow is bubbled through a toluene trap operated at 25°C. Beackflushing
of the DMS and PCA columns did not result in the recovery of eny "polymer-t".
All peaks stored in the DMS and PCA columns were apparently analyzed in
the normal (forward flow) radio-gas-chromatographic analysis. Only the
DBTCP column was routinely backflushed.

(b) Medium (molecular weight) "polymer-t" was washed with toluene
from the cool tube and backflushed from the plug. The plug was used to
prevent "creep" of medium "polymer-t" down the 1/16 inch stainless steel
tubing and onto the DMS and PCA columns.

(c) High (molecular weight) "polymer-t" was washed with toluene
from the internal walls of the sample breaker and soxhlet extracted with
toluene from the wall of the broken sample capsule. The soxhlet extraction
process was for 24 hours.

(d) The toluene fractions were collected in standard liquid
scintillation vials to which a standard scintillator solution of 4 gnm
POP (2,5 diphenyloxazole) and 0.1 gm dimethyl POPOP {1,h-di=(2~[h-methyl~

S5-phenyloxazoyl]-benzene)} per liter of toluene. Corrections for the
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quenching and determinations of the absolute counting efficiency were made
by the external standard ratio method133 using a Nuclear Chicago Mark II
liquid scintillation spectrometer. This gave the number of tritium
labeled species in each "polymer~t" category (low (L), medium (M), and
high (H). This number could be compared to the radio-gas—-chromatographic

peaks by use of Eq. (6-1).
6.3 Illustration of Radio-Ges-Chromatographic System Use and Capaebility

A typicel analysis of the products of recoil tritium reactions
with methylcyclohexene is shown in Fig. 6.3. The sequence of operations
used to obtain this radio-chromatogram is given in Table 6-1. This
sequence of operations, with the exception of the center cut of butadienes
(265 to 300 min), represents a general radio-gas-chromatographic analysis
scheme and has been successfully employed in the enalysis of the products
of recoil tritium reactions with ethylene, propylene, butane, l-butene,
isobutene, cis-~ and trans-2-butene, butadiene, cyclohexane, and cyclohexene
as well as the more difficult case of 3- and L-methyl cyclohexene shown
in Fig. 6.3. The timing of these nperations is obviously specific for
this choice of four columns. Table 6-1 and Fig. 6.3 are used to illustrate
how the arrangement of lY-way valves shown in Fig. 6.1 may be employed to
~utilize the gas-chromatographic techniques discussed below. The techniques
used in the enalysis shown in Fig. 6.3 in the order of their appearance
are:

(a) Stop flow. At 30 min, CS product peaks are Just about to

emerge from the DBTCP column. Ch and lighter product peaks have already
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emerged and are in the DMS and PCA columns. At 30 min, the C5 and C7
product peaks are "stored" in the DBTCP column for future analysis when
flow in the DBTCP column is stopped. At 38 min, C3 product peaks are
just ebout to emerge from the DMS column. C2 and lighter product pesgks
have already emerged and are in the PCA column. At 38 min, the 03 and C)
product peeks are "stored" in the DMS column for future analysis.

At 165 min, flow is restarted in the DMS column. While the flow
through the DMS column was stopped, the pressure equilibrated over the
entire column. In restarting the DM5 column, this causes a flow surge
which lasts for 3.5 min. The first 03 product peak, propane-t, emerges
and starts being counted ! minutes after restarting. Consequently, the
flow surge does not affect the analysis. Storage for a little over two
hours has affected the peak shape. For example, the FWHM of a trans-2-
butene mass pesk increased by 10% because of peak storage. At 380 min,
flow is similarly restarted in the DBTCP column. Again the flow surge
does not affect the analysis. The ¥WHM of a cyclohexene mass peak

increased by 15% because of pesk storage in the DBTCP column for nearly
six hours.

(b) Stepwise pressure programming. A constant helium flow rate
through ihe detector was maintained when the DBTCP column and the DMS
column were removed from the flow stream by decreasing the manifold
pressure at 30 and 38 min, respectively. Similar use of the pressure
"presettings" is made at later times in the anelysis when columns are
added to or removed from the flow stream.

{c) Stepwise tempersture programming. At 98 min *the operating
temperature of the PCA column is changed from -78°C to -8°C. This
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shorlens the elulion time of the ethylene-t peuk by W00 min. The slopwise
temperature change causes a perturbation in the helium flow rate. This
perturbation does not affect the enalysis because no peaks are being
counted., At 162 min, the C2 peaks in the PCA column have emerged and
been counted. The temperature of the PCA column is then returned to
-78°C to minimize the number of pressure regulators required for analysis.

(d) Center cut. It is known from calibration data that the
unresolved butadiene-t and butadiene-dst peeks would have emerged from
the DMS column end been counted at 275 to 290 minutes. The center cut
of these pesks is made by placing the AgNO3 column down stream from the
DMS column during that interval.

{e) Recycle. The inherent recycle capebility of this system is
displayed in the permutations of the column order at 265, 300, and 375
minutes. A careful analysis of Fig. 1 will reveal a nested seriles of
recycle loops. The recycle capability is used here to allow separation
of the butadiene-t and butadiene-dst peeks to proceed simultaneously with
the counting of peaks emerging from the DMS and DBTCP columns. The
recycling of the butadiene-t and butadiene-dst peeks through the DBTCP
column is unnecessary for the sake of resolution. However, this recycling

is advantageous because after 380 min the analysis is automatic.
6.4 Sumary of Radio-Gas-Chromatographic Analysis System

A general redio-gas-chromatographic analysis system has been

developed for hydrogen and C. to CT alkanes and alkenes. Although all

peaks had to be monitored at a constant flow rate in the same detector
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and the injection volume was large. nore than 20 peaks have heen anaiyzed,
with good resolution of most peaks, ir a totsl time of 1000 minutes. I
conclude that: (1) A recycle system of Y-way-valves and columns allows
permutation to be made in the order of columns in a series. These
permutations may be userul by themselves in addition to allowing peaks

to be recycled and center cuts to be made. In addition, this system of
Yb-way-valves may shorten the time required for a perticular analysis.

(The long time required for the analysis ghown here was due to the large
injection volume.) (2) Stop flow chromatography is a useful technique

if "ae asccompanying incresse in FWHM can be tolereted. (3) Stepwise

inlet pressure programming can be used to maintain a constant flow rate
through the detector when a column is removed from the serles in stop-flow
chromatography. Stepwise pressure programming is additionally advantageous
because it allows utilization of powerful stepwise temperature programming

techniques.

Therefore, I propogse & new gas-chromatogrephic system that has

broad application.
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RESULTS AND DISCUSSION

As outlined in the project summary (Sec. 3.3), the first phase
of this project was to study T + cyclohexene reactions. Scavenger studies
of T + cyclohexene reactions are presented in Secs. 7 and 8. The next
step, determining the value of the s parameter in the RRK treatment of
the unimolecular decomposition of cyclohexene, is presented in Sec. 9.
The siudy of T + methylcyclohexene reactions in order to test the energy
randomization assumption of the RRK-RRKM theories of unimolecular reaction

is presented in Sec. 10.
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7. SULFUR DIOXIDE AS A RADICAL SCAVENGER IN AIKENE SYSTEMS: ANOMALOUS
OXYGEN SCAVENGING EFFECT DISCOVERED

f.1  Background (o Lcavenger Sludies

Many recoil tritium experiments have used scavengers to remove
thermalized tritium atoms and radical intermediates from the system before
such species yield products which might be confused with high energy

7 0xygen,39 iodine,l3h bromine,l3u deuterated

3

tritlum reactions.
7

ethylene,l35 nitric oxide,l36 and iodine halidesl ' have been used in gas

phase experiments. All of these satisfy some of the criteria for a good

scavenger proposed by Hawke and Wolfgang,l37 namely

(a) a scavenger must react avidly with the stoms and radicala to be

removed, preferably with a collision efficiency near unity. It may then
be used in sufficiently low concentrations so as not to interfere with
the hot or other primary processes being studied. I am interested in
recoil tritium reactions with alkenes. Deuterated ethylene is thus
eliminated by this criteria since its scavenging ability 1s of the same
order of magnitude as other alkenes. ”

{b) & scavenger should be inert with respect to the bulk reagent.

For elkene systems, this eliminates iodine, bromine, end the iodine

halides since they would undergo rapid addition to the double bond.

*®

The material in this section has been previously published as UCRL-20470,
Sulfur Dioxide as & Radical Scavenger in Alkene Systems, by Darrell C. Fee
and Semuel S. Markowitz and as Radiochimica Acta, 17, 135 (1972).
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{e¢) products of the scavenging reaction should not react further,

or if they do, such reaction should be controllable. In the recoil

tritium-trens-butene system, the presence of nitric oxide increased the

l1-butene-t yield by 100%, presumably through a reversible reaction with
138

sec-butyl-t radicals. Thus, nitric oxide is an unreliable scavenger

for alkenes.

(d) o ges phase scavenger must have en adequate vepor pressure at the

temperature in question. Oxygen, the only reported scavenger left for
alkene systems, readily satisfies this criterion.

(e) furthermore, it is highly desirsble, but not always essential that

the scavenged species be detectable. The peroxy radicels formed from

T + 02 he TO2 N T=1

are not readily assayed in the conventional radio-gas-chromatographic
methods used for recoil tritium experiments. In addition, the peroxy
radicels may react further with either the bulk reagent or other radicals
in the system. As yet, there is no evidence that such further reaction
results in products which might be misteken for the yield of a hot

reaction.
T.2 Data and Discussion

I report here a comparison between oxygen and sulfur dioxide as
gcavengers for recoll tritium-alkene systems. Sulfur dioxide was selected
since its reaction with radicals in other systems was known.l39 Radiation

damage due to recoils following the 3He(n,p)T reaction was less than 2%.
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All data reported represents the average of the yields from two ldentical
samples which agreed on mejor products to within 3% on the Ch rurs and
to within 5% on 06 runs. No correction hes been made for "wall HT".lho’lhl
The irradiations were at 25°C.

The efficiency of a scavenger is determined by the dependence of
various products on scavenger concentration. The ylield of products
formed solely by hot reections will remain unchenged over a wide range
of scavenger concentrations. 'The yleld of products formed by hoth thermal
and hot processes will decrease rapidly with the addition of scavenger
until a plateau is reeched where the yleld is relatively insensitive to
scavenger concentration. In this region, all thermel reactions, except
with the scavenger, have presumably been suppressed and the yield is due
entirely to hot react:lons.l3T

In the T + cyclohexene system, the scavengeable thermal reaction
product is cyclohexane-t which results largely frcm thermal addition of
T to the double bond to form a cyclohexyl-t radical. This radical then
abstracts a hydrogen from the bulk system to form cyclohexane-t., Ethylene-t
and butadiene-t are high energy products from the unimolecular decomposition
of excited cyclohexene-t formed by direct substitution.lha-lhh The yields
of these products for both 02 and 802 acavenger are shown in Fig. 7.1.
The sharp drop in cyclohexane-t yield is the same for both 02 and SOa.
The small drop in the ethylene-t yield is the same for both 02 and 802
and indicates a smsll thermal route in ethylene-t formetion. The
butadiene-t yield is constant with SO2 scavenging but increases by 50%

with 0, scavenging! This anomalous increase in butadiene-t yield with

2
02 scavenging is similar to an anomalous increase in the ethylene-t yield
with 02 scavenging that was reported by Urch and Welch in the T + ethane

sygtem.l3h
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Fig. T.1l. Curves of T + cyclchexene system scavenged with S0 or 0. Product
yields are listed relative to cyclohexene-t yield as 100. The zero scavenger
data point and the 5 mole % scavenger data point have been connected with a
line for clarity. I do not mean to imply that the variation of yield with
added scavenger is linear in this region. (Data in Appendix, Table A-T-1.)
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This anomalous ethylene-t increase was explained by Baker and

Wolfgang.l35

Apparently, in the absence of 02, radiation produced H
atoms were being scavenged by the ethylene-t formed by hot tritium
reactions. This reduced the ethylene-t yield in unscavenged systems,

When O, was added, the radiation-produced H atoms were scavenged by the

2
more efficient 0, end the ethylene-t yleld rose to its "hot" velue. A
similar explanation is unfeasible here. The bulk of the system is
cyclohexene which would scavenge any radiation produced H atoms.lhs

Another anomalous effect in the cyclohexene + 02 system is that when
samples were irradiated end analyzed less then two weeks after they were
prepared (as in data reported here) 0, uniformly reduced the cyclohexane-t
yield. However, oxygen was found to be an unreliasble scavenger in

semples which had been stored 3~ months. Apparently oxygen failed due

to reaction with cyclohexene. The rate of cyclohexene hydroperoxide
formation is non-negligible at room temperature end increases with
temperature. In addition, a Pyrex glass surface has a catalytic effect

on the initial stages of the reaction.lh6 This may rule out simultaneously
raising the vapor pressure of cyclohexene by elevating the temperature

and employing 02 as a scavenger.

The comparison of 02 and SO2 was also made in the trans-butene + T
system. As shown in Fig. 7.2, the yield of butene-t, a product analogous
to cyclohexane-t, was sharply reduced on the addition of both 02 and 502.
All other products erthibited the same yields for both 02 and 802 scavenging
including a 50% decrease in the 1 butene-t yield. The anomalous increase

in the 1 butene~t yield with NO as scavenger was duplicated in this

laboratory.
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Fig. 7.2. Curves of T + trans-butene system scavenged with S0, or 0;.
The ordinate gives the butane-t yield relative to the transbutene-t
yield as 100. (Date in Appendix, Table A-T-2.)
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Sulfur dioxide thus compares favorably with oxygen in some alkene
systems and is superior in others. Sulfur dioxide has an adequate vapor

147

pressure of over two atmospheres at roam temperature. Similar to
oxygen scavenging, 502 scavenged species of the form R--SO2 and HSO2 are

a) capeble of further reaction. No problems of this sort are apparent

in the 802 data to Adate. b) undetected in conventional analysis of gas
phase products. While the "polymer-t" date does not indicate the chemical
composition of he tritiated products, it does allow crude separation by
volatility. Low (moleculer weight) "polymer-t" is backflushed from the
chromatographic columns. Medium "polymer-t" is washed from a 10 ft.

cool tube connecting the sample breaker to the chromatographic columns.
High "polymer-t" is washed from the walls of the capsule in which the
recoil tritium reaction took place18 (see Sec. 6.2.6). The relative
abundance of activity in each volatility grouping changes with the
scavenger employed. In the T + trans-butene system, for example, the
"polymer-t" yield was distributed: T75% in the low end 18% in the high
groupings for unscavenged semples; 65% in the low and 22% in the heavy
groupings for 0, scavenged samples; 4% in the low and 95% in the high
groupings for the SO2 scavenged semples. The lowered polymer-t volatility
with 802 scavenging is consistent with the expected formation of

scavenged species of higher molecular weight and/or lower volatility with

35

SO2 than 0 No correction was necessary for ~°S activity (from the

e

32“S(n,'y)355 reaction) which could be included in these measurements as 35

SO2

incorporsted into the "polymer-t". Under the most extreme conditions,

the total S activity is less than 1% of the "polymer-t" activity.
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T have also compared the scavenging ability of SO: anad Oy in an
alkene system where hydrogen abstraction to form HT is the low energy
reaction. The most stringent test of scavenging efficiency was conducted
in a highly moderated system, where the chance of high energy tritium

atom colliding with a reactant molecule at a given energy decreases. This
results in an increased number of thermelized tritium atoms which would
contribute to the yield of a given product. Consequently, the required
level of scavenger efficilency is higher when moderator is present.l3T
Figure 7.3 shows the effects of 80, and 0, on the HT yield for en 86%

Ne moderated T + n-butane system.

Oxygen scavenging of this system with 93% helium moderator has been
previously reported by Rosenberg and Wolfgang.39 My data reproduces the
reported scavenging plateau, but shows a different HT/ChHgT ratio along
the plateau and especially at the zero scavenger intercept. This
difference can be ettributed to the different moderators used. I selected
Ne instead of He moderator to avoid complications from ion-molecule

reactions which have been found in He moderated systems.l"1h2

The SO2
data points show no scavenger plateau. In addition, all of the themmal
tritium atoms are not being removed by 802 since the HT yield is higher
for the 502 than for the 02 scavenged samples. These trends are also

seen in the data from unmoderated T + n-butane reactions showm in Fig. T.h.
The difference in scavenging efficiency observed here cen be attributed

to the large difference in collisional efficiency between 02 and 502 for

reaction with thermael tritium atoms.

T + 802 + TSO2 . T-2
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Fig. 7.3. Curves of T + n~butane system scavenged with S0» or O and
moderated with 86 mole % Ne. The ordinate gives the HT yield relative
to the n-butane-t yield as 100. (Data in Appendix, Table A-T-3.)
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The measured rate constants for reactions 7-11h8’lh9 and 7-2150 for

protium in place of tritium show a 102 preference for 02 over 802.

I conclude that while 802 is not a good scavenger in alkanes it
compares favorably with 02 as a scavenger for alkenes. The use of SO2
08 a scavenger may be advantageous in alkenes mince 02, the only other

scavenger avallable, shows some anomelous effects in cyclohexene.
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8. SCAVENGRR EFFECTS IN THE RECOIL TRITIUM REACTIONS OF CYCLOHEXENE:
ANOMALOI'S OXYGEN SCAVENGING EFFECT EXPLAINED"

8.1 Further Background to Scavenger Studies

I was interested in explaining the anomalous oxygen scavenging
effect shown in Sec. 7. I first reviewed the definition of a scavenger
and the data that led to the discovery of the anomalous oxygen scavenging
effect.

Many rec»il tritium experiments have used scavenge.s to remove
thermalized tritium atoms and radical intermediates from the system before
such species can jield products which might be confused with high-energy
tritium reactions.s’7 The yield of products formed solely by high
energy (hot) reactions will remain unchanged over a wide range of
scavenger concentrations. The yield of products formed by both thermal
and hot processes will decrease rapidly with the addition of scavenger
until a plateau is reached where the yield becomes relatively insensitive
to scavenger concentration. In this region 2ll thermal reactions, except
with the scavenger, have presumably been suppressed and the yield is due
entirely to hot reactions.l37

The comparative efrficiency of sulfur dioxide and oxygen as

radical scavengers was determined in the T + cyclohexene gas phase system

*

The material in this section has been previously published as LBL-668,
Scavenger Effects in the Recoil Tritium Reactions of Cyclohexene by
Darrell C. Fee and Semuel S. Markowitz and accepted for publication by

the Journal of Inorganic and Nuclear Chemistry.
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(sec. 7). In this system, one scavengeable thermal reaction product is
cyclohexane~t which results largely from thermal addition of T to the
double bond to form « oyclohexyl-t radical. This radical then asbstracts
a hydrogen atom from the bulk system for form cyclohexane~t. The
cyclohexane~t yield exhibited identical scavenger plateaus with sulfur
dioxide and oxygen scavenging. Ethylene-t and butadiene-t are primarily
high energy products from the unimolecular decomposition of excited
cyclohexene-t formed by direct aubstitution.lhz-lhh The ethylene-~t
yield exhibited identical scavenger platesus with sulfur dioxide and
oxygen scavenging. The butadiene-t yield was unaffected by sulfur
dioxide scavenging but increased by nearly 50% with oxygen scavenging.
This anomalous increase in the butadiene-t yield with oxygen scavenging
is similar to an enomalous increase in the ethylene-t yield with 02
scavenging that was reported by Urch and Welch in the T + ethane system.lBh

The anomalous ethylene-t increase in the T + ethane system was
explained by Beker and Wolfgang.l35 Apparently, in the absence of 02,
radiation-produced H atoms were being scavenged by the ethylene-~t formed
by hot tritium reactions. This reduced the ethylene-t yield in unscavenged
systems, When 02 was added, the radiation-produced H atoms were scavenged
by the more efficient 02 and the ethylene~t yield increased from essentially
zero to its "hot" value.

A similar explanation of the enomalous increaese in the butadiene-t
yield in the oxygen scavenged T + cyclohexene system was not intuitively

obvious for two reasons: (a) In the T + ethane case, selective depletion

of the ethylene-t molecules by H atoms may be solely dependent upon
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ethylene-t being the only alkene in the system. The rate constant (at
25°C) for H atom addition to a double bond to form an alkyl radical is
usually an order of magnitude greater than the rate constent of
abstraction of a hydrogen atom to form H2.15,151,152 In the T + cyclohexene
case, the butadiene-t molecules might be "protected" from radiation
produced H atoms by the unlebeled cyclohexene molecules. The number of
unlabeled cyclohexene molecules was larger than the number of butadiene-t
molecules by a factor of lO7 to 108. This should have made H-atom addition
to cyclohexene the predominent reactlon in the system even if the rate
constant for H-atom addition to butediene is larger than the rate constant
for H atom addition to cyclohexene by a factor of 100. (b) 502 wes as
efficient as 02 in scavenging products of thermalized radicals in the

T + cyclohexene and T + trans-butene systems (Sec. T). Sulfur dioxide

was not as efficlent as O2 in removing thermalized tritium atoms. In the

T + n-butane system, the thermal T atoms react by abstracting a hydrogen
atom to form HT. The HT yield from tritium reactions with n-~butane was
decreased more with 02 scavenging than with 802 scavenging. In addition,
the HT yield exhibited e scavenger plateau with 02 scavenging but no

scavenging. S0, removed some but not all of the thermel

plateau with SO 5

2
tritium atoms. 802 scavenging is thus expected to remove some but not all
of the rediation produced H atoms in the T + cyclohexene system. If the
butadiene-t yleld in the T + cyclohexene system increases with 02 scavenging
due to removal of all rediation produced H etoms, the butadiene-t yield
should increase to some extent with SO2 scavenging. Becsuse the butadiene-t
yield did not increase with 502 scavenging, the hypothesis that the

butadiene~t yield rises to its "hot" value only with 0, scavenging ves

discredited.
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I attempted to calculate the maximum effect of radiation produced
H atoms on the butadienc-t yield in the T + cyclohexene system. The
problem involves the competitive reactions with hydrogen atoms of
butadiene~t vs. cyclohexene, cyclohexene plus 02, and cyclohexene plus
502. The pertinent rate constants are shown in Table 8-1. The butadiene-t
yield is extremely sensitive to the yield of H atoms from radietion
damuge. The "hot" butadiene-t yield is only reduced by about one third
when the H atoms are not removed by 02. The yield of H atoms simply
cannot be estimated to the degree of certainty required to demonstrate
convincingly that the butadiene-t yield is or is not reduced by H atom
reactions. Similarly, an uncertaein emount of unlabeled butadiene is also
present in the system from radiation damage.153 The unlabeled butadiene
would also "protect" the butadiene~t yield by competing for H atoms with
equel efficiency. Since the calculations were inconclusive and the
preceding intuitive arguments actually Jepended upon the calculations,
further experiments were necessary.

I decided to determine how the butadiene~t yield from T + cyclohexene
reactions varied with scavenging by butadiene—d6 and by hydrogen sulfide.
Butadiene and buta.diene/o2 mixtures had been successfully employed as

scavengers in recoil chlorine systems.lss’l56

8 scavenger in radiolysis,157 photolysis,

st has been employed as
85

and recently in recoil
tritium experiments.16 A priori I compared 02, 502, HES and butadiene-d6
by the criterie for a good scavenger proposed by Hawke and Wolfgang,l3T

namely:
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Table 8-1. Hydrogen Atom Reaction Rate Constants .t 25°C

1

Reactant Addition Abstraction
[109 em> mole™t sec-l] [109 em> mole™t sec'l]
butadiene 1500 ref. [151,152] 22 [151,152]
cyclohexene 600 [154] n.d.®
1-butene 320 [151,152] 30 [151,152]
0, 300 [148,1k9] =
ethylene 200 [151,152] 13 [151,152]
trans-2-butene 180 [151,152] 21 [15]
H,8 - 160 {151,152]
80, 6 [150] -
NO (nitric oxide) 6 [169] -
n-butane - 0.6 [20]

a'l\!o‘l: determined.

bNot applicaeble.
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(a) A Scavenger Must React Avidly with the Atoms and Radicals to be
Removed, Preferably with a Collision Efficiency Near Unity.

It mey then be used in sufficiently low concentrations so as not
to interfere with the hot or other primery processes being studied. The
pertinent rate constants are shown in Table 8~1 and 8-2. I use methyl
redicals as representative of all alkyl radicals; the rate constants of
other alkyl radicals are not known for all potential scavengers.
Abstraction is the reaction whose product is H2 and CHh when hydrogen
atoms and methyl radicale are respectively one of the reactants. Addition
is the reaction which removes H-atoms or methyl radicals from the system
by forming a new radical (via radicel addition to the double bond of the
scavenger) or by forming a stable molecule such as CH3502. From these
tables, two things are clear: (i) Butadiene-t is the most reactive
hydrocarbon in the T + cyclohexene system. It could be selectively
depleted not only by hydrogen atoms but by also by radiolysis produced
radicals. However, a "radical contribution" to the anomalous increase
in the butadiene-~t yield in the oxygen scavenged T + cyclohexene system
can safely be neglected. Both O2 and SO2 are orders of magnitude more
reactive with radicaels than butadiene-t. (ii) Butadiene-d, is the most
efficient of the four scavengers for removing H atoms. The effect of
butadiene-d6 scavenging on the butadiene-t yield should be unambiguous.

(b) A _Scavenger Should be Inert with Respect to the Bulk Reagent.

Rapid cis~trans isomerization of either cis- or trans-2-butene

. . 163,164
is known to be catelyzed by HQS and SO2 in the presence of radiation.
Compensation can be made for the resultant cis/trans equilibrium mixture

in recoil tritium studies of 2-butene with HQS scavenging.l6 I have
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Table 8-2. Methyl Radical Reaction Rate Constants at 25°C

Reactant Addition Abstraction
[106 cn> mole™! sec™l] [106 em> mole™t sec™t]
NO 2,400,000 [170] -
0, 300,000 [158] >
80, 5,000 [159] ~
H8 - 3,000 [160]
butadiene 160 [161] n.d.%
ethylene 1.2 [161] 0.02 [161]
l-butene 1.0 [161] 0.36 [161]
trans-2-butene 0.3 [161] 0.2 [161]
cyclohexene n.d. n.d.
n-butene - 0.00% [162]

aNot determined.

bNot applicable.
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found that SO2 catalyzes a 1% conversion of trans-2-butene to cis-2-butene

in recoil tritium studies of trans-2-butene. This comperable to the

radiolysis value.l6h The radiation-induced addition of HES to olefins

is known to occur with enormous G values.165’166 The resultent sulfur-
containing species would not be eluted in the normel radio-gas-chrometographic
enalysis. Therefore, this effect cannot be directly measured in recoil
tritium systems. I have monitored instead the areca of the cyclohexene

mass peak. This showed that within experimental error cyclohexene was

not depleted by radiation~induced reections with st in the T + cyclohexene
gystem. Similar measurements showed butadiene-d6 to be umreactive with

cyclohexene, as expected. Reactions of 02 with the bulk cyclohexene

system have been noted (Sec. T).

(¢) Products of the Scavenging Reaction Should not React Further, or if

They Do, Such Reaction Should be Controllable.

No problems of this sort have been encountered previously with

these scavengers.

(a) A Gas Phase Scavenger Must Have an Adeguate Vapor Pressure at the
Temperature in Question.

Oxygen easlly satisfles this criteria. The vapor pressure at room

tempercture for SO2 1s more than two atmospheres, for HES more than twenty
167

atmosrheres; and for butadiene more than two atmospheres.

(e) Furthermore, it is Highly Desirgble but not Always Essential that
the Scavenged Species be Detectable.

HES reacts with thermalized tritium atoms and alkyl and alkenyl

radicels to form HT and the corresponding alkenes end alkenes, respectively.

These specles are readily detectable. The primary products of scavenging

with butadiene—d6 are tritiated alkenyl radicals. If these alkenyl
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radicals gbstract a hydrogen atom from the bulk system, the resultant
alkene is readily assayed and identified as a scavenger product. However,
if the alkenyl radical decomposes or begins a radical addition chain with
the bulk system, a unique scavenger product cannot be determined. The
primery products from 02 and SO2 scavenging are not reedily assayed in
the conventionel radio-gas-chromatographic analy~’~ used for recoil
tritium experiments. In addition, these primary products may react
further with the bulk system or other radicals. As yet, there is no
evidence that such further reaction resulls in products which might be

mistaken for the yield of a hot reaction.
8.2 Data an” “iscussion

The effect of the four scavengers on the cyclohexene-t yield is
shown in Fig. 8.1. When butadiene-d6 is used as = scavenger, butadiene-dsT,
DT and other deuterated tritium labeled hydrocarbons are formed from
T + butadiene-d6 reactions. In principle, the deuterated compounds could
be separated from the protonated compounds by gas chromatography and the
T + cyclohexene products could be unambiguously determined. In practice,
this would be extremely difficult. I settled for separating butadiene-dST
(chDST) from butadiene~t. For all other products with four or fewer
carbon atoms, the sum of the contributions from T + cyclohexene and
T + butadiene-d6 reactions was determined. Cyclohexane-* and cyclohexene-t
resulted only from T + cyclohexene reactions. All data reported represents
the average of the yields of two identicel samples that agreed to within

5% on major products. The irradiations were made at 25°C. The typical
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ig. B.1. The effects of 0, S0, H2S, and CyD¢ on the ethylene~t and the
cyclohexane~t yield from T + cyclohexene reactions. Product yields are listed
relative to the cyclohexene~t yield as 100. The zero scavenger data point
and the 5 mole % scavenger data point have been connected with a line for
clarity. I do not imply that the variation with added scavenger is linear
in this region. (Data in Appendix, Table A-8-1).
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semple contained 5 cm Hg pressure of cyclohexene vapor. Radiation damage
due to recoils follcwing the 3He(n,p)T reaction was less than 2%.

In Fig. B.1, three trends should be noted: (a) The cyclohexane-t
yield does not exhibit a scavenger plateau with butadiene—d6 scavenging.
Butadiene-d6 is less efficient than 02 and 502 in removing the cyclohexyl-t
radicals. This is consistent with the trend of the rate constants in
Table 8-2. (b) The ethylene-t yleld increeses slightly with H,S scavenging.
This confirms a small contribution to the ethylene-t from thermal or radicel
processes that is demonstrated by the decrease in ethylene~t yield with
02 and 502 scavenging. The effect of butadiene—d6 scavenging on the
ethylene-t yleld was not determined. The contribution to the ethylene-t
yleld from T + cyclohexene reactions was not separated from the
contribution from T + butadiene-d6 reactions. (c) The cyclouexane-t yieiu
increases dramatically with HZS gcavenging. This confirms a cyclohexyl-t
radical intermediate. As predicted by Table B-2 abstraction of a hydrogen
from HES is a faester reaction for cyclohexyl-t radicals than either the
addition or ebstraction reaction with cyclohexene. HQS intercepts the
cyclohexyl~t radicals before they react with cyclohexene to form tritiated
hydrocarbons, 012 or greater, through radical chain addition. These
species are counted as "polymer-t". While the "polymer-t" data do not
indicate the chemicel composition of the tritiated products, crude
separations by volatility may be performed. Low (molecular weight)
"polymer-t" is backflusheil from the chromatographic columns. Medium
"polymer-t” is washed from a 10 ft. stainless steel tube {1/16" o.d.)

connecting *he sample breeker to the chromatographic columns. High
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"polymer-t" is washed from the walls of the capsule in which the recoil
tritium reaction tock place {Sec. 6.2.6). The relative abundance of
activity in each volatility grouping changes with the scavenger employed.
The "polymer-t" was distributed 20% in the medium and 70% in the heavy
groupings for 02 scavenged samples end 2% in the medium and 97% in the
heavy groupings for SO, scavenged samples. The lowered "polymer-t"
volatility with SO2 scavenging is consistent with the expected formation
of scavenged species of higher molecular weight and/or lower volatility
with SO, than O,. The total "polymer-t" yield decreased from T4 relative
to cyclohexene-t as 100 for the unscavenged samples %o 36 for HQS
scavenged samples. The cyclohexane~t yield increased from 32 to 112, and
the yields of other minor products also increused with st scavenging.
This is surprising because the increase in cyclohexane-t yield should
come at the expense of the "polymer-t" yield. This may indicate that
recovery of "polymer-t" is not complete. No correction was necessary for
358 activity (from the 3hS(n,Y)BSS reaction which could be inecluded in

our measurements as the 358 was incorporated into the "polymer-t". Even

355 activity is less than

with the highest S50, or HQS pressures, the total

2
1% of the "polymer-t" activity. The total "polyner-t" exhibits a
scavenger plateau with 02, 502 and st scavenging. When butadiene-d6
is used as & scavenger the total "polymer-t" yield increases with
increasing butadiene-d6 concentration. This is as expected because
butadiene-d, is a major sourrs of "polymer~t" and only the sum of the

"polymer-t" from T + butadiene-d, and T + cyclohexene reactions could be

determined.
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Figure 8.2 shows that the butadiene-t yield increases with
butadiene-d6 scavenging. The scavenger plateau is identical to that

obtalned with O, scavenging. This supports the hypothesis that the

2
butadiene-t yield 1s selectively depleted by radiolysis-produced H atoms

in the absence of 02. The butadiene-t yield decreases with H2S scavenging.
Table B-1 shows that H2s is inefficient as en H atom scavenger. But H28

is8 a source of H ataus through radiolysis.168 The Increase in H atom
concentration with no increase in the ability to scavenge H atoms

{relative to butadiene-t) would furiher reduce the butadiene-t yield.

The hypothesis that butadiene-t is selectively depleted by
reactions with H atomes from the radiolysis of st and/or cyclohexene is
supported by the dual scavenger data in Fig. 2. The solid data points
show the effect on the butadiene-t yield when two scavengers are used
simultaneously. All samples were scavenged by butadiene—ds. The
butadiene-d6/(cyclohexene + butadiene—d6) ratio was constent at 0.15.
Varying amounts of HZS’ 02 or 802 were added as indicated. The butadiene-t

yield is the same for each of the combinations cf scavengers and is

*
slightly higher than for O2 or butadiene-d6 used solely . When the

*

With dual scavenging, the butadiene-t yield increases by at most ten
percent over the yield for O2 or butadiene-d6 used solely. Because this
is only twice the uncertainty of each individual data point, the increase

may not be significant. It should be noted, however, that Baker and

Holfgangl35 Cs
and CQDh were employed simulteneously as

reported & gimilar percent increase in the © H3T yield (from
T + ethane reactions) when 0,
scavengers. If the increase is real it mey indicate that the combination
of scavengers is slightly more efficient in removing thermal H atoms than

either scavenger used solely.
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Fig. 8.2. The effects of Oz, SOz, H2S, CyDg, and CyDg plus Op, CyDs plus S0
CyDe plus H2S on the butadiene-t yield from T + cyclohexene reactions. Product
yields are listed relative to the cyclohexene-t yield as 100. The solid data
points represent C4Dg plus enother scavenger used jointly. The abscissa in this
case does not include the moles of CyDg. The zero scavenger data point and the
5 mole % scavenger data point have been connected with a line for clarity. I do

not imply that the variation of yield with added scavenger is linear in this
region. (Data in Appendix, Table A-8-2.)
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T + cyclohexene system 1s simulteneously scavenged by HES and butadiene-ds,
the butadiene-dg "protects” the butadiene-t from being selectively depleted
by reactions with H atoms from HES and cyclohexene. The butadiene-t
yield thus rises to its "hot" value. Except for butadiene-t, HES exhibits
normal scavenger behavior in the T + cyclohexene system. The yield of
products with a radical precursor increases with H2S scavenging and a
scavenger plateau is observed. When the T + cyclohexene system is
simgltaneously scavenged by SO2 and butadiene-d6, the buts.diene—d6 protects
the butadiene-t from being selectively depleted by reactions with
radiolysis~produced H atoms. Sulfur dioxide is not sufficiently reactive
to protect butadiene-t from H atoms. However, SO2 is sufficiently
reactive to protect the less reactive unsaturated tritiated hydrocarbons.
These yields are the same for both 02 and 802 scavenging. Sulfur dioxide
exhibite normal scavenger behavior in alkene systems for all products
except butadiene-t. When 02 and butadiene-d6 are simultaneously used
as scavengers in the T + cyclohexene system, both 02 and buts.diene-d6
protect the butadiene-t yield from the radioclysls-produced H atoms. There
is no anomalous behavior with 02 scavenging.

I conclude thav: (a) The "hot" butadiene-t value from T + cyclohexene
reactions can only be determined with 02 or butadiene~d6 scavenging.
Previous workers did not determine the "hot" butadiene~t yield.lh2_1hh
(b) Oxygen is the most efficient single scavenger for both thermalized
T (and H) atoms and tritiated radicals. Butadiene-d6/802 dual scavenging
is nearly as efficient as 02 for both radiecels and H atoms. Although

butadiene-d6/302 scavenging requires a more complex analytical scheme,
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reacts

use of these scavengers mey be preferable to O2 in cases where O2

with the perent alkene. (c) Sulfur dioxide end hydrogen sulfide exhibit
normel scevenger behavior in T + alkene systems for all products except

butadiene-t., This may limit their use to systems where butadiene-t is

not e mejor product.
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9. RECOIL TRITIUM REACTIONS WITH CYCLOHEXENE AND ALKENES: DETERMINATION
OF RATE PARAMETERS

9.1 .evermination of the s Parameter in the RRK Treatment of Cyclohexene
Unimolecular Decomposition

Scavenger studies of recoil tritium reactions with cyclohexene
(Secs. T and 8) show that ethylene~t (02H3T) and butadiene-t (ChHST) are
chiefly "hot" reaction products: (a) The ethylene-t yield is reduced by
less than 10% with oxygen scavenging. (b) The "hot" butadiene-t yield
could only be determined with oxygen or butadiene-d6 scavenging.

Survival in the presence of oxygen scavenging i1s consistent with
ethylene-t and butadiene-t resulting from unimolecular decomposition of

cyclohexene-t formed via a T-for-H substitution reasction.

H' cCHT (8)
w 7 69
T @ - * / 9-1
CHT+ ¢ H or
(cy-C6Hlo) [cy-C6H9T]* __i___a 46
& CyH), + CHT
(D) = CoHLT + CyH T

Ethylene-t and butadiene-t formation as shown in Eq. (9-") was confirmed

by determining the pressure dependence of the stabilization (S)/decomposiiion
(D) retio. This is shown in Fig. 9.1. Experiments at elevated temperature
were requirea to obtain a larger pressure range than the (zero to) 7 cm Hg
cyclonexene vapor pressure avallable at 25°C (Table L4-1). All samples

were irradiasted for eight hours at 135°C in the irradiation container

described in Sec. 5.2.
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Fig. 9.1. The unimolecular decomposition of cyclohexene~t to give ethylene=-t
or butadiene-t; unscavenged data at 135°C. Activated cyclohexene~t
molecules are formed by recoil T-for-H substitution. The sbscissa is the
effective collisional deactivation pressure (in the sample capsule) defined
as effective pressure = cyclohexene pressure + 0.2 (helium-3 pressure).
(Date in Appendix, Table A-9-1,)}
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In both Figs. 9.1 and 9.2, the pressure represents the total
effective pressure in the sample cepsule. The sample capsules contained
a variable pressure of cyclohexene and a constant amount of 3He (9.8 cm Hg
at 135°C). The effective pressure was celculated using relative
collisional deactivation efficiencies estimated from published sources71

by the method developed in Eq. (2-27),

P +0.2P g-2

Peffective = (:) 3He

In both Figs. 9.1 end 9.2 the pressure dependence of the 5/D
ratio mey be well represented by a line. This confirms the formation
of ethylene-t and butadiene-t principally from the unimolecular
decomposition of cyclohexene-t as shown in Eg. (9-1).

The date shown in Fig. 9.1 is for wiscavenged semples. For bLoth
02 and 50, scavenger & scavenger/(scavenger + cyclohexene) ratio of 0.08
was insufficient to remove the cyclohexyl-t radical intermediate to the
cyclohexane~t yield. At 25°C, this concentration of scavenger was
sufficient to intercept cyclohexyl-t radicals (Fig. 7.1). The failure of
both 802 and 02 scavengers at 135°C may be due to macroscopic reactions
between cyclohexene and the scavenger. 'The reactlon of cyclohexene with
oxygen scavenger has been discussed (Sec. 7). For oxygen scavenging, a
scavenger/(scavenger + cyclohexene) ratio of o.lhk was sufficient to
intercept the cyclohexyl-t radicals. A comparison of 02 scavenged and
unscavenged samples showed that:

(a) The ethylene-t yield relative to the sum o? yiclds from excited

cyclohexene-t molecules (02H3T + chHST + cy-C6H9T) was decreased by 9%
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Fig. 9.2. The unimolecular decomposition of cyclohexene-t to give ethylene~t
or butadiene~t; "scavenged" data at 135°C. Activated cyclohexene-t molecules
are formed by recoil T-for~H substitution. The abscissa is the effective
collisional deactivation pressure {in the sample capsule} defined as
effective pressure = cyclohexene pressure + 0.2 (i1elium-3 pressure). The
"scavenged" data represents the unscavenged experimental data in Fig. 9.1
from which & 9.2% radical contribution to the ethylene-t yield has been
subtracted. (Data in Appendix, Table A-9-1.)
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with O, scavenging. This indicates that at 135°C (as at 25°C) ethylene-t

2
results largely from "hot" tritium atom reactions.

(b) The butadiene-t yield is the same in 0, scavenged and unscavenged
gsamples. The butadiene-t yleld was also the same in butadiene-d6 and
unscavenged semples. Apperently the butadiene-t yield was not depleted
by radiolysis produced H-atoms in unscavenged samples under these
tempereture and irrediation conditions. Similar numbers of recoil tritium
atoms were produced in samples &t 25°C and 135°C. 1In addition, the
pressures of cyclohexene parent hydrocarbon were the same in this case
at 25°C and 135°C. Thus, the totel radiolysis demege in the samples at
135°C was similar to samples at 25°C. The temperature effect on H-atom
depletion of the butadiene~t yield cannot be calculated beceuse the
pertinate rate constants are not known at the desired temperatures. The
crudely estimeted temperature effect is slight. The lack of butadiene-t
being depleteu by radiolysis produced H-atoms is consistent with a
decreased steady-state concentration of H~atoms during irradiations with
the lower tritium atom production rate that existed at 135°C (versus 25°C).

In the data shown in Fig. 9.2 the scavengeable portion of the
ethylene-t yield has been subtracted off. This is reflected in the upward
shift of the S/D ratio. This date is from unscavenged samples shown in
Fig. 9.1. The ethylene-t/(CZHhT + ChHST + cy-C6H9T) relative yield ratio
for the lcwest cyclohexene pressure point was multiplied by 0.09 to correct
ror the 9% scavengeeble ethylene-t yileld observed at low cyclonexene
pressures. This value of the ethylene~t relative yield ratio was

subtracted from the ethylene~t relative yleld ratios at all pressures of
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unscavenged samples. This assumes that the scavengeable ethyl=ne-t yield
is relatively constant at all pressures. The correction is small at any
rate. The resultant corrected S/D ratios are listed in Fig 9.2 as
resulting from "scavenged" samples.

The least-squares fitted line of the S/D ratio versu: pressure
[actually log (%) versus log (pressure)] was extrapolat~d to S/D = 1.0.
The pressure at which 5/D was 1.0 was 0.50 Torr from "ig. 9.1 and 0.33
Torr from Fig. 9.2. A previous determinstion by Weels and Garland of
the pressure at which the S/D ratio from the recoil tritium initiated
unimolecular decomposition of cyclohexene equalled 1.0 gave a pressure
of 0.2 Torr. However, in these previous ¢xperiments, the temperature
ranged from 25°C for the lowest pressure unscavenged sample to 135°C for
the highest pressure unscavenged Esample.ll‘3

From Eq. (2-21) and (2-20) ka =w =2 P at the pressure where
§/D = 1.0. 2 was calculated using Eq. (2-3) with T = 408 °K (135°C) and

g, = 5.47 x 10"8 cm. The O

71

a value for cyclohexene was estimated from

published values. This gave an apparent rate ccnstant for the

unscavenged unimolecular decomposition of cyclohexene to ethylene and

butadiene of 5.1 X 108 sec™l, Using this value of k_ in Eq. (2.13) with

- 82
perameters from other sources, namely: A = 2 X 1015 sec l, Eo = 2,90 eV,

E = 5,0 eV, the average energy of excitation resulting from a T-for~E

substitution (Sec. 1.2.3);25’L° the s parameter in the RRK treatment of

the unimolecular decomposition of cyclohexene was determined as s = 2k,

For s = %{3N—6) =21, £ vas 4.6 eV, Yor s = (2/3)(3N-6) = 28, E was 5.5 eV.
For s = 32 &= (3/4)(3N=-€), E was 6.2 eV.
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9.2 Determination of the Apparent Rate Constants of the Unimolecular
Decomposition/Isomerization of Cyclohexyl Radicals

As demonstrated in Secs. 7 and 8, the cyclohexane-t yield in
T + cyclohexene reactions appears to have a radical precursor. The
cyclohexane-t yield: (a) decresses to nearly zero with 0, or S0,
scavenging. (b) decreases with butadiene-d6 scavenging. (c) increases
with HES scavenging. All of these trends indicate a radical precursor.
The proposed mechanism of cyclohexane-t formation was tritium atom
addition to the double bond of cyclohexene to form a cyclohexyl-t radical.
The cyclohexyl-t ?adical could then abstract a hydrogen atom from the
bulk system to form cyclohexane~t. Addition of a moderator should
increase the number of tritium atoms which swrvive colligions in the 20
to 0.02 eV energy range and ultimately react as thermal tritium atoms.
The lowest activation energy process for tritium atoms is addition to the
double bond. The expected increase in cyclohexane-t yield with increasing
neon moderator is shown in Fig. 9.3. Similar monotonic increases in the
cyclohexane-t yield (from T + cyclohexene reactions) with increasing
moderation has been observed with helium,lb'2 krypton,lh2 and nitrogenl
as moderators. The yield of "polymer-t" also increased with increasing
moderation. "Polymer-t" mey result from the addition of cyclohexyl-t
radicals to the double bond of cyclohexene initiating a radiecal chain.
All tnis indicates the presence of relatively large amount of cyclchexyl-t
radical in the T + cyclohexene system. Cyclohexane-t is a major product.

As indjcated 1in Sec. 1.2.1, cyclohexyl-t radicals are capable of

further reaction. By analogy to other kinetic studies P17 tne
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Moderator effect
on cy-CgH|T yield
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Fig. 9.3. Moderator effect on cyclohexane-t yield at 25°C. The ordinate
lists the cyclohexane-t yield relative to the cyclohexene-t yield as
10C. (Data in Appendix, Table A-9-2.)
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possible reactions of cyclohexyl-t radicals other than with scavenger

(a) Abstraction of & hydrogen atom from the bulk system to form

cyclohexane-t as discussed.’ 't (b) Addition to the double bond of

172,173

are:

Thege tLritiated products

would be monitored as polymer-t. (c) Decomposition or isomeriza.‘c,ion.lrl‘—176

cyclohexene to initiate a radical chain.

The isomerization of cyclohexyl radicals to straight chain alkenyl
radicals has been postulated as the first step of a unimolecular
decomposition process which leads to a complex series of products including
methane, ethane, ethylene, propane, propylene, butenes, and
methylcyclopentane.l'?h-l76

The formation of n-hexenyl radicals without a cyclohexyl radical
precursor results in: (a) n-hexene via H-atom abstraction, (b) methyl-

T

cyclopentane via an isomerization reaction.® This is shown in Eq. (9-3).

if =
CH2—-CHCI{2CH2CH2CH2 > CH2—CHCH20HECHECH3 9-3

or [:i]EﬁB
The decomposition (isomerization) of cyclohexyl-t radicals from
T + cyclohexene reactions mey result in any or all of the aforementioned
products from cyclohexyl radicals being tritium labeled.
Many of “he species which may result from the decomposition/
isomerization of cyclohexyl-t radicals are observed as tritiated products
in T + ¢ -clohexene reactions. This list includesg methane-t, ethane-t,

ethylene-t, propane-t, propylene-t, l-butene-t, trang-2-butene-t,
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cig-2-butena-t, n-hexene-t/methylcyclopentane—t%, cyclohexane-t, and
"polymer-t". The scavenger dependence of the ethylene-t yield and the
scavenger and mod_ -1tor dependence of "polymer-t" have been discussed.

Some of the remaining tritiated products show the same scavenger

dependence a3 the cyclohexane-t yield. The yields of methane~t, ethane-t,
l~butene~-t and n-hexene-{ decrease Lo nearly zero with 02 or 802 scevenging
and increase with HQS scavenping, indicating a radical proecursor. I
propose the following reaction scheme for excited cyeclohexyl-t radicals

formed by the addition of a tritium atom to cyclohexene.

*The n-hexene radio-gas-chromatographic peak was neither resolved into

1-, 2-, and 3-hexene-t components nor resolved from methyl-cyclopentane-t.
Only the sum of these tritisted yields was monitored. This sum of
products is referred to as n-hexene-t. The major component, of the
n-hexene~t yield is probably l-hexene~t. A strong preference for C-C

cleavage B to the radical site has been observed in other :tudies.178’179
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w . = n-hexene-t (D.)
T THHHHH +H/ 1
C=C~C-C~C~C- ———> "polymer-t"
H HHHH

C6H10

T
O[O, =
—2_, . ——> l-butene-t (D,)

HHH
=C=C=C. 2
\ H HH \
CH "polymer-t"

6'10
k.,\
Y

+H/7 ethane-t (D)

T H
H C-C
HH ? "polymer-~t"
Cet0
K, ', methane~t (D))
> CH2T'

Tritiated

decomposition products

2 CH,T +H/'7 methylcyclohexane~t
w
O -

% "polymer—t"

9-4

In Eq. (9-4), the +H+ over the reaction arrow signifies that the radical
abstracts a hydrogen atom from the bulk hydrocarbon system. The site of
the tritium label in the n-hexenyl-t radical and the butenyl-t radical

shown in Eq. (9-L) is purely arbitrary and is shown only for the sake of

material balance along the reaction path.
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With HES scavenging, all. the radicals are intercepted before they
add to cyclohexene (C6Hlo) to eventually form "polymer-t". For example,
all n-hexenyi-radicals formed by channel 1 (with rate constant kl) are
monitored as n-hexene-t when HQS is employed as a scavenger. The pressure
dependznce of the §/D ralio for reaction channel 1, 2 and 4 (with rate
constants k,, k, and kh) are shown in Figs. 9.4, 9.5 end 9.6, respectively.

The pressure dependence of the S/Dl and S/D2 ratio may be well
represented by a line for the unimolecular decomposition/isomerization of
cyclohexyl-1 radicals tc give n-hexenyl-t and l-butenyl-t radicals,
respectively. The increased scatter in the pressure dependence of the
S/Dh raetio for the unimolecular decomposition of cyclohexyl-t to give
methyl-t radicals results from the small yield of methane-t. A small
uncertainty in the methane-t yield is reflected in a large uncertainty
in the S/Dh iratio. Tu this respect the yield of ethane-t is so small
that the resultaac uncertainty in the S/D3 ratio makes observation of a
pressure dependence of the S/D3 ratio impossible.

The rete constants kl and k2 were determined from extrapolation

of the S/D versus effective pressure line in s manner similar to that

described in Sec. 9.1. 1Ia this case the effective pressure was

=P + 0.2 P + 0.5 P 9-5

P .
effective C6H10 3He HQS

using relative collisional deactivation efficiencies estimated from
published sources.71 The calculation of Z (Eq. (2-3)) was made with
Od = 5,67 x 10"8 cm For cyclohexyl-t radicals. This value was estimated

from tabulated values in Ref. 71. %The pressures at which S/D = 1.0 and
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Q — = n-hexene -t
T
HoS - scavenged, 135°C
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~
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Fig. 9.4. The unimolecular decomposition of cyclohexyl-t radicals tc
n~hexene-t; H,S scavenged data at 135°C. Activated cyclohexyl-t
radicals are formed by recoil T atom addition to cyclohexene. The
abscissa is the effective collisional deactivation zressure (in the
sample capsule) defined as: effective Pressure = cyclohexene pressure
2.2 {(helium-3 pressure) + 0.5 (hydrogen sulfide pressure).

(Data in Appendix, Table A-9-3.)
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Fig. 9.5. The unimolecular decomposition of cyclohexyl~t radicals to
l-butene~t; H»S scavenged data at 135°C. Activated cyclohexyl-t
radicals are formed by recoil T atom addition to eyclchexene. The
abscissa is the effective collisional deactivaticn pressure (in the
semple capsule) defined as: effective pressure = cyclohexene pressure +
0.2 (helium-3 pressure) + 0.5 (hydrogen sulfide pressure).

(Data in Appendix, Table A-9-3.)



-122-

I I T | ]
o
Q = CH3T .
T
HoS scovenged, 135°C +

13.0— —
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-
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Fig. 9.6. The unimolecular decomposiiion of cyclohexyl-t radicals to
methane-t; Hz S scavenged data at 135°C. Activated cyclchexyl-t
radicals are formed by recoil T atom addition to cycilohexene. The
abscissa is the effective collisional deaclivaticn pressure (in the
sample capsule) defined as: effective pressure = cyclohexene pressure +
0.2 {nelium-3 pressure) + 0.5 (hydrogen sulfide pressure).

(Data in Appendix, Table A-9-3.)
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the values of the rate constants at 135°C computed from k = w = Z P at

- -k
this pressure were: k = 8.4 x lO3 sec 1 (7.9 x 107 " Torr),

k. = 3.4 x 10" sec™® (3.2 x 1073 Torr). Using Eq. (2-26) to determine

2

kh and comparing kh with kl and k2 values similarly derived allowed kh

to be estimated as 5 x 102 sec—l. The large uncertainty in the

cyclohexane-t/methane~t ratio, as indicated by the large error bars in
Fig. 9.6, prevented meaningful extrapolation over a large pressure range
to the pressure of which 8/D = 1.

A previous determination by Weeks and Garland of kl in a recoil
tritium-cyclohexene system showed thut S/D = 1.0 uat 20 torr. As
discussed before, the temperature control employed by Weeks and Garland
was inadequate.lh3 It is interesting to note that the effect of
inadequate temperature control in determining the pressure at which
S/D = 1.0 was larger for cyclohexyl-t radical unimolecular decomposition/
isomerization than for the unimolecular decomposition of cyclchexene-t.

This is consistent with cyclohexene-t decomposition being a higher energy

process.

9.3 Determination of the Relative Rate of Abstraction Versus Addition
of Radicals in Alkenes
As shown in Egq. (9-4), the addition of a tritium atom to an
alkene produces an alkyl~t radical. The alkyl-t radical either undergoes
unimolecular decomposition/isomerization or is stebilized by collision.
Stabilized aelkyl-t radicals can either abstract & hydrogen atom to form
an alkane-t species or add to the dcuble bond to initiete a radical chain.

As shown by reaction channel kh’ the addition of the tritiated alkyl



radical to the alkene may sufficiently energize the newly formed alkyl
radical to cause it to also undergo unimolecular decomposition/isomerization.

Methylcyclohexane-t has been observed in unscavenged T + cyclohexene
systems. In 02 and SO2 scavenged systems, the yield of methylcyclohexane-t
was zero. Either the CH2T radical or the methylcyclohexyl-t radical
could be scavenged by 02 or SOE’ In neon moderated systems, the yield
of methylcyclohexane-t increased with increasing moderation. This is
consistent with increased stabilization of the new methylcyclohexyl-t
radical formed from CH2T addition to cyclohexene.

In H2$ scavenged T + cyclohexene systems, the yield of
nethylcyclohexane-t wes also zero. A precursor to the methylcyclohexy™-t
radical was being intervepted by H2S. If methylcyclohexyl-t radicals
were formed directly from T + cyclohexene reactions, st would readily
donate a hydrogen atom to the methylcyclohexyl-t radicael and the yield
of methylcyclohexane-t would increase with st scavenging. The yield of
methane~t incrcased with H2S scavenging. As shown by the data in
Table &-2, H,S would intercept the CH2T radical (to form methane-t) before
the CHET radical could add to the parent alkene, cyclohexene.

I propose that: (e) The increase in the methane-t yield with
st scavenging represents that portion of the total CH2T radicels formed
by T + alkene reactions that add to the parent alkene in unscavenged
systems. (b) The decrease in the methane-t yield with 0, or 80,
scavenging represents that portion of the total CH2T radical formed from

T + alkene reactions that abstract a hydrogen atom from the parent alkene

in unscavenged systems. This is shown in Eqs. (9~6) and (9-T).
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CHBT(HQS) - CH3T(unscavenged) = additicr 9-6

CHBT(unscavenged) - CH3T(02) = gpstraction 9-7

The subtraction of the 0, scavenged methane-t yield volue removes that

2
portion of the methane-t yield which is formed by an unscavengeable,
non-radical reaction pat!. This non-scavengeable methane~t yield may

result from a direct T-for-alkyl suvbsiitution process on the terminal

carbon in the carbon chain,6'( or & similar, but undefined high energy

process.

T + R-CH3 —> R+ + UH3T 9-8

The implicit assumption in this determination of the abstraction/

addition ratio of CH2T radicals (or other tritiated radicals) in

T + alkene systems is that the added scavenger does not affect the

production of CH2T radicels. The added scavenger has two effects:

() Increased pressure. Increasing the pressure of the system may

increase the stabilization of the alkyl-t radical (cyclohexyl~t radical)
formed from tritium atom addition to the alkene {cyclohexeme). With
increased stabilization there is less unimolecular decomposition of the
alkyl-t radical to form CH2T radicals. The increase in the effective
pressure is small, however. The scavenger pressure is usually only % to
10% of the hydrocarbon pressure. In addition, the scavenger is usually
less efficient as a collisional de~activator than the parent alkene. The
effect of increased effective pressure on CH2T radical production is very

probably less than the experimental error.
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(p) Removal of thermal tritium atoms. Scavenging of the thermal

Lritium atoms (which constitutes the majority of Lritium atoms which
undergo addition (Sec. 1.2.1)) before they add to the alkene reduces the
number of excited alkyl-t radical precursors to the CH2T yield. From the
data in Table 8~-1, oxygen 1s obviously capable of removing all thermalized
tritium atoms. This does not affect the proposed determination of the
abstraction/addition ratio. Oxygen scavenging of thermelized tritium
atoms means that oxygen has two chances (thermal T atom and CH2T
redical) to eliminaete & radical contribution tu the methane-t yield. The
methane~t yleld which remains with oxygen scavenging is truly the result
of a high energy, non-scavengeable process.

The date in Table 8-1 also shows that HQS is not too efficient
in removing H atoms. 1In fact, the rate constant of tritium atam addition
to the alkene (kl) may be slightly larger than the rate constant for

tritium atom to abstract a hydrogen atom from H?S to form HT (k2).

k
T + alkene i, alkyl~t radical 9-9
k2
T+ st > HT + HS- 9-10
- 4{7] _ .
e kl[T][alkene] + kE[T][H2S] 9-11
fraction of thermelized k2[H25]
tritium atoms scavenged = - 9-12
by 15 kl[alkene1 + kéTHes]

.

For k., = k_, Eq. (9-12) becomes

1 2°
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[£,5]
[alkene] + [H

5T = mole % HES scavenger 9-13
2

The fraction of thermalized tritium atoms scavenged by HZS may be:
(a) lessened by using a low mole % scavenger. (b) corrected for if kl

end k, are knovn. Addition as defined in Eq. (9-6) when corrected for

tritium atom scavenging by HQS becomes (to lst order)

addition = CH T(HQS) - CH_T(unscavenged) +

3 3

k.[H.S]
22 (CH,T(H,8) - CH

k, [elkene ] + k,[H,ST 3 7(0,)) 9-14

3

The guantity (CH3T(HQS) - CH3T(02)) represents the total CH.T

yield from a radical precursor formed by the addition of a tritium atom

to the elkene parent. Without the correction .. v r in Eq. (9-1k4) the

abstrection/addition ratio from Bq. (9-6) and (9-T7) would be overestimated.
The abstraction/addition ratio calculated from Eq. (9-7) and (9-14)

is really the ratio of the rate constants of the abstraction and addition

reactions of CH2T radicals in the unscavenged parent alkene.

Abstraction Rx: CH,T + alkene 3 > CH3T(unscavenged) +
unlabeled radical 9-15
k
Addition Rx: CHQT + alkene > alkyl-CHET radical 9-16
d[CcH_T(unscavenged) ]

3

e = k3[CH2T] [alkene] g9-17
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dlalkyl-CH.T radicall

di = kh[CH2T][alkene] 9-18
- d[CH2T]
—= (k3 + kh) [CH2TJ[alkeneJ 9-19

Addition and abstraction as defined by Eq. (9-1k) and (9-6), respectively,

are related to the Integrated rate expressions by

t
addition + abstraction = f- d[CHPT] = (k3 + kh) f [CHE][alkene]dt
0

9-20

t
addition =~ fd[CHBT(unscavenged)] = k3 f [CHET][alkene]dt

0
9-21
t

abstraction zfd[alkyl-CHZT] =k, f [cu, 7] [elkene Jat

0 9-22
. K

gbstraction _ "k 9-23
addition k3 :

The abstraction/addition ratio using the uncorrected form for
addition (Eq. (9-6)) are found in Table 9~1. In Table 9-1, the
sbstraction/addition rate constant ratio for methylcyclohexyl~t radicals

was calculated using

abstraction C7H13T(unscavenged) - C7H13(02) 9-24

T(unscavenged)) - C7H13T(unscavengod)

gddition 3

(CH3T(H25) - CH

9-25
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Teble 9-1. Abstraction/Addition Rate Constant Ratio of Tritiated
Radicals at 25°C

Radiecal Parent Alkene (kb/k3)* Lite;;t;ijk;alue

CH,T ethylene 0.0028 0.015
l1-butene 0.075 0.37
butadiene 0.0019
cyclohexene 0.36

ethyl-t ethylene 0.091
cyclohexene 0.37

butyl-t 1-butene 0.16

1-butenyl cyclohexene 0.35

n-hexenyl 0.29

cyclohexyl~t 0.32

methylcyclohexyl-t 1.2

*
From recoil tritium reaction data.




=130~

where

(CH3T(H25) - CH3T(unscavenged)) = total amount of CH.T 0-26
radicals which add to
cyclohexene in unscavenged
systems

The determination of relative rate constants may be extended to

a two alkene gystem. The relstive rate constants for the addition of
CH2T radicals to the two alkenes may be determined with two sets of yield
and pressure (of each parent alkene) values plugged into two equations
with two unknowns., If for one of the alkﬁnes k3/kh =0 (as is the case
for butadiene) the simpler set of equatioﬂs does not require simultaneous
solution. For the butadiene-d6/cyclohexeng system, kh(butadiene-d6)/
kh(cyclohexene) wad determined as 7.9 and 5.0 for two sets of yield and
pressure values. Although there is a large.spread in the data, the
determination that kh for butadiene is larger than kh for cyclohexene is
consistent with the trend of rate constants in Table 8-2. Similarly for
the butadiene/l-butene system, kh(butadiene)/kh(l—butene) was determined
as 76 end 309 for two sets of yield and pressure values. The literature
value of k3/kh for 1-butene of 0.37 (Table 9-1) was used. The reported
value of kh(butadiene)/kh(l-butene) from Table 8-2 is 160. Once again
the determination that kh for butadiene 1s larger than kh for l-butene is
qualitatively correct. The large spread in the values is inherent in the
extention of the determination of relative rate constants to a two alkene
system. Determination of relative kh values depends on taking the
difference of two yleld values which ere nearly egual. This small

difference between two large numbers is often only a factor of two or
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three larger than the uncertninty of ench of the large yield values. The
resultant spread in the date is obvious. This effect is also inherent in

determining k3/kh but is not as serious.

9.4 Summary and Conclusions

Recoll tritium studies often are limited by the lack of knowledge
of the energy of the tritium atom when it reacts. This often precludes
determining kinetic pareme’ers from hot atom studies. More frequently
kinetic parameters from other chemical methods are used with recoil
tritium reaction yields to further the study of recoil tritium reactions.
In this section I have tried to reverse the direction of data flow and use
recoil tritium reactions to determine kinetic parameters. Firs+t, the
pressure dependence of the unimolecular decomposition of cyclohexene-t
to ethylene~t and buladiene or ethylene and butadiene-t was determined.
The apparent rate constant of cyclohexene unimolecular decomposition at
135°C and the s parameter in the RRK treatment of the unimolecular
decomposition of cyclohexene were calculasted from this data. Second, the
unimolecular decomposition/isomerization of cyclohexyl-t radicals to give
n-hexene-t, l-butene~t, and methane-t was established and the individual
rate constants for these processes were determined. Finally, the scavenger
dependence of yields with an obvious radicel precursor was used to
determine the relative rate constants of abstraction versus addition of
that radical in the alkene parent compound. This area looks promising.
Further comparisons of abstraction/addition ratios from recoil tritium

experiments with conventional kinetic determinations are necessary.
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10. RECOIL TRITIUM REACTIONS WITH METHYLCYCLOHEXENE: INCLUDING A TEST
OF THE RRK-RRKM ASSUMPTION OF ENERGY RANDOMIZATION PRIOR TO
UNIMOLECULAR DECOMPOSITION

10.1 General Considerations in the T + Methylcyclchexene System

The reactions of recoil tritium atoms with gas phase l-methyl-
cyclohexene, 3-methylcyclohexene, and 4-methyleyclohexene have been
studied at 135°C. The mejor gas phase products ohserved from each
methyleyclohexene isomer were: (a) HT formed by hydrogen atom abstraction

reaction. (b) Tritiated parent compound formed by a T-for~H substitution

reaction. (c) Methyleyclohexane-t formed by tritium atom addition to the

double bond on methylcyclohexene to form a methyleyclohexyl-t radicel.
The methylcyclohexyl-t radical then abstracts a hydrogen atom from the
bulk hydrocarbon system to form methyleyclohexane-t. These three products
compose 90% of the total observed gas phese tritiated product yield.

The proposed methylecyclohexyl-t radicals were intercepted by
9 mole % nitric oxide {NO) scavenger. With nitric oxide scavenging, the
methylcyclohexene-t yield decressed to 1 to 4% of the unscavenged yield
value. Similar concentrations of HES’ 02, and 802 scavenger did not
affect the methylcyclohexane-t yield. This may indicate bulk chemical
reactions between the parent hydrocarbon and the scavenger. The
methylcyclohexane-t yields from T + 3=-methylcyclohexene reactions and
T + 4-methylcyclohexene reactions were nearly equal. The yield of
methylcyclohexane-t from T + l-methylcyclohexene reactions was only about
one-half that from T + 3- and l-methylecyciochexene reactions. This is

consistent with the methylcyclohexyl-t radical formed by tritium atom
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addition to l-methylcyclohexene being less reactive via H-atom abstraction
than the methylcyclohexyl-t radicals formed by tritium atom addition to

3- and b-methylcyclohexene. In tritium atom addition to l-methylecyclohexene,
the formation of a l-methyleyclohexyl-2-t radical (a in Eq. (10-1)) is

highly favored. The study of H~-atom addition to other alkenes shows that

tertiary radicals are favored over secondary radicals by 20 to l.3 The

adjacent methyl
3 3 3
T + —_— and 10-1

group probably hinders H-atom abstraction by the tertiary methylcyclohexyl-t
radicals from T + l-methylcyclohexene reactions compared to H-atom
abstraction by the secondary methylcyclohexyl-t radicals from

T + 3- end b4-methylcyclohexene reactions.

Several of the tritiated products present in small yield showed
interesting pressure or scavenger effects: (a) methane~t. The yield of
methane~t in nitric oxide scavenged systems is roughly the same from
tritium atom reactions with 3- and Y-methylcyclohexene. The yield of
methane~t in nitric oxide scavenged T + l-methylcyclohexene systems is
only about one~half the yield of methane-t from nitric oxide scavenged
T + 3- and bY-methyleyclohexene reactions. The mgthane—t yield in nitric
oxide scavenged methylcyclohexene systems probably results from a direet
T-for-cyclohexene substitution process as shown in Eq. (9-8). 1In this

case R+ is the l-cyclohexenyl, 3-cyclohexenyl, and Y-cyclohexenyl radical
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from T + 1=, 3~, and lY-methylcyclohexene, respectively. This trend of
the methane-t ylelds is consistent with decreased probasbility for
T-for-cyclohexene substitution to give methane-t when the cyclohexene-CH3
bond strength 1s increased (see Eq. (3-12) and (3-13)).

(b) Methylcyclohexene-t isomers other than the parent. The parent

isomers were API Standard Reference Materials certified at greater than

95.8% chemically and isomerically pure. The radio-gas-chromatographic

system employed for analysis (Sec. 6) would not resolve small amounts of
3-methylcyclohexene from a larger L-methylcyclohexene peak and vice-versa.

The l-methylcyclohexene pesk was well resolved from the 3-/l-methylcyclohexene
peek. The mass tracing during the radio-gas-chromastographic enalysis did

not reveal the presenc.: of eny methylcyclohexene iscmers other than the
parent compound. However, tritiated methylcyclohexene isomers other than

the parent compound were observed in greater than 0.2% abundence compared

to the tritiated parent compound.

For example, T + L-methylcyclohexene reactions gave
l-methylcyclohexene in both unscavenged and nitric oxide scavenged samples.
The l-methylcyclohexene-t yield from T + 4e-methylcyclohexene reactions
was: f(a) 4.8% as large as the Y-methylcyclohexene yield in unscavenged
semples. (b) decreased by 60% with nitric oxide scavenging. This is
consistent with 2 high energy and a thermal route to l-methylcyclohexene
formation from T + L-methylcyclohexene reactions. The high energy
(unscavengesble) route is probebly hydrogen atom "scrambling" following
a high energy T-for-H substitution reaction. The low energy (scavengeable)

route is probably via a methylcyclohexyl-t radical formed by tritium atom
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addition to 4-methyleyclohexene. Some examples of double-bond-shifting
via a methylcyclohexyl-t radicel intermediate are shown in Eqs. (10-2)

to (10-5). The ~H over the reaction arrow signifies loss of a hydrogen
atom to the hydrocarbon system (see Ref. 180). Methylcyclohexyl-t radical
mechanisms with more complex H-atom migration sequences cen be postulated
to give l-methyleyclohexene~t from T + b-methylcyclohexene reactions (and

Y-methyleyclohexene-t from T + l-methylcyclohexene reactions).

Q + 7 —> -H Q 10-2

| +T7 —— . 10-3
T
CH3 CH3
CH3 CH3

.
CH,
T
CHy
T T
+ 7 —> Q/ =H 10-h
CH,
o

cH ' cH
3 - [ j
@ 4+ T —— -—:H_.) 3 10_5

In unscavenged T + l-methylcyclohexene reactions, the combined
3~ and b-methylcyclohexene-t yield wes 9% as large as the

l-methylcyclohexene-t yleld. In unscavenged T + 3-methylcyclohexene
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reactions, the l-methylcyclohexene~t yield was only 3% as large as the
3-methylcyclohzxene yield. In both T + 3-methylcyclohexene and

T + l-methylcyclohexene reactions the yield of the non-~parent
methylcyclohexene-t isomer(s) doubled with nitrix oxide scavenging.
Similar anomalous increases with nitric oxide scavengingl3 have been
discussed in Sec. T.1l.

(¢) Unimolecular decomposition products. The relro-Diels-Alder

cleavage of the isomeric methylcyclohexenes has been shown in Egqs. (3-T)
to (3-9). The unimolecular decomposition of the methylcyclohexene

isomers following a T-for-H substitution reaction is shown in Egs. (10-6)

to (10-8).
w Y-methylecyclohexene-t (8.)
* > methylcy
T+ /\l/\) —_— [CV-C7H11T] < 1
3 +
CHj kl .>C3H5T ChH6 or
C3H6 + ChHST

D; = CGHCT (propylene-t) + C\HT (butadiene-t)

10-6

% __:ﬁ_.—; 3-methyleyclohexene~t (Sg)

T + —> [C -C T]
Yy 7H11 ‘\\E;\\ﬁhcgﬁ T+ C H8 or

3 5

Hh + C_H. T

CH
¢ sty

2

D, = C,H.T (ethylene~t) + C

5 ol HTT (1,3-pentadiene-t)

5
10-7
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CH
3 . T]* ___fi___; l-methylcyclohexene-t (S3)
T + | — [Cy'C7H11

w>CHT+CH8 or

273 5
CQHh + C5H7T

Dy = CoHST (ethylene-t) + C H,T (isoprene-t)

3 >

10-8

The pressure dependence of the S/D ratios from the recoil tritium
reactions shown in Eqs. (10-6) and (10-7) are displayed in Figs. 10.1
end 10.2, respectively. The deta are from unscevenged samples. In the
data in Figs. 10.1 and 10.2 scavenging with nitric oxide and butadiene-d6
revealed that the butadiene~t yield was not depleted by reactions with
radiolysis produced H-atoms. Nitric oxide scavenging showed no radical
contribution to the 1,3-pentadiene-t yield but a 14% radical contribution
to the ethylene-t yielé and a 15% radical contribution to the propylene~t
yield. The data in Figs. 10.1 and 10.2 were corrected to remove the
thermal contributicu to the ethylene-t and propylene-t yields in a manner
to taat described in Sec. 9.1. The resultant “scavenged" S/D ratios are
shown in Figs. 10.3 and 10.4,

The pressure dependence of the ur*molecular decomposition of
hemethylcyclohexene~t {Fig. 10.1) and 3-methylcyclohexene-t (Fig. 10.2)
mey be well represented by a line. The r:te parsmeters shown in Table
10.1 were determined by extrapolation to S/D = 1.0 in a manner similar

to that previously described. The effective pressure was defined as

+ 0.17T P 10-9

e

Peffective =1.0 PC7H12

using relative collisionsl deactivation efriciencies from published

71

sources.
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— 4 ? i
2 C _C
-
C C

I Unscavenged, 135°C —

0!
r
|

8~ S=CoHT
[)=(:3f+51-4‘(14f151-
7 I —

{ [ ! | >
3 6 9 12X10

Effective pressure - Torr
XBL.735-2826

Fig. 10.1. The unimciecuiar decomposition cf b-methvicyelchexene-t co
give pro-yiene-t <r hutadiene-t; unscavenged dacta at 135°C. Activated
i-meth7lcyclohexene~i molecules are formed by reczil T-for-H subsiituiion.
"hwt obscissa is the effective collisional deactivaticn pressure (in the
sample capsule) defined as: effective pressure = h—methylcyclchexene
sregsurs + 0.17 {helium-3 pressure). (Data in Aprendix, Table A-~10-1.)
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C N
C
— || + |
(2 ¢ (:459(: —

C
|| i Unscovenged,!35°C L

S/D
—

|

o o 55:=(:7'r+|'1- —
D=C2H3T+C5H7T

[

2 | i | |
3 6 9 2% 102

Effective pressure-Torr

XBL735-2829

Tig. 10.2. The unimolecular decomposition of 3-methylcyclohexene~t to give
ethylene~t or pentediene-t; unscavenged data of 135°C. Activated
3-methylcyclohexene-t molecules are formed by reccoil T-for-H substitution.
The abscissa is the effective collisional deactivation pressure (in the
sample capsule) defined as: effective pressure = 3-methylcyclohexene
pressure + 0.17 (helium-3 pressure). (Data in Appendix, Table A-10-2.)
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C Cs
13 |- —_— |+ ? I%
/C C

C C¢

-
"Scavenged", 135°C

S=CoH,T
8- i
I D=CzHgT + CqHsT

1 ] | |
3 6 9 12% 102

Effective pressure - Torr

XBL735-2827

Fig. 10.3. The unimolecular decomposition of kemethylcyclohexene-t to give
propylene-t or butadiene-t; "scavenged” data at 135°. Activated
L-methylcyclohexene-t mclecules are fcrmed by reccil T-fer-H substitution.
The abscissa is the effective collisional deectivaticn pressure (in the
sample capsule) defined as: effective pressure = k..methylcyclohexene
pressure + 0.17 (helium-3 pressure}. The "scavenged" data represents
the unscavenged experimental data in Fig. 10.1 from which a 15% radical
contribution to the propylene-t yield has been subtracted.

(Date in Appendix, Table A-10-1.)
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Cx

C
— 0+ ¢
13 C¢C I—
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Scovenged , 135°C

S S= (:7v F1||1. —

D= C:2f131"F<:5f17;r

——
|

! | | |
3 6 9 12X 102
Effective pressure - Torr

XBL735-2828

Fig. 10.4. The unimolecular decompositicn of 3-methylcyclcohexene-t to give

ethylene-t or pentadiene-t; "scavenged" data of 135°C. Activated
3-methylecyclohexene-t molecules are formed by reccil T-for-H substitution.
The abscissa is the effective collisional deactivation pressure (in the
sample capsule) defined as: effective pressure = 3-methylcyclohexene
pressure + 0.17 {helium-3 pressure). The "scavenged" data represents

the unscavenged experimental data in Fig. 10.2 from which a 14% radical
contribution to the ethylene~t yield has been subtracted.

(Data in Appendix, Table A-10-2.)
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Teble 10-1. Rate Parameters from the Unimolecular Decomposition of

Methylcyclohexene-t
parent compound "scav- Pressure kK, E in eV for
enged" .
at S/D = sec
1.0, Torr s=p2 25% 3hb 38°
L-methylcyclohexene no 1.3 1.5 x 107 5.0 5.4 6.8 7.4
yes L2 5.0 x lO8
6
3-methylcyclohexene no 0.29 3. x 10
yes 0.48 5.7 x 106

Calculated with Gd(methylcyclohexene) = 6.12 x 10~
81
and

A=1.35 x 1057 gec 1,8 E_ = 2.89 eV,

g=-1

E - Eo
¢, =3[ =]

8

cm,

71

() 25 ~HW-6), (b) 34 ~Zw-6), (c) 38 =~PHw-6)

3
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The data for the unimolecular decomposition of l-methyleyclohexene-t
to ethylene-t or isoprene-t are not shown. The data points were widely
scattered and a pressure effect was not observed. The lack of a linear
dependence of S/D on pressure may result from the extreme remctivity of
isoprene~t. Isoprene-t polymerization181 may prevent an accurate

determination of the isoprene-t yield from the unimolecular decomposition

of l-methylcyclohexene-t.

10,2 A Test of the RRK~RRKM Assumption of Energy Randomization Prior to
Unimolecular Decomposition

The formation of cyclohexene-t (S) and butadiene-t (D) by the
reaction pathweys shown in Egs. (3-1) and (3-2) was & swall reaction
channel (less than 3% of the gas phase tritiated products) in the recoil
tritium reactions with 1- and 3-methylcyclohexene. The pressure
dependence of the S/D ratio in Egs. (3-1) and {3-2) could not be determined
in high pressure unscavenged T + l-methylcyclohexene and
T + 3-methylcyclohexene systems, respectively. The methylcyclohexane-t
peak was broadened by column overlcading in the high pressure samples.
Consequently, the cyclohexene-t pesk could not be resolved from the
methylcyclohexane~t peak. Good resolution of the cyclohexene-t pesk and
the methylcyclohexane-t peak was obtained at the lowest pressure samples.
A comparison of unscavenged and nitric oxlde scavenged samples at the
lowest pressure showed that the yield of cyclohexene~t and butadiene-t
was unaffected by scavenger.

A small difference in the D/S ratio from Eq. (3-1) versus (3-2)

was observed. The average energy of excitation deposited in
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cyclohexene-t by a T-for-methyl substitution was estimated from the

nitric oxide scavenger data using the previously described techniques,

namely:

]

k, = (p/8) w w=2ZP 10-10

1.0 P + 0.17T P + 0.2 P [71] 10-11

P =
effective C7H12 3He NO

In calculating Z, Ud was estimated as 5.47 x 10"8 cm for cyclohexene and

6.12 x 10-8 em for methylcyclohexene.71
-1
E-E |°
15 82 82
k = A [—-75-4%] a=2x10%, E_ = 2.90 eV
]

s = 2k (Sec. 9.1) 10-12

For Eq. (3-1), D/S = 0.36, k= 1.6 x 107 sec'l, E=6.4 ev
10-13

For Bq. (3-2), D/S = 0.59, ky = 2.6 x 107 sec™, E = 6.5 ev
10-1h

The near equivelence of the average energy of excitation in
cyclohexene-1-t and cyclohexene-3-t (from T-for-methyl substitutions ~n
l-methyleyclohexene and 3-methylcyclohexene, respectively) shows: (a)
The RRK-RRKM assumption of energy randomization prior to unimolecular
decomposition is valid for the recoil tritium initiated unimolecular
decomposition of cyclohexene.

(b) A T-for-methyl substitution reaction leaves an average energy of

excitation of about 6.5 eV in the resultent tritiated molecule. The
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energy of the C-CH3 bond broken in the T-for~-methyl substitution process
apparently has little effect on the average energy deposited in the
resultant tritiated molecule.

The proven RRK-RRKM assumption of energy randomization prior to
unimolecular decomposition can now be put to use. There are ten possible
T-for-H substitution sites in cyclohexene. Assuming retro-Diels-Alder
cleavage of cyclohexene, T-for-H substitution at four of the sites

results in ethylene-t; at six of the sites in butadiene-t.

o
| 10-15
o

By analogy to T-for-methyl substitution in methylcyclohexenes, the
average energy of excitation in cyclohexene-t following T-for-H substitution
is probably independent of the strength of the C~H bond that was broken.
This means that the cyclohexene-t molecule formed by T-for-H substitution
has the same average energy of excitation, regardless of the site of the
T label. Because all cyclohexene-t molecules have the same averege
excitation energy and energy is randomized in cyclohexene prior to
unimolecular decomposition, cyclchexene-t molecules decompose with equal
probability regardless of the site of the T label. Consequently, the
1,3-butadiene-t/ethylene-t ratioc should be 1.5 to 1.0 from the retro-
Diels-Alder cleavage of cyclohexene-t formed in T + cyclohexene

reactions.
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The butadiene-t/ethylene-t ratio from scavenged T + cyclohexene
systems was 1.00 at 25°C and 1.05 at 135°C. Similarly the 1,3-pentadiene-t/
ethylene-t ratio at 135°C is scavenged T + 3-methylcyclohexene reactions
(see Eq. {10-T)) was 0.68. However, the butediene-t/propylene-t ratio
at 135°C in scavenged T + lW-methylcyclohexene reactions was 1.20. The
further reactions of butadiene-t {see Sec. 3.2) are presumably the same
for butadiene-t from T + cyclohexene reactions as from T + L-methylcyclohexene
reactions. Hence the further reactions of butadiene-t {or pentadiene-t)
cannot be used to explain the low butadiene-t/ethylene-t ratio. QOnly
when ethylene~t is not the smaller of the assumed retro-Diels-Alder
cleavage products does the ratio of the tritiasted products approach the
statistical prediction based of equal unimolecular decomposition per
P-for-H substitution site. An explanation consistent with this
observation is the production of ethylene-t from a non-retro-Diels-Alder
reaction. The postulated non-retro-Diels-Alder path to ethylene-~t

formation in recoil tritium systems is shown in Eqs. (10-16) and (10-17).
T

T+ O —_— @ —> ethylene~t + ? 10-16
T

T + Q —_— Q ——> ethylene-t + % 10-17
CH3 CH3

Ethylene-t from a non-retro-Diels-Alder-cleavage pathway has been

observed in cyclohexene-3,3.6,6—dh deccmpositions85 {see Eq. (3-6)). The
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postulated non-retro-Diels-Alder cleavage of methylcyclohexene~t is
supported by the observation of a 1,3-pentadiene-t peak 14% as large as

the butadiene-t peak in scavenged T + 4-methylcyclohexene reactions.
10.3 Summary and Conclusions

In the reactions of recoil tritium atoms with the three
methyleyclohexene isomers ninety per cent of the reactions which gave
gas phase products can be attributed to: (a) asbstraction to form HT.
(b) Addition to form e methylcyclohexyl-t radical which may sbstract a
hydrogen atom to form methylcyclohexane-t.

(¢) Substitution of T-for-H to form the tritiated parent isomer. Small

yield reaction chaennels have also been observed: (i) Unimolecular

Decomposition. The unimolecular decomposition of Lemethylcyclohexene-~t
to give propylene-t or butadiene-t; and the unimolecular decomposition
of 3-metitylcyclohexene-t to give ethylene-t or 1,3-pentadiene-t has been
well established from the pressure dependence of the tritiated products.
The apparent rate constants for these unimolecular decomposition processes
are 1 x 107 sec™’ and 3 x 106 sec T, respectively. (ii) T-for=Methyl
Substitutions. The average energy of excitation following T-for-methyl
substitution is the same for cyclohexene-l-t and cyclohexene-3-t, namely
6.5 eV. From this I concluded that the energy of the C-CH3 bond broken
in T-for-methyl substitution has little effect on the average energy
deposited in the resultant molecule.

I therefore conclude that the RRK-RRKM assumption of energy
randomization prior to unimolecular decomposition ies valid for the recoil

tritium initieted unimolecular decomposition of cyclohexene.
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11. SUMMARY AND CONCLUSIONS

Nearly three and one-half years ago I started out to test the
RRK-RRKM agssumption of energy randomization prior to unimolecular
decomposition. I plaaned to study the reactions of recoil tritium atoms
with methylcyclohexene. If the assumption of energy randomization was
velid, cyclohexene-t molecules (from T-for-methyl substitution reactions
with methylcyclohexene) should decompose unimolecularly at the same rate
regardless of the site of the tritium label. This is true, of course,
provided thet the cyclohexene~t molecules possessed the same average
energy of excitation following T-for-methyl substitution.

The experimental plan was simple: Place 3]{e and gaseous
methyleyclohexene in a sample capsule, irradiate with neutrons to form
recoil tritium atoms from 3He(n.p)T reactions, separate and analyze the
radicactive tritium labeled products by radio-gas-chromatography. I
immediately designed and constructed a vacuum line for sample preparation
(Sec. 5). I also designed and constructed a radio-gas-chromatography
system that was to grow to that described in Sec. 6.

In the beginning I had three immediate gomls: (a) to test the
religbility of my new sample filling and analysis systems. This could
best be accomplished with simple parent hydrocarbons where the tritiated
products are not numerous. (b) to try to reproduce published results.
{c) to work toward a study of T + cyclohexene reactions as a prelude to
studying T + methylcyclohexeie reactions. Preliminary studies of
T + cyclohexene reactions showed problems with oxygen scavenging. I

decided that all three goals could be neatly met by trying Lo develop
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sulfur dioxide as a new scavenger for the T + cyclohexene system. I
would determine the effects of added sulfur dioxide in T + n-butane and
T + trans-2-butene systems where the effects of added oxygen scavenger
were well established.

Sulfur dioxide was not as efficient as scavenger as oxygen in
T + n-butane systems. Unlike oxygen, sulfur dioxide could not remove all
the thermalized tritium atoms before the tiitlum atoms abstracted a
hydrogen atom from n-butene to form HT. In T + trans-2-butene systems,
snlfur dioxide was as efficient as oxygen in removing thermalized
alkyl-t radicals (formed by tritium atom addition to trans—2-butene)
before the alkyl-t radicel abstracted a hydrogen from the bulk system to
form butane-t. Similarly in the T + cyclonexene system, sulfur dioxide
and oxygen were equally efficient in: (a) scavenging cyclohexyl-t
redicels before the cyclohexyl-t radicals abstracted in hydrogen atom to
form cyclohexane~t.
(b) scavenging a small radical contribution to the ethylene-t yield.

However, while the butadiene-t yield from T + cyclohexene
reactions was constant with sulfur dioxide scavenging, the tutadiene-t
yield increased with oxygen scavenging. The anomalous oxygen scavenging
effect in T + cyclohexene reactions was clerified by st and butadiene-d6

scavenging. The "hot" butadiene-t yield could only be determined with

oxygen or butadiene-t scavenging. In the absence of oxygen or butadiene-d6

scavenging, the butadiene~t yield was selectively depleted by reactions
with radiolysis produced hydrogen atoms.
The pressure dependence (in the 300 to 1500 torr pressure range)

of the products of recoil tritium reactions with cyclochexene was

e g e AL
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determined at 135°C. Neutron irradiations at 135°C were performed in a
gpeciaily designed irradiation container (Sec. 5). Both at 135°C and at
25°C roughly 85% of the T + cyclohexene reactions which gave gas phase
products resulted from tritium atom: abstraction to form HT, addition
to form cyclohexyl-t radicals, or T-for-H substitution to form
cyc¢lohexene-t. The dependence of product yield on pressure showed that
ethylene-! ~~d butadiene~t resulted from the unimolecular decomposition
of sxolitel oyclohexene-t (formed by T-for-H substitution). The apparent
rate constant of cyclohexene-t unimolecular decomposition was determined
as 5.1 X 106 sec_l. The s parameter in the RRK trestment of the
unimolecular decomposition of cyclohexene was determined as s = 2h,
Similerly the dependence of product yield on pressure showed that
r~puxene~t, l-butene-t and methane-t resulted from the unimolecular
Gecomposition of cyclohexyl-t radicals (formed by T addition to
cyclohexene) with rate constents 8 x 103 sec_l, 3 x th sec_l and

5 o= 102 sec—l, respectively. The relative rate of abstraction versus
addition of radicals in alkenes was determined frcm the scavenger
depenaence of the yield of products with a radical precursor.

'fhie reactions of recoil tritium atoms with methylcyclohexene
were also studied at 135°C. Roughly 90% of the T + methylcyclohexene
reactions which gave gas phase products resulted from tritium atom:
abstractiion to form HT, addition to form methylcyclohexyl-t radicals,
or T-for-H substitution to form methylcyclohexene-t. The dependence
of product yield on pressure (in the 300 - 1200 torr pressure range)

sacved that excited h-methylcyclohexene-t (formed by T-for-H substitution)
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decomposed unimolecularly to give propylene-t or butadiene-t with a rate
constant of 1 X lO7 sec_l and that similarly excited 3-methylcyclohexene~-t
decomposed unimolecularly to give ethylene-t or pentadiene-t with a rate

constant of 3 X 106 sec—J.

Finaelly there came that long awaited moment when the rates of
unimolecular decomposition of cyclohexene-l-t and cyclohexene-3-t (from
T-for-methyl substitution reactions with l-methylcyclohexene and
3-methylcyclohexene, respectively) could be compared. The rates of
unimolecular decomposition of cyclohexene-1l-t and cyclohexene-3-t were
similar. Using the previously determined RRK parameter (s = 2L4) for the
unimolecular decomposition of cyclohexene, the average energy of
excitation deposited in cyclohexene=t by T-for-methyl substitution
reactions with methyleyclohexene was estimated at 6.5 eV for both
cyclohexene~1l-t and cyclohexene-3-t.

I concluded that the RRK-RRKM assumption of energy randomization
prior to unimolecular decaomposition is wvalid for the recoil tritium
initiated unimolecular decomposition of cyclohexene.

I further concluded that although recoll tritium studies are
often limited by the lack of knowledge of the energy of the tritium
atom when it reacts, kinetic parameters and fundemental contributions

to gas kinetics can ccme from carefully designed recoil tritium experiments.
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APPENDIX

This appendix will be composed mainly of tables of tritiated
product yields. The yields will be listed relative to the yield of
tritiated parent compound as 100. The column in the tables which
correspornids to the yleld of tritiated parent is not repeatedly listed as
100, however. The tritiated parent yield column lists the net counts of
tritiated parent recovered and counted in the radio-gas-chromaetographic
enalysis.

The tebles of relative yields will be placed in roughly the same
order as the data therein is discussed in the text. This will be indicated
by the table number. For example, Teble A-T-1 is a table in the appendix

(A) containing the first (L) lata discussed in section seven (7).
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Table A-6-1. Calibrated Retention Data Using the Sequence of Operations
Given in Table 6-1.

Retention Retention
Compound Time, Min. Compound Time, Min.
3He 52 cis-pentadiene ik
air 59 n-hexenesg Ls5h
methane 86 cyclohexane L87
ethylene 137 cyclohexene sho
ethene 1kg methylcyclohexane 580
propane 170 3-methylcyclohexene 725
propylene 178 L-methyleyclohexene T70
isobutane 181 1-methylcyclohexene 8u0
acetylene 188
butaene 185
1-butene 21k
isobutene 217
trans-2-butene 232
cis-2-butene 2ks5
3-methyl-l-butene 259
1,3~butadiene 281
1,2-butadiene 3k2
pentene 389
isoprene Lo3

trans-pentadiene L1




Table A-T-1. T + Cyclohexene Reaction Data (25°C)

Saaple Filling Conditjons | Yields Relstive to Cyclohexene-t as 100 (::J

Fressures, ca Hg Vol. 2-butene 3 "Polymer~t"

N pen~ hex~ 10

“Ho 02 502 mul HT mz'r c=C [ (.;\C f,;)? N N trans/cis i\vi tene ene O cts L M H
.75 13.80 260 3.15 21,9 1.4 1.8 1.3 2.0 5.7 0.9 0.2 13.9 1.1 LT ®A 7F0.9 LS T.b 65 6.7

-

2.7 13.8 271 3.06 22,9 1.6 2.2 1,7 2.3 6.3 0.5 0.5 15.2 0.7 L0 320 66.1 L2 B.7 9.5 60.9

L.6b 0.29 14,26 270 0.27 20.6 0 1.1 1,2 3.0 1.5 0.2 0.1 20.8 0 0.4 0.6 90.7 0 6.8 9.7 L7.3
1.5 0.29 15.26 | 219 0,32 2.1 0.1 11 1,b 24 18 0 0.2 208 o0 0 0.1 92.3 0 56 17. u7.8
.54 0.98 15.42 273  0.28 20.5 0 1.3 1.2 2.2 1.5 0.1 0 19.7 0 0.8 0.7 91.7 1] L.B  B.6 L1.5
i.64 0.98 14.¢5 273 0.30 21.2 0 1.3 1,2 2.2 1.k 0. o 20.b o 0 0.2 B81.6 0 u. 13 u8.0
P19 0.29 1k.00 279 0.28 21.% 0.2 1.2 1,7 2.2 2.0 0.k 0.2 14.6 [4 0.2 0.3 885 0 2.2 3.0 152.
1.64 0.29 13.65 | 274 0,32 200 o 1.2 1,6 2.4 2.0 0.6 0.5 1.1 0 0.8 1.0 9.0 6 1.9 3.4 151,
LTS 0.90 1k,00 } 270 0.27 19.7 0.2 1.6 1.7 3.5 2.0 0.5 0.3 1.6 0 0.1 0.5 9.2 0 1.9 1.9 121.
78 0.90 13.62 216 ©.% 1.6 0.1 1.6 1.8 1.8 1.8 0.k 0.2 13.0 0 0.5 0.8 96.5 0 2.2 3.5 16k,

2yclohexene presaure in all samples - 5.6L cm Hg

-9§t-



Table A-T-2, % + Trans-2-butene Reection Data {25°C)

Sample Filling Conditicns
Pressures, cm Hg Vel.

Y{elds Relative to Trans-2-butene~t as 100

2-butene "Polymer-t"

c ~a
% o, s, m L T A 2 & H K e AY cransreis &L “ H
1.69 13.94 162 6.1 3.2 0.8 0.9 57T.7 =228 2.0 9.2 W 9.7 1.7 Ly, 3. 11,
1,69 13.99 156 4.2 34 0,9 0.7 561 2.0 1.7 iB.h 196 9.h 1.7 by, 3.9 13.4
1,60 0.28 1k.0b 166 R 3.3 0.1 0.5 57.6  0.27 1.9 8.5 175 6.7 2.9 3.3 3.5 5.2
1.64 0.28 14.06 165 L3 32 0.1 0.4 57.8 0.19 1.9 8.5 178 7.1 3.0 15.5 5.6 8.6
1.69 .20 14.65 162 40 3.1 0.1 0.5 56.3  0.23 1.9 8. 06 6.8 2.9 27.7 5.7 7.5
1.69 1.20 1k.23 163 3.8 11 0.1 0.k 567 0.27 1.8 8.4 191 7.0 2.9 23.6 L6 6.1
1.69 3.3 15.10 159 5.6 3.0 0.1 0.5 57.2 0.22 1.8 8.6 22 T 2.8 38.3 6.1 9.8
1.69 3.32 15.25 165 2.7 3.1 0.1 0.4 58.5 0.2b 1.9 8.7 zq1 6.9 2.8 k.1 L.6 8.3
1.58 6.52 15 149 1.0 2.9 0.1 0.5 56.8 0.25 1.7 8.k 200 6.7 2.7 20.0 1.5 2.6
1.58 6.52 1. 87 155 8.k 3.0 0.1 0.5 57.4 0.21 1.9 8.4 71 6.8 2.7 38.0 6.5 7.3
1.80 0.28 1L.75 166 5.5 3.0 0.1 0.6 58.8 6.43 2.6 8.9 195 7.7 1.1 2.3 0.6 76.8
1.80 0.28 15.11 162 L3 3.0 0.1 0.5 57.1  0.53 2.6 8.9 202 8.0 1.2 2.3 0,7 69.2
1.80 1.19 13.95 162 - 47 2.9 0.1 0.5 57.6 0.39 1.8 8.6 1At 7.3 1.2 3.1 0.6 92.8
1.B0 1.19 1b.12 165 39 2.9 0.1 0.5 581 0.96 2.1 8.6 if5 1.6 1.3 L5 0.7 76.L
1.69 3.39 1L.28 160 5.6 2.9 0.1 0.5 56.6 0.29 1.8 8.7 200 7.9 1.3 3.8 0.8 85.5
1.69 3.39 14,3 160 L3 2.9 0.1 0.5 56.9  0.25 1.9 8.5 187 1.5 1.5 L.k 0.7 91.8
1.80 7.00 15.21 159 b8 2.9 0.1 0.1 s58.0 0.33 1.9 8.6 =2:0 7.9 1.b 2.0 1.5 89.0
1.80 7.00 15.k4 157 86 3.0 0.1 0.5 57T.h 0.25 2.0 8.7 192 1.8 1.3 2.5 1.2 75.2
1.69 6.95' 14,50 146 5.k 2.8 0.1 0.5 $1.8 0.27 1.2 25.6 2i9 10. 2.5 i3.3 3.1 2u.2
1.69 6.95 14,56 1kg 5.1 2.7 0,5 0.5 50.8  0.50 1.5 38.9 218 1. 2.0 12.7 2.7 17.5
Trang-2-butene pressure in esch sample « 67.4 cm Hg 193

cts

L]
dAitric Dxide, NO
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Table A-T-3. Neod Moderated T + n-Butane Reaction Data {25°C)

Ssmple Filling Coaditions Yields Relative to n-Butane«t as 100
Pressuies, cm Hg vol. 2-butene “Polymer-t*

;. F
Yee (.; ?.f 0, so, wl H? N dt é’t\c c};'l.’c 6’% trans/cla L o H
1.53 11.3 1k.00 kLY 1.0 5.7 9.5 12.0 3.7 130. 1.5 - - 17.8 2.3 3.4
1.53 11,3 13.55 361 3.3 5.4 9.7 10.4 3.6 122, 1.3 - - 18.7 2.9 .8
1.25 11.1  0.26 13.86 207 6.5 6.9 L.8 L.6 1.8 11.6 0.8 0.4 0.4 6.0 3.0 1.0
1.25 1.1 0.28 13.67 208 6.9 6.9 k.5 [} 1.7 7.9 0.9 0.3 - 6.6 8.5 0.8
1.15 16.3 1.1k 13.82 170 8.2 7.1 1.5 L.3 1.8 103. 0.8 0.3 0.2 4.5 6.3 0.7
1.15 :0.3 1.1 k.11 175 9.3 7.1 3.4 k.0 1.8 112, 0.9 0.4 0.2 4.1 7.0 1.6
1.25 8.97T 247 14,54 162 10.1 7.0 3.3 k.1 1.9 T3.2 0.9 0.3 0.3 1.0 5.1 0.5
1.25 8.97 2.7 13.22 166 12.1 7.1 3.5 (Y 1.7 7.9 0.7 0.3 0.1 7.3 8.8 0.7
1,30 5,31 5.3 13,4 155 10,k 7.3 3.5 k.7 2.3 58.8 0.3 0.2 0.1 5.3 10.1 0.4
1,30 5.37 5.38 - 136 1.9 7.2 3.3 L0 1.6 59.2 0.7 0.2 0.2 7.4 2,1 0.6
1.15 10.0 1.1% 13.85 W7 10.4 6.1 3.7 4,2 1.5 69.2 2.1 0.5 0.3 5.7 2.4 -
1.15 10.6 1.19 1k.05 300 12.0 5.8 3.4 4.0 1.5 66.5 2.5 0.5 0.3 6.8 6.5 33.1
1.25 9.20 2,32 1k.a0 258 13.6 7.9 3.5 4.1 1.5 70.2 3.1 0.6 0.3 5.4 7.5 25.6
1.25 9.20 2.32 13.85 260 13.4 6.3 3.4 4.1 1.5 T0.2 2.5 0.5 0.2 3.9 3.8 25.0
1.25 5.70 S.75 13.41 225 8.8 6.8 3.6 L2 1.9 k9.1 1.5 0.4 o.b 1b.g 12.0 25.b
1.25 5.70 5.7 13.65 223 8.7 7.1 3.3 4.0 1.5 50.6 1.6 0.4 0.2 10.5 7.6 25.6
Reon presaure in each sample - 66.3 cm Hg 10}

cts

851~
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Table A~T-4.

T + n-Butane Data {25°C)

Sample Pllling Conditions

Pressures, cm Hg

Yol.

Yields Relative te n-Butane-t as i00

2-butene "Polymer~t"
c

% 0, s, m KT @y oC cec & KK K trans/cls L M R
1.69 14,15 292 T.2 53 6.9 T.A 1.8 2m 1.0 - - b1 1.3 1.6
1.69 13.88 298 7.6 5.2 6.7 1.2 2.0 198 1.0 - - 6.3 L.s 1.1
1.69 1.13  13.96 286 8.3 5.5 L0 L.3 1.6 197 0.6 0.3 0.2 1.4 2.5 9.8
1.69 1,13 13.73 289 5.9 5.4 3.9 L2 1.5 185 0.5 0.3 0.1 1.1 1.1 5.7
1.69 2.3 1h.37 267 5.8 5.8 L,0 k.0 1.6 191 0.7 0.% 0.1 3.0 1.b 9.2
1.69 2,38 1k.k6 27 5.8 5.8 k.0 L.0 1.4 196 0.8 0.3 0.1 1.8 1.5 12.1
1.69 S.kT  1k.21 2hk 9.4 6.0 3.8 L2 2.2 131 0.8 0,3 0.1 1.1 2.7 12.k4
1.69 s.47  1k.89 aks 5.5 5.8 3.9 3.9 1.6 200 0.8 0.3 0.1 2.3 1.8 - 12.5
1.80 11,3 13.86 226 6.7 6.1 L0 4.5 1.8 181 0.4 0.3 a.2 6.4 3.5 7.4
1.8 11,3 13.7h 224 3.9 6.0 3.9 3.8 1.6 182 1.2 0.4 0.2 9.0 3.0 11.6
1.80 5.5% 15.15 18k 9.9 6.5 3.9 3.9 2.0 208 0.7 0.5 0.2 1.1 3.2 0.6
1.80 5.%5 13.67 188 8.5 6.5 4.0 3.8 1.9 220 0.7 0.k 0.2 2.1 6.l 6.3
n-Butane pressure in each sample - 4S.2 cm Hg 103

ets
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Table A-8-1. 7 4 Cyclohexene Reacticn Data (25°C)

Sacple Pilling Conditions| Yields Relative to Cyclchexene-t as 100
Pressures, s Hg  Vol. 2-butene "*Polymer-t*

A A FF RS nex- N A
e w5 pn m [ oy e cc dE « oo JE crmsas 007 G e (LY U ot M H
1.6% 0.3 b,k j302 11,2 25,2 s.b 1.k 6 2.2 22,1 [¢] 0 0 6.2 13.8 114 B1.9 0 2.6 2.0 35.8
1.6+ 0.30 1k.38 288 10.4 24,3 5.2 1.9 .6 2.5 216 0 0 0 5.8 1.0 113 83.8 o 2.1 2.0 35.b
1.6 1.03 14,03 {304 10.9 25.2 5.3 0.1 1.6 2.1 226 0 0 0 5.7 13.7 107 B80.1 0 1.9 2.1 .6
1.6 1,03 14,33 326 11, 27.2 5.8 1,4 1.8 2.1 23.0 0 0 0 6.5 15.5 111 749 0 a.8 2.1 347
1.64 0.30 1k.36(277 2.4 280 1.2 1.2 1.5 1.9 5.2 0.8 0.4 2.7 193 3.6 19 7T6.8 2.9 &5 13.0 P
1.6b 0.30 1bk.22 276 2.7 23.2 09 1.8 1.6 2.2 5.4 0.6 1.0 3.5 19.7 3.6 20 76.9 2.9 k9 B.7 T5.2
1,64 1.07 14,38 ) 268 1.7 24k 0.5 1.1 b 2.0 L1 0.8 0.5 11.7 20.8 2.9 % 90,5 1.0 20,8 15.2 95.0
1.64 1.07 1k,38 [272 1.7 2h.3 0.7 2,0 1.7 2.b k.3 0.€ 1.5 12.8 20.6 3.5 8 95.8 1.2 15.3 7.1 92.3
Cyclohexene pressure in each semple - 5,76 cm Hg 103

cts
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Table A-8-2. T + Cyclohexene Dual Scavenged Reaction Data (25°C}

Sample Filling Conditions Yields Relative to Cyclohexene-t as 100
Pressures, cm kg Vol. 2-butere “Polymer-t*
S A 5§ trans/ hex- E:) E:)

£ HS 0, 80, CD; ml BT CH ceC CC c’c?: dt ci & s €T CET ene L M H

1.6k 0.28 1.03  13.22 276 0.3 27.2 0.1 0.3 1.3 2.5 1.8 0 0 =2k9 22.5 0.5 1 2.2 0 9.6 9.7 T.5
1.6k 0.28 1.03  1i&.13 272 0.h 26,6 0.2 1.5 1.5 3.2 1.8 0 0 25,0 22,1 1.0 1. T0.5 0 1k.5 9.6 63.3
1.6 0.98 1,03 1L.A47 272 0.3 28.7 0.2 0.5 1.5 2.6 1.8 o o0 25 22,6 1.0 1.6 T3.8 o 9.2 10.2 €8.3
1.6k 0.98 1,03 1L.27 272 0.5 28.2 0.1 0.7 1.8 2.9 1.9 o 0 25.k 234 1.5 1.2 6.7 0 11.7 1.2 69.6
1.69 0.30 ©€.96 14.13 276 0.k 27.2 0.3 0.5 1.7 2.7 2.7 3.2 1.3 23.0 22.2 O0.L o6& 731 0 17.6 8.3 133,
1.69 0.30 0.96 1L.36 282 0.2 28,3 0.2 0.7 1.7 2.8 2.6 3,4 1. 25.6 23.6 1.9 1.1 70.1 0 19.3 S.6 137T.
1.6 1.03 1.07 14.33 276 0.3 27.3 0.1 0.5 1.7 2.5 1.3 2.8 1.1 25.6 2.k 0.5 0.6 80.1 0 12.9 L.2 115,
1.6 1.03 1.07 1k.09 283 0.3 28.5 0,1 9.6 1.6 2.8 1.7 2.8 2.4 25.6 23.2 1.6 0.8 73.k 0 13.1 5.3 -

1.6h 0.30 1.07 13T 288 9.9 30.9 45 1.2 1.4 2.9 250 1.1 0.6 21.0 21.7 15.2 T1.2 76.2 0 26.5 5.1 47.6
1.6k 0.30 1.07  13.75 270 9.7 30.2 4.0 1.4 2.4 2.8 2L.2 1.3 0.7 20.8 21.7 13.2 68.0 79.0 0 19.8 5.9 46.6
1.6 1.03 1,07 14.00 301 1.9 3.0 5.3 0.8 1.5 3.0 27.2 2.5 0.6 24.8 22.7 13.h 67.2 78.6 0 21.2 6,0 uT.1
1,64 1.03 1.07 1431 310 11.9 33.8 6.0 0.4 1.9 3.1 28,3 2.4 0.8 2k.5 21.6 13.0 T3.6 79.2 0 21.0 9.6 45.1

Cyclohexene pressure in each sample - 5,65 cm Hg

-191-



Table A=9-1. T + Cyclohexene Reaction Data (umscavenged, 135°C)

Ssaple Filiing Conditions Yieids Relative to Cyclchexene~t as 100
Pressures, cs Hg. Vol. "Polymer-t"
&L Tras

scev- @ al oo e e dr &t & & pmr U ene 103 cta 1

enger 3 ~'5
9.52 30.0 13.75 216 6.39 13.1 3.07 0.65 1.69 1.86 13.3 13.k 13.7 60.9 ®.1 o0 9.5  26.9 3.2
9.52 30.0 1k.27 223 6.87 13.1 3.05 1.20 1.01 1l.62 15.5 13.6 11.7 63.0 3k.0 o 17.0 - 1.6
9.52 60.3  13.56 2 6.60 12.0 3.33 0.67 1.8 1.77 1L.3 12,3 1.9 65.2 35.% 0 16.0 32.5 2.3
9.52 60.3  43.31 225 6,42 11,7 3.20 1l.23 1.75 1.55 13.0 1.2 12.0 §69.2 33.0 0 20.2  5L.4 1.0
9.30 90.5 13.67 251 7.8 11.9 3.79 1.02 1.81 1.60 12.6 10.k  10.4 73.5 29.3 © 20.2 u6.8 2.1
9.11 90.5 14.06 24 6,86 11.4  3.59 0.92 1.82 1.45 13.2 8.79 1.6 T9.6 .6 0 16.6  25.3
9.52 120.  13.37 247 6.71 1.2 3.62 0.28 1.69 1.5 12.7 o.k0 9.13 6.0 30.2 0 13.1 k2.2 2.0
9.52 120.  13.97 248  6.71 10.7T 3.60 0.67 1.1 1.67T 12.2 2.91 11.0 T3 28.5 0O 15.8  30.8 1.9
9.52 152,  1k.8s 230 6,90 9.75 3.3% 0.59 1,53 1.4 11.4 8,23 7.sT 73.8 35.2 ] 19.8 43.1 1.2
9.52 152, 1h.u1 247 7,03 10,8 3.82 o0.62 1.43 2,41 12.0 8.83 1.61 T1.3 1.0 o0 LR TX | 1.7
33.7 7.80 14,55 322 8.78 22.8 3.4 0.58 1.56 2.51 16.3 20.4 109 137. 43.6 1.92 35 559 254
34,4 7.80 13.86 297 T.67 21.5 3,13 1.63 2.02 2.50 1k.0 20,2 9.95 121. 39.b 3.01 15.3 8.8 11.9
3.9 1.26" T.80 1i.16 3% 0.08 20.3 0.04 0.53 1,k1 2.22 1.37 21.8 9.00 1.93 9.7 o0 10.9 68.8 11.2
35.6 1.26 T.80 1L.12 X6 0.3k 19, 0.01 2.15 1.,8% 2.u2 1.62 19.8 8.85 1.31 37.9 [ 38.8 3.5 7.5

+

36,4 147 T7.63 1k.18 316 2,61 25.5 0.52 1.11 1,45 2.65 3.7« 13.7 21.1 8.50 11.2 35.0 3.80 145 203 76.6
3.7 1.7 T7.63 14,32 317 2.bo 25,4 o0.b2 0.65 1,L4 2,37 uWA2 143 19.8 B.37 Lo %n.0 1.60 11.8 241 183

- £
o, o0 et 135°¢
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Table A-9-2.

Heob Moderated T + Cyclohexene Resction Data {25°C)

Sample Conditions
Pressures, Vol.

Yields Relative to Cyclohexene-t as 100

2.butene "Polymer-t"
cm Hg 3
hex— 10

e Feon HT CH3T c=C CC A C;): N (,;}.; trans/eis C}:‘C; ene O cts L M H
.64 16.4 13.8% 259 2.1 21,0 1,33 1.k6 1.45 2.06 5.8 C.35 0.23 13.0 496 L5.2 123. 5.65 5.9 8.2 76.7
1,65 16.% 13.62 268 2.81 23,0 1.9 1.10 1.6k 2,28 6,41 0.45 0.35 13.0 4,50 LT.6 105. 5.50 k.5 8.7 16.8
1.64 32,7 1h.05 255 2.69 21.0 1.52 1.2z 1.45 2.0 5.85 0@.h2 0.29 12.8 s5.02 58.6 112, T.70 5.3 10.8 86.h
1.64 32,7 13.96 283 2,95 2,7 1.60 1.52 1.67 =2.00 6.64 0.47 0.31 13,4 555 62.2 101, T.13 3.5 9.5 9.3
1.6k L8,2 1k.62 253 2,60 1%.7 1.5 1.3¢ 1.56 2.08 5.73 ©0.51 ©0.35 1.6 k7@ T71.k 111, B.53 B.9 12.1 T3.1
1.64 L48.2 1k.79 - 2.41 18,L 1,31 0.88 1.35 1.80 5.39 0.6 0.2 10.2 L.50 67.5 121, 9.29 5.0 9.0 86.2
1.64 65,5 1.3y 26k 2.k 17,7 1,47 1.8 1.81 2,00 5,27 0.43 0.5% 8.15 b.01 T9.8 114, 1.4 7.1 13.3  106.
1.6k 65.5 13.95 231 2.3 17.2 1.33 0.99 1.38 1,87 4.8% 0.38 o0.28 8.82 3.h1 E0.9 106. 10.8 6.3 9.1 99.5

{
=
[ep}
w

1



Table A-9-3. T + Cyclohexene Reaction Dats (ﬂzs scavenged, 135°C)

“9T~

Sample Filling Conditions | Yields Relative to Cyclohexene~t as 100 O
Pressures, cm Hg  Vol. 3 "Polymer-t"
hexe 10
E™ 1,8 =l fHT @G et CC L’CE ec\: tf}f f‘ ¥ & ene O cta L M H
9.82 3,10 30.0 1L.27 |27 7.3 13.9 2.8 0.95 1.83 2,14 15.2 12.2 13.1 82,5 ANk 0 1.1 3.0 0.9
9.82 3,10 3.0 1L.01 {23% 7.6 148 L0 1.53  2.13 1.8 16,8 13.3 132 8.0 29.2 0 16k L2k 2.2
9.82 S5.k5 60.3 1L.15 | 2us 7.68 1L,3 LLT 1.13 2,73 1.L6 166 13.1 1.3 98.0 26.0 o 18.2 20,3 2.0
9.82 5.k5 60.3 1s.2¢ | 237 8.03 1.1 L1k 1.43 2.70 2.97 16.5 11.8 15 9k.2 32.3 0 23.0 2L,1 0.5
9.82 T.15 90.5 1k.26 | 253 1.81 12.9 L.28 0.76 2.65 1.86 15.1 10.8 12.7 100. 28.8 0 10.7 25.6 1.1
9.82 7.15 90.5 1L.0t | 25b 8.20 12.8 L3 0.85 .74 1.65 17.3 1.0 15.1 9.7 30.6 0 12.7 22.3 0.9
9.82 10.2 120. 1k.2c }261 8.36 13.0 5,02  0.uk 3,19 2.60 16.1 10.5 12.2  103. 3.8 o 104 23.8 o0.b
9.82 10,2 120. 14.59 | 259 8.28 12.5 k92 0.43 2.35 1.70 15.6 10.6 1.7  10k. P2 0 8.k 16.7 0.2
9.82 12.6 152. 13,k | 213 B.23 12.6 k.74 1.07  2.68 1.B4 15.2 10.1  12.2 11, .2 o0 154 1.8 0.3
9.82 12.6 152. 13.6z | 2ub 8.38 10,1 3.95 1.66 2.87 1.73 16,7 8.3 1.k 106, 1.6 0 10.9 15.8 0.2

+
at 135°C




Table A~9-k.

Abgtraction/Addition Ratio Date (25°C)

Sampie Filling Conditions Yields Relative to Parent-t as 100

Pressures, cm Hg  Vol. 2-butene "Polymer-t”

e w5 0, mi HT @z cc cec K & &K s & N, M i
1,64 1.07 1k.08 LL.8 5.89 2.5 1.11 0,51 0.32 2,76 11.9 1.70 0.90 2hk9, 3.87 L7.9 L. ®.3
1.64 1.07 14,17 Who  5.82 2z 136 0.39  0.31 2,62  11.6 1.6k 0.85 2h1. kS0 Lo.0 5.6 33.0
1.6% 14,51 33.6 0.7 21.4 0.0k 0.k0  0.25 2.50 0.97 0.43 0.6 257. 7.8 kB2 1.0 -
1.6k 16,75 33,4 0.17 21.8 0.01 0.26 0.26 2.49 0.91 0.b2 0.22 255, L.15 b2 5.1 3.8
1.6L 1L 14,36 30.7 016 22.z 0.06 0.23 0.27 2.61 0.84 0.16 0.01 2W. L.02 8.2 1.5 32.6
1.6k 1.1 13.99 3.2 0.16 2.2 0.09 0.26 0.30 2.59 0.95 0.12 0.01 211. L.08 6.8 2.0 22.3
Ail semples - 11.3 cm Hg butadiene

1.69 1.07 1h.39 198. 29.2 55.6 5.56 0.57 68.6 135,  1h1. 6.87 2.7 0.28 12.4 2.5 10.5
1.69 1.07 1b.58 200.  29.5 sk.2 5.5 1.2 69.3  135. 1b3.  6.76 2.32  0.2b b.0 981 10.7
1.69 14.33 1bk, 7.95 u¥T.b 6.76 2.60 63.0 20.8 151. 3.1 5.93 2.15 - 7.2 15.7
1.69 14.18 148, 8.21 u8.9 6.6 2.2b 632 20,9 162. 31.6 6.h9  2.02 34.0 7.3 12.6
1.69 1.15 13.72 157. 6,58 52,1 2.13  2.05 69.9 2,96 128, 5.3 3.72 2.718 28.4 5.3 17.1
1.69 1,15  1h.37 156. 6,38 2,9 1,98 1.71 T0.6 2.7% 131, 5.0 3.6T 2.6 15.0 4.7 18.9
All sunmples - 11.3 cm Hg l-butene

1.69 1.13 14,55 27.4 3.07  2z1. .8 1.03 -~ - - 0.5 0.4 0.8
1.69 1.i3 1h.46 27.1 3.13 216, 48.1 1.03 o0.271 3.88 0.13 0.7 0.4 1.7
1.69 1k.20 22.6 0.19 2b9. 5.02 6.12 0.  33.8 0.7 1.4 0.9 1.3
1.69 1b.13 22.3  0.23 230. k43 S5.92 0.35 32.9 0.36 0.9 0.7 5.4
1.69 .09 13.45 21.2 0.4 221, 0.6 0.91 0.19 k.06 o 2.2 0.9 2.1
1.69 1.09  13.90 21,k 0.6 2. 1.1 o0.22 0.8 k.7 0 2.4 0.9 1.7

A1l samzles - 11.3 cm Hg ethylene

Uinderlined values are 10

3

cts in pa.x;ent peak

-591'-



Table A-9-5.

Abstraction/Addition Ratio Dsta (25°C)

Sample Fiiling Conditions

Presgures, cm Hg

Vol.

Yields Relative to l-butene-t as 100

2-butene

HS 0, COHg ml HT CH T c=¢ c-¢ éc\c c”c‘c 6%:; EC‘CF trans/cis éF ?:;
L.57 1.07  1b.23 156 20.6 b3.2 .35 0.73 46.6 125, 255. L.60 2.83 4.66
1.0T 14,96 139 1.36 b1,s 2.65 1.02 46.4 9.13 281. - 3.58 L.85

1.07 1h.19 139 7.38 k1.0 2.68 1.66 6.0 9.09 298, - .n 4,97

L.l 1,07 1h.43 139 5,84 b2.2 2.10 0.48 47.0 2.35 301. L.s1 3.27 6.12

L.h1 1,07 1k.50 1k2 6,04 43,4 2.13 0.27 L7.4 2.23 270. L. .45 3.26 6.08

L.57 0.33 14,93 156 2(3.6 h2.3 4,26 1.01 L.k 132, 252, L.61 3.07 2.08
0.33 1b.22 138 1.92 4o.8 3.12 1.08 L5, 4 15.1 27e. - L1 2.63

0.33 14,03 137 7.89 ko.3 3.05 1.3 46.0 15.4 297. - 4.13 2.61

All samples contained 75.6 cm Hg l-butene and 1.69 cm Hg 3!19

Chﬂ6 = butadiene
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Table A-10-1. T + U-Methylcyclchexene Reaction Data (135°C)

Sample Filling Conditions | Yields Relative to M-methylcyclohexeme ss 100
Pressures, cm Hg  Vol. "Polymer~t"”
pen~ C
e ::;:; O =l HT  CHT s O c;}: ci}: N c’c‘c’c c”CE& tene c"‘jf @ ,@ Q/ Lo H
103
cts
3.k 3.05% 30. 1k.32 25 L.26 6.91 0.01 0.69 5.7 1.1 1.29 6.89 o0.35 1.10 1.6k 1.68 1Sk. 1.9h 7.1 Lg.B 2.0
31.k 3.05 30. 1k, 23  L.17 6.16 0.05 0.61 5.96 1.1k 1.3 T.14 o0.61 -1.00 0.83 2.18 167, 1.3 1k9 24.7 1.8
31,4 30. 14,86 |251 10.2 7.67 1.b8 1,34 6.87 1.32 8.08 7.05 195 1.1= 0.91 B9.6 375. L.B8 9.2 208 2.9
314 30. 1k.2b 2k 10.3 T7.35 1.43 1.88 T.02 1.31 B.22 7y.ib 1.6k 1.17 1.8 B85.7 358. L.93 8.7 22.1 2.0
31.4 60. 1k.00 |27 10.1 6.63 1.37 1.0 5.99 1.32 6.86 5.80 1.69 1.0 1.95 33.9 348, 2.6k 7.3  20.0 1.6
3.k 60. 1k.09 29 10.5 6.55 1.1 1.7 5.83 1.37 T7.05 S.B0 1.25 0.88 2.13 8.0 b05. 1.3 6.7 22.3 1.5
31,4 90, 15.27 |229 9.19 5.85 1. 1.76 k.78 1.28 6.26 5.19 1.88 0.78 2.00 75.4 179. 1.68 8.0 18.9 3
3.k 90. 1L.52 238 9.65 6,17 1.39 1.4 L.96 1.21 5,16 5.3 2.20 0.83 1.78 7T6.6 195. 3.6 8.6 22.5 -
-
3.4 120. .10 [219 5.0 S.A9  1.33 1.38 L8 1.13 5.7 k.50 1,87 0.63 1.97 T2.8 397, - 5.7 29.9 0.6
.k 120, 14,3 {20k 8.25 5.06 1.29 1.4 L 2.09 S5.29 L3 1,38 o003 272 63.5 W51, - 6.2 21.2 0.t
CLD,).L

33.6 8.9 - 316. 8.53 1.3 7T1.16 8.mMm o 2.35 1.28 145. 209, - 5.3 51.0 15.1
33.6 8.9 13.86 |29% 12.3 9.8 1.76 1.4r 8.k9 1.73 9.25 T7.80 © 1,63 2.1 1. 218, 2.15 - 336 6.5
13,6 1.07" 8.9 - 261 T7.17 10.6 0.31 0.61 T.92 1.47 4,32 8.3 - 177 2.14 20.2 2%. 1.79 6.0 113 339
33.6 1.47 8.9 1k19 | 260 7.56 10.8 0.70 1.49 T.T1 1.89 L9 8,39 5.90 1,50 2.3 19.9 56.3 - 5.k 200 k9.2

¥ L]
at 135°C .nitric oxide butadiene-d,

_Lg'[—



Table A-10-2, T + 3-Methyleyclohexene Reaction Dats {135°C)

Sample Conditions Yields Relative to 3-methylcyclohexene-t as 100 )
Pressures’ + Vol. "Polymer-t"
cm Hg
pen-
© () e o b A KN TZHROO T . .
cts
3.05 30. 1h4.US 264 5.21 7T.18 0.00 0.90 2,37 1.0 0.7 S5.21 0.86 L.96 8.96 L.69 149, 5.% 1.6 59.3 1.8
3.05  30. 1k.21 256 5.10 6.77 0.00 0.63 2,56 1.38 0.93 5.16 0.76 L.56 8.52 3.18 150. &4.20 10.7 U9.T 3.2
30. 14,51 68 12,7 8.39 3.27 1.99 3.06 1.62 S5.70 5.3 6.22 L8 9.30 98.5 3. 2.67 8.2 1k 1.2
30. 14,25 #52 132 T.95 3.02 1.29 3,81 1.0 5.32 5.28 L.29 LT3 9.16 1ob. 333, 3.08 6.1 - 1.5
60. 15.50 ”35 0 11,8 6.51 2.96 0,8 2,22 1.23 L4,30 L.36 3.53 3.64 7T.08 B5.1 36h. 2,68 4.3 12.6 0.8
60. 14,90 7ho 12,2 6.78 2.97 1.45 2.5 1.33 k.34 L.33 LS8 3.8 7.66 8.7 358. 2.66 3.8 12,2 1.1
90. 14,47 237 11.2 6.15 2.81 1.24 2.17 1.18 3.97 3.79 3.15 3.08 b9 93.7 36k, 2.8 1.5 15.6 0.3
90. 1k,28 235 1.6 6.3 2.98 0.85 2.1t 1.20 5.20 4,05 3.79 3.4h 521 88.0 373. 3.9 L6 165 0.5
7.75 90. 1k.28 259 5.35 6.25 0.23 1.0 2.38 1.9 0.85 4,38 0.68 3.0 6.96 2,79 158. S5.7T 9.1 27.2 2.2
7.75 90. k.26 259 5.35 6.13 0.05 0.73 2,20 1.25 0.80 k.35 0.57 3.1 7.03 2.60 155. S5.21 11.2 35.8 2.1
120. 1L.T1 225 11,2 5.81 2.72 1.01 2.15 1.22 3.9 L, 07 1.66 2.96 3.58 78.8 u5B. 2.30 0.7 191 0.3
120. 14,32 219 11.1 5,7 2,66 123 2.,% 1.6 3.85 3,62 3.76 3.32 1.91 689.1 h26. - L8 1kl 0.b

%
st 135°C 31.4 em Hg e in each asmple




Table A-10-3., T + 1-Methylcyelohexene Reaction Data (135°C)

Sanmple Conditions Yields Relative to l-methyleyclohexene-t as 100 Q
-
Pressures , Vol. . @ “Polymer-t*
cm Hg '&i 3
C pen- 10
n (Fu owmoapee e & AHFHFHEmNFOOOQ D L .
3.05 30. 1h.b7 257 2.2 5.90 0.03 0.4 1.8 1.02 0.93 1.90 0.21 5.51 S.k& 2,37 18,7 165. 11.8 30.% 1.5
3.05 30, 1s.81 261 2.52 606 0.1k 049 1.71 1.10 1.07 1.9 0.2& 6.01 5.16 9.1 18.2 161. 11.1 30.9 3.8
30.  1h.52 213 6.83 4L.78 2.33 0.79 1.92 0.78 1.12 1.52 k.23 3.75 .50 b5.7 8.8k  Lkb, 4.5 12.0 0.6
30.  1h.6k 220 .92 5.071 2.,k 0.82 2.22 0.99 1.29 1.69 k.68 L.25 5.9 L7.9 10.2 k29, k.S 11.6 1.0
60. 1L.55 190 6.90 L.02 2.08 0.73 1.67 0.72 1.10 1.3 3.49 3.34 2.90 32.2 L.82 552, 1.1 - 0.k
60, 1k.12 182 5.65 3.91 2.05 0.52 1.65 0.75 1.03 1,30 3.50 3.9% 3,15 3.0 S5.ko 611, 3.0 7.9 0.2
90. 15.00 177 5.4 k.27 41.93 0,40 1.W% 0.71 0.86 1.22 2.55 3.3 2.56 3¥%.3 - sk2, 2.6 9.0 0.2
0. 14,75 170 5.27 3.5 1.91 0.60 1. k3 0.67 0.95 1.21 2.95 3.13 2.k5 W, 8 o 581. 33 1.1 0.2
7.75  90. 13.94 216 1,56 4.30 0,11 o0.62 1.33 0.70 0,81 1.38 0.22 L,0b 4.b7 2.72 12.8 199, 8.6 26.2 1.9
7.75  90. 1k.27 215 2.09 L4.31 0.05 0.73 1.29 0.58 0.73 1.30 0.20 3.82 k.07 1..61 9.3 201. 8.1 25.0 1.9
120,  1L.29 193 5.8 3.97 2,13 0.51 1.51 1.49 1.20 1.26 2.4 LW.ko 1.9 32,6 2.90 5hk2. 1.5 - 0.2
120, 1k.3b 199 A6 340 1.78 0.20 1.1 0.63 0.83 1.07 2.99 2.67 1..65 3N.0 - 691. 1.9 8.2 0.2

.
at 135°C each samide contains 31.% cm Hg 3He

-69T’
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