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ABSTRACT

The y-radiolysis of liquid nitrous oxide has been

investigated. The products formed are nitrogen, oxygen

and nitrogen dioxide, yielding G(Né) 13.1 + 0.2,

G(0,) = 2.6 £ 0.1 and G(NO,) = 5.6 * 0.2 respectively. A
mechanism is presented, which is consistent with the
results obtained, and includes a novel combination of

2
To support the mechanism, over thirty compounds

+ -, . . . .
N20 and N,O 1ions in the neutralisation reaction.

were added to nitrous oxide solutions, and the changes
in producf yields measured. Generally the nitrogen
yield decreased, whereas the yields of oxygen and nitro-
gen dioxide were eliminated as the additive concentration
increased.

Efficient electron scavengers, such as nitrogen
dioxide and chloroform, have lower ionisation potentials
than nitrous oxide and when added to the nitrous oxide
system, scavenged both electrons and positive ions. The
results obtained complement the mechanism.

With the addition of nitrous oxide to alkane solu-
tions, nitrous oxide scavenged some of the electrons gen-
erated in the alkane, and thus inhibited hydrogen formation.
Nitrous oxiae was hence interfering with normal neutral-
isation reactions of the alkanes, resulting in a decrease

in the hydrogen yield and an increase in the nitrogen yield.
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A specific study was carried out to determine
G(HZO) in the hydrocarbon/nitrous oxide system, and the
results obtained accounted for the oxygen atoms released

during radiolysis.
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1.

INTRODUCTION

A, | GENERAL

Radiation chemistry-is the study of the chémical
effects resulting from the absorption of high energy ion--
ising radiafion by material (1). The passage of such
radiation through liquids yields excited, ionic and free
radical species. These intermediates then react fufther
to give staﬁle products.

Certain compounds added. to a system can react with
intermediates during radiolysis. For example, nitrous
oxide reacts with electrons and results in the formation
of nitrogen, a stable product which is easily measured.
Nitrous oxide is therefbre used as an additive for eluci-
dating méchanisms in various systems. Information can
thus be obtained about electron reactions, leading to a
better understanding bf radiolytic processes.

Ion—e;ectron neutralisation in the radiolysis of

an alkane normally produces hydrogen.

RH NN —>  ReE® + e (1)

RHT + e —> H, + products (2)

In the presence of nitrous oxide, some of the electrons
generated in the alkane are'scavenged, thus altering the

neutralisation reaction and preventing the formation of
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hydrogen via reaction (2). The negative ion NZO— formed
in (3) results in nitrogen through (4).

e + NZO;-—* NZO (3)

) o, ’ _
NZO + RH f* N2, but no H2 (4)

By measuring these changes in product yields, data are
gathered about the normal neutralisation reactions.
Although nitrous oxide has been used as an elect-
ron scavenger in many systems, it hés not been thoroughly
ihvestigated itself. This thesis is therefore concerned

with the study of the radiolysis of liquid nitrous oxide.

B. 'ABSORPTION OF IONISING RADIATION

Radiolysis réactions are initiated by the absorp-
tion of high energy ionising radiation in a system. The
actual érocesses by which enefgy is transferred from the
radiation to the molecules in the system merit considera-
tion. Y rays interact in several ways with the medium
.they traverse. The two main prbcesses by which energy is
transferred from 1 MeV y rays, such as those used in the
present work, are briefly outlined below.

The photoelectric effect must be considered when
using materials of high atomic number, such as methyl
bromide and iodide. A y photon interacts with the atom

as a whole, and the orbital electron ejected essentially



acquires all the energy ofbthe absorbed‘photon;

Compfon scattering is the predominant process for
1 MeV photons in materials of low atomic number, such as
hydrocarbons and nitrous oxide. An incideht Y ray.col—
lides with an atomic electron which absorbs on average
about half of the photon's energy. The electrbn released
thus acguires about 0.5 MeV, and produces further ionisa-
tions,'and excitations by interacting with moiecules as
it dart$.through the system. This initial electron is
called a "primary" electron, and in turn it sets in
motion many "secondary" electrons. The seéondary eiect—v'
rons can create further ionisations and excitations.
Henée "activated" zones are created along the path of
the iohising particles.

In the liquid phase many of the ions and electrons

recombine within about 10”10

6

sec, but others may have a

lifetime of 10~ ° sec or longer.

c. REACTIVE INTERMEDIATES

Reactive intermediates such as positive ions}
electrons, excited molecules, free radicals and negative
ions can take part in several fypes of reactions in form-
ing the final products. A brief explanation of the more
important reactions is warranted and therefore is sum-

marised below.



(a) Positive Ions

A charge transfer, or électron abstraction reaction,
can occur if the ionisation potential of a neutral mole-
cule B is less than that of the neutral counterpart of the
ion A+; |

At + B— a + 8" (5)
If A is a polyatomic molecﬁle then its ionisation potential
could be greater than the "recombination energy" of the
electron. Thus for reaction (5) to proceed efficiently, the
ionisation potential of B should be equal to or less than
the "recombination energy" of the ion A+. These reactions
are helpful in studying various positive ions such as the
" excited propane ion formed in the following reaction (2).

26, )y + C.H, + Xe + c.u** (6)
1/2 3tg 3tlg

In the radiolysis of hydrocarbons using nitrous oxide as

+,2.
Xe ( P3/2,

the additive, a charge transfer reaction can occur between

the N20+ ion and the neutral hydrocarbon molecule.

N20+ + RH— N,0 + rut (7)

Johnson and Warman (3) noted that by using nitrous oxide in
the radiolysis of propane, the hYdrogen yield decreased.
They deduced that no hydrogen atoms are formed when the
electrons are scavenged by nitroﬁs'oxide.

Other reactions of positive ions include proton
transfer hydrogen atom and hydrogen transfer, and condensa-

tion reactions.



(b) Negative Ions

Thermal electrons can be captured by neutral mole-
cules possessing positive electron affinities, and hence

can form negative ions (4).

- -k
AB + e — AB (8)

The fate of the vibrationally excited ions, with respect
vto dissociation, depends upon such factors as the initial
energy of thé electron, the electron affinity of the neut-
ral molecule AB, and the dissociation energy of the A-B
bond. Thus dissociation or autodetachment can occur

unless the anion is guickly stabilized.

-k -
AB —+ A + B (dissociation) (9)

AB-* — AB + e (autodetachment) (10)

Hence the formation of a relatively stable AB™ ion
is dependent upon a rapid de-excitation of the anion.
The excess energy of the excited ion is removed by col-

lision stabilisation with a neutral molecule.
-k - *
AB + M»>2AB + M (11)

Information from the study of the pressuré dependence
from the electron capture cross-sections of nitrous
oxide indicate that the ion NZO- is stabilised by col-

lisions (5,6). The nitrous oxide negative ion NZO— has




6.

4

a decomposition lifetime of .10" ° sec in the gas phase

(7), and the estimated lifetime in another study was

5 sec (8) . By comparison the lifetime of a more

2 x 107
complex ion, SFG_, is 10-4 sec (9). These negétive

ions can undergo ion-molecule reactions, and can be
neturalised by positive ions. For example, when two

high electron affinity compounds are present in a radioly-

tic system, an electron transfer reaction is proposed to

occur (7).

NZO + SF6 — N20 + SF6 (‘12)
Nzo" + DI — N,0 + DI_‘ (13)
(c) Excited Molecules

Excited molecules are generated directly in the
radiolytic system and formed from ion neutralisation re-
actions. Much of the knowledge concerning the reactions
of excited molecules is acquired from photolysis studies
using photon energies below the ionisation potential of
the compound under investigation. The decomposition of
nitrous oxide after the absorption of 1470 i liggt can

occur according to the following equations (10,11).

hv %
N,O ——
2 NZO — N2 + 0 _ (14)

—+ NO + N (15)

&
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Reactions of excited molecules also include autoionisa-
tion and energy trahsfer. Excited cyclohexane molecules,
for exar_nple,‘ are reported to transfer energy to cyclo-i
hexane aﬁd benzene (12,13). Holroyd proposed that energy
transfer reactions occur between cyclohexane and nitrous
oxide in the photolysis of cyclohexane - nitrous oxide
mixtures and 1470 i light (14).

* .
C6H12 + N20 — CGHIZ + N20* (16)

(4) Néutral Free Radicals

Free radicals may be formed from ion-molecule re-
actions, and from the decomposition of excited molecules

and ions.

+ +
C,HZOH" + C,H OH —> C,HLOH," + CH,CHOH (17)

C.H, ,* — CH, + C.H (18)

6 14 3 5711

*
Nzo — N2 + 0 (19)

Free radicals are detected in a radiolytic system with
the addition of radical scavengers such as iodine, and
thereby information is obtained regarding the role of
these radicals. Electron spin resonance spectroscopy is
frequently used to detect radicals, as in the esr

studies of irradiated nitrous oxide (15,16). Reactions
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of neutral free radicals of particular importance in the

present work are abstraction (e.g. reaction 20) and com-

bination (e.g. reaction 21) .

OH + RH —* H20 + R- (20) (ref. 17)

(where RH is a hydrocarbon)
O + 0 + M— 0, + M (21) (ref. 18)

Other reactions include addition to double bonds, dis-

proportionation, and abstraction.

D. ANOMALIES CONCERNING RADIOLYSIS IN THE LIQUID PHASE

Mechanistic postulates concerning the radiolysis
of solutions are ffequently augmented by direct comparison
with similar studies in the gas phase. This section briefly
discusses differences between processes in the two phases.

The passage of Yy rays through a liﬁuid causes the
ionised and excited species to be intially concentrated
in spheres of about 10 R diameter and roughly lo3 R apart
along the paths of high energy electrons (4) . Secondary
electrons drift about 100 R from their parent positive
ions while becoming thermalised. Therefore it is quickly
rationalised that in the liquid phase, most of these low
energy electrons recombine with their parent ions. The
majority of the free radicals formed also recombine.

These clusters or spheres of intermediates are referred
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to as spurs and due to the close proximity of these inter-
mediates; the latter have a high probability of reacting

together; Those species which by random diffusion evade
initial recombination percolate into the bulk of the sol-
ution. From conductivity experihents, the free ion yield
G

Cfi
per 100 eV of energy absorbed) is estimated to be about

(where Gey is the number of pairs of free ions formed

0.1 in many liquid hydrocarbons (19-22).

By comparison, the spurs in the gas phase are
about 1 p in diameter and separated by about 102 B (4).
The sedondary electrons have a high probabiliﬁy (close
to unity) of escaping from their positive ions and pairs
"of free radicals formed have little probability of re-
'coﬁbination. The free ion yield in gas phase hydrocar-
bons is therefore considerably higher being around 4
(23).

The low yield in the liquid phase indicates that
only a small fraction of the ejected electrons escape
the coloumbic fields of their parent positive ions.
Therefore considering that the product yields £from elect-
ron scavenging studies are far in excess of 0.1, then
the electrons which are scavenged are those which would
otherwise have recombined in the spurs.

Electron affinity values obtained from measurement
in the gas phase are often quoted indiscriminately from

one phase to another. In fact values in the liquid phase
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vary with such factors as the polarity and structure of the
solution.

(22)

+
solv solv solv

In the above reaction, the sum of the solvation energies
of the neutral molecule AB and the electron probably does
not equal the solvation energy of the negative ion AB™.
Solvation processes can also enhance the dissociation of.
negative ions, and alier the probability of ion-molecule.
reactions, especially in polar solvents (4).

v Excited molecules and ions which would have decom-
posed in the gas phase have a good probability of being
stabilised by collision in liquids. Collisional stabil-
isation apparently accounts for tﬁe behaviour of such
'compoundé as carbon dioxide and methyl chloride which are
good electron scavengers-in the liquid phase, and are
quite ineffective as scavengers in the gas phase.

The geminate recombination processes could also
differ between the two phases, as the recombining electron
suffers many'more‘collisions in the liquid phase due to
the close proximity of neighbouring molecules. However,
the recombination energy will still be greater than the
-bond encrgy of the molecule so a probable result is de-
composition of the excited molecule.

Ionisation potentials are lower in the liquid
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phase than in the gas phase by about 1-1.5ev (24). 1In
the radiolysis of 1liquid hydrocarbons, using nitrous oxide
as the édditive, the reduction in the hydrogen yield has
often been interpreted as an indication of the number of
electrons scavenged. There is however a danger in this
interpretation, as in the gas phase the yieid of hydrogen
from neutralisation processes is less than the ion yield
"~ (25-27). A charge transfer reaction is probably more
efficient in the liquid phase, as collisions with other
molecules are likely to occur before vibration relaxation
of the ion.

In conclusion, extrapolation of gas phase data
into liquid phase mechanisms should be undertaken with

caution, giving due regard to the above examples.

E. RADIOLYSIS OF NITROUS OXIDE

(a)  Gas Phase

Nitrous oxide has been used extensively as a
dosimeter (28-41), but its role as such is somewhat
1imited due to the uncertainty in the resultant nitrogen
yields. However, various groups have contributed signi-
ficantly towards a greater insight to the overall mech-
anism in the radiolysis of gaseous nitrous oxide.

Harteck and Dondes (30) proposed that nitrous
oxide was a reproducible dosimeter, and included the

equations given below in their mechanism.
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— M o -
Nzo NZO* $N2+° 80% (23

Y. N20 +e ) n+NO ~208 (24)

Jones and Sworski studied the effects of temperature pres—
sure and electric field on nltrous oxide dosimetry (38).
-They used the above equations in their mechanism, drawing
their conclusions from an early study of nitrous onide
(28,29) and from information gained with the photoiysis

of nitrous oxide (10,18).

Further reactions of nitrogen and oxygen atoms
with nitrous oxide are endothermic if the former are in
‘their ground states (42). However, the nitrogen atom can
-react with the product nitric oxide, and the oxygen atoms

recombine (43).
N 4+ NO —» N2 + 0 (25)
0+0+M—>0, +M (26)

Applied electric field experiments with nitrous oxide gave
various results from group to group (44,45) , and also
veiues from temperature effect studies varied. For
example, Jones and Sworski (38) and Gorden and Ausloos

(37) agreed that the nitrogen yield obtained is greatly
dependent on temperature but Boyd et al (41) determined
‘that G(Nz) showed no dependence on temperature below 200°C.

values of G(Nz) even at a standard temperature show great
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deviations. Jones and Sworski obtained a G(Nz) value of
10.0 £ 0;2 agreeing with the results of Moseley and
Truswell, Harteck and Dondes, and Flory. However, higher
results such as G(Nz) = 13:1 i 0.2 (36) and G(N2) = 11.0 +
0.4 (33) display the overiding deficiency of nitrous |
oxide as a gas phase QOSimeter due to the inconsistent
nitrogen yields obtained.

The radiolysis of gaseous nitrous oxide containing
additives has been investigated (46-50) . Conventionally
the product yields for the pure system are determined,
then additives such as the electron scavengers sulphur
hexafluoride and carbon tetrachl§ride are added, and the
'changes in the yields are recorded. A mechanism is then
proposed compatible with the experimental results.

Thermal electrons are proposed to react with nit-
rous oxide in the gas phase to form nitrogen by dissocia-

' tive attachment (51-53).

.N20+e '—'+N2+O (27)

Burtt and Kircher suggested that the O~ ion reacted fur-

ther. (31).

0O — N + O (28)

o + N 2 2

2

0" + N,0 — NO + NO~ (29)

The formation of 02_ from the bombardment of O  ions on
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gaseous nitrous oxide, studied in a mass spectrometer
(31), led to a general acceptance of reactions (28) and
(29). Therefore, according to this proposal, the cap-
‘ture of one electron by nitrous oxide leads to more than
one mole of nitrogen formed. Using other electron
scavengers as additives in the nitrous oxide system,
Humme 1l (46,49) obtained results consistent with the
above mechanism, and also suggested further reactions
which couid generate additional O~ ions.

NO~ + N,0 — NO + N, + o~ (30)

However, in a simila: study with electron scavengers,-
Takao et al (47,50) determined that in the.radiolysis
of nitrous oxide, one electron decomposed one molecule
of nitrous oxide subsequently leading to the formation
of'one molecule of‘nitrogen. Hence the ionic reactions,
involvihg o~ yielding more than one molecule of nitro--
gen per scavenged electron, could not-explain their
results., |

| They suggested that the electron attachment to
nitrous oxide was not initially dissociative, and the
negative ion NZO- was sufficiently long-lived to undergo
neutralisation reactions.

0O — N.O~ (3)

e + N2 2
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Sears (48), studying the effecf of electron
scavengers on nitrous oxide, also cast doubt on reactions
(28) and (29), since Paulson (54) found that charge trans-
fer from O to impurity 0, could account for the 0,”

observed by Burtt and Henis (52).

(b) Liquid Phase

Little work has been done on the radiolysis of pure
" liquid nitrous oxide (48,55). quinsoﬁ and ‘Freeman (55)
included in their mechanism the reaction of 0 with N,0
(reactions (28) and (29)), followed by a neutralisation
:reaction. |

N.oT + 0

2 2 (NO ) =+ N

20* + OZ(NO) (32)

‘Although the reaction of a ground state oxygen atom with
nitrous oxide is endothermic, they suggested that equival-
ent reactions involving excited oxygen atoms could occur.
The value obtained for G(N,) was 12.9 # 0.2. Sears, using
different techniques,Aobtained a value of 11.2 + 0.5 for

the radiolysis of liquid nitrous oxide at -88°C (48).

F. ADDITIVE STUDIES WITH NITROUS OXIDE

Nitrous oxide, being an electron scavenger, is
used frequently in systems to ascertain the extent of
the ionic reactions involved (3,7,14,17,56-82). Referring

to saturated hydrocarbon s&stems, a gradual decrease in
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hydrogen yield and increase in nitrogen yield is gener-
ally observed with increasing nitrbus oxide‘concentration.
The nitrogen yields obtained are usually greater than the
expected yields of nitrogen resulting from the scavenging.
of electrons. Several suggestions have been made to
account for this apparent "additional yield" of nitrogen
and are briefly discussed below.

Various workers have determined that hydrogen atom
reactions have little effect on the nitrogen yield. For
example, Sato et al (65) determined that the addition of
‘cyclohexene (a hydrogen atom scavenger) to the cyclo-
hexane/hitrous oxide system does not decrease the nitrogeﬁ
yield. Robinson and Freeman. (75) in a radiolysis- study
of alkanes observed that nitrogen yields obtained from
the addition of nitrous oxide were independent of the
' alkane type, thus confirming that nitrous oxide reacts
with electrons and not hydrogen atoms. Sagert (78),
Charlesby (64) and others (79,80) determined that hydro-
carbon free radicals: could not be percursors of nitrogen.
A prdbable source of this "excess yield" of nitrogen
therefore lies in the secondary reactions of nitrous
oxide. Holroyd proposed that above a certain nitrous
oxide concentration (~20mM), an energy transfer reaction
between an excited molecule and nitrous oxide could
occur. He concluded this from his studies of the

(-]
1470 A photolysis of cyclohexane and nitrous oxide
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solutions (14).

+ 0+ C.H

2 6712 (16)

CH, . * + N

6712 2

O — N
This suggestion of an energy transfer reaction to nitrous
oxide has not been widely supported, and even Holroyd's
results can be explained using secondary ionic reactidns
of nitrous oxide. |
Robinson and Freemans' proposal of a minor reaction
between an excited oxygen atom and nitrous oxide (55) was
included in the mechanism of Takao et al (81).
* .
O + N (33)

0—?02+N2

— NO + NO (34)

2

- The latter concluded that G(NZ) from this reaction was
2.6.

Johnson and Warman (3) proposed that as nitrogen
was formed from the dissociative capture of electrons by
nitrous oxide, then as previously mehtioned the 0~ ion
reacted with nitrous oxide to form more nitrogen. Also
an electron with sufficient kinetic energy might react

with nitrous oxide according to the following equations

(82).

-k -
e + N20-——* N2 + 0+ e (35)

Since Schulz observed a similar reaction in a mass
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spectrometer (83), Sears proposed that like reactions could
account for the "excess yield" of nitrogen (48).

Recently interest has been concentrated towards the
existence of a long-lived NZO- ion. Evidence for this
anion was indicated in the gas phase, as the electron capture
by nitrous oxide turned out to be a pseudo three-body
reaction (5,6).

e + N20 + M — NZO (31)

As previously mentioned the lifetime of this ion is about
10”4 sec (1), thus it can undergo additional reactions.
Warmaﬂ(67) proposed the following reactions concluding that
two molecules of nitrogen are produced for each electron

captured.

- —%
NZO + N20-——+ N, + N,0, (36)

- +
N_O + RH —— N

5,02 o *+ products (37)

Takao et al (81) suggested a neutralisation reaction
between the Nzo- ion and a hydrocarbon positive ion pro-

" ducing one molecule of nitrogen per electron captured.

N0 + RHT — N, + OH + R (38)

The products of the reactions between nitrous oxide and

solvent ions are not well known. Various suggestions have
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been made, being dependent upon whether the authors bélieve
that one, or more than one, nitrogen molecule results from
each electron scavenged by nitrous oxide. The yield of
nitrogen cbtained from the radiolysis of a 0.3 M solution
of nitrous oxide in aﬁ alkane is G(N,) = 5 (65,83)
whereas the gas phase jonisation yield of the hydrocarbon
is only G(ionisation) = 4 (84,85). However, the ionisa-
tion yield in liquid xenon is three-fold greater than in
gaseous Xenon (gg) , so a factor of 1.3 between the liquid
and gas phase yields in alkanes appears reasonable. If
this is the case, then no vadditional yield“ of nitrogen

would be required.

G. OBJECT OF THE PRESENT WORK

The overall interpretation of results'from the
radiolysis of pure nitrous oxide and from systems using
nitrous oxide as an additive is still rather obtuse. The
radiolysis of liquid nitrous oxide was therefore studied
and the product yields determined. A mechanism is pro-
posed which is consistent with the results obtainea, and
includes a novel combination of NZO_ and N20+ ions in
the neutralisation reaction.

To support the mechanism, additives such as electron
scavengers were introduced into the nitrous oxide system
and the changes in product yields measured. Various other
compounds, including alkanes and alkenes, were added to

the system and all afforded results consistent with the
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mechanism.
An additional study determined G(HZO) in the nitrous
oxide n-butane system, which accounted for the oxygen atoms

released during radiolysis.
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(a)

EXPERIMENTATL

MATERIALS

Nitrous Oxide

21.

The nitrous oxide used was obtained from the

Matheson Company, and the average analysis purity was

given as 98.5%.

trace amounts of nitrogen dioxide were detected.

fore it was essential to remove nitrogen dioxide

bubbling the gas stream through two concentrated

sium hydroxide solutions.

(®)

2

1)
2)

Compounds Used as Gaseous Additives

Additive

‘Acetylene

n-Butane .
1-Butene
1,3-Butadiene
Carbon Dioxide
Cyclopropane
Ethane

Ethene

Méthyl Acetylene

Methyl Chloride
(Practical Grade)

Methyl Fluoride
Nitrogen Dioxide

Propane

Phillips
Phillips
Phillips
Phillips
Matheson
Matheson
Phillips
Phillips

Phillips

SuEglier

Petroleum
Petroleum
Petroleum
Petroleum
of Canada
of Canada
Petroleum
Petroleum

Petroleum

The principal impurity was air, but

There~

by

potas-

Company
Company
Company
Company
Limited
Limited
Company
Company

Company

Eastman Organic Chemicals

Columbia Organic Chemicals

Matheson of Canada Limited

Phillips Petroleum Company
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Additive Sugglier
Propene Phillips Petroleum Company
Sulfur Hexafluoride Matheson of Canada Limited

All reagents used were of research grade quality and used

as supplied, unless otherwise stated.

1) Treated with potassium hydroxide pellets to remove
acid impurities.

2) Traces of dinitrogen trioxide removed by trap-to-
trap distillation at —785C using a dry ice and

acetone slush bath.

(c) Compounds Used as Liquid Additives
Additive ‘ Supplier

Acetone (Spectral Grade) Baker Chemical Company

1) Acetaldehyde Fisher Scientific Company
2) - Carbon Tetrachloride Eastman Organic Chemicals .
2) Chloroform |
-(Reagent Grade) McArthur Chemical Co. Ltd.
3) Cyélopentane Phillips Petroleum Cbmpany
Cyc10penténe Phillips Petroleum Company
Ethanol U.S. Industrial Chemicals Co.
3) -_ngexane " Phillips Petroleum Company
l-ﬁexene _ Phiilips’Petxoleum Company
4) Methanol Baker Chemical Company
2) | Methyl Bromiae Eastman Organic Chemicals

(Practical Grade)
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" Additive Supplier
Methyl-Iodide Eastman Organic Chemicals
(Practical Grade)
3). Neohexane Phillips Petroleum Company
2) n-Propyl Bromide Matheson, Coleman and Bell

(Reagent Grade)
Toluene Fisher Scientific Company
(Reagent Grade)
Reagents were of research grade Quality and used as supplied,
 with the following exceptions:-
1) Distilled and middle fraction used.

-2) Treated with potassium hydroxide pellets to remove

| acid impurities.

3) Shaken with an equal amount of concentrated sulphuric
acid, dried over anhydrous magnesium sulphate and dis-
tilled from lithium aluminium hydride.

4) Refluxed with 1.5 g of 2,4-dinitrophenylhydrazine and
1 ml of concentrated sulphuric acid per litre of

methanol and then distilled.

(d) Materials Used in the Gas Chromatographic Units

Compound Supplier
Molecular Sieve 5A

(1/16" pellets) Union Carbide Corporation
Porapak Q _ .

(mesh size 50-80) Waters Associates Inc.
Porapak Q

(mesh size 150-200) Waters Associates Inc.



Comgound

Helium

(e) Miscellaneous

2)
1)

1)

2)

B.

Compound

1) Chlorobenzene

‘l) Chloroform
Drierite

1) Ethanol

1) Methanol

1-Naphthylamine
Potassium Hydroxide
Sulphanilic Acid

Water (doubly-distilled)

m-Xylene

24.

Sugglier

Canadian Liquid Air Ltd.

Supplier

Fisher Scientific Company
McArthur Chemical Co. Ltd.
Hammond Drierite Company

U.S. Industrial Chemicals
Co. '

McArthur Chemical Co. Ltd.
Fisher Scientific Company
Fisher Scientific Company

May and Baker Ltd.

Eastman Organic Chemicals

These compounds were used in the preparation of

refrigerant slush-baths.

First distillation from alkaline potassium permangan-

ate.

APPARATUS

(a) The High Vacuum System

Ir-1.

The diagram of the main manifold is given in Figure

A Welch duo-seal vacuum pump (Model 1402) coupled

with a two-stage mexrcury diffusion pump ensured working
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'vacuums of one micron or less. Pressure measurement was
achieved using a Pirani gauge supplied by Consolidated
Elec;rodynamics (Model GP-110) and the gauge-tube attached
to the manifold by means of a Kovar seal.

Pyrex glassware was used in the construction of the
high—ﬁacuum system, and clamped to a metal frame, which
was supported on a wooden table. All glass used in:the
assembly of the rack was initially cleaned using soap
solution and thoroughly rinsed with distilled water. When
in wbrking order, traps Tl and T2 were immersed in liquid

nitrogen baths to ensure smooth operation of the pumps.

(i) The Sample Preparation Manifold

The system (as shown in Figure I1I-2) was used for the
preparation of pure nitrous oxide samples and samples con-
taining additives,both liguid and gaseous.

Sample cells (Figure II-3) were constructed from Pyrex
glass tubing (15 mm diameter). This tubing was initially
cleaned by treating with hot concentrated nitric acid, and
then thoroughly washed with distilled water, and finally
rinsed with doubly-distilled water. The cells were glass;
blown to 10/30 inner ground-glass joints apd attached to
10/30 oﬁter ground-glass joints on the manifold.

After testing for leaks, the cells were weighed and
the weights recorded. When refitted to the manifold, the

vials were flamed quite strongly whilst open to the pump
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T

Gas analysis

system

N

(a) Sample cell

SA2

Break
seals

BS2

Weakened
--area to
. facilitate
rupture of
vial

_

(b) Cell used for nitrite
determination

(c) Special cell for
water analysis

BS1

SAl

FIGURE II-3 Sample Bulbs
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until no deflection on the Pirani gauge was noted. As an
‘added precaution,a drying tﬁbe containing Drierite beads
was used as a breath filter when glass blowing on the rack.

The cells used for water analysis were cleaned by |
using equal éuantities of ethanol and nitric acid, washed
with doubly-distilled water, dried, and kept in a desic-
cator until used. The use of greased stopcocks was kept
to a minimum, and preference was given to the staihless-
steel and Teflon Hoke valves. Where the use of grease
(Apiezon N) was unavoidable, such as in the case of ground-
élass joints, then frugal application of the grease was
essential.

Severai calibration bulbs were used, depending on the
quantity of gaseous additive required. These were
attached to the manifold by means of 12/30 ground-glass
joints. The magnitudes of the calibrated volumes, using

water as the determinant, are given below.

Calibrated Bulb 153.4 + 0.2 ml at 25°C

518.0 ml at 27°C

|+
o
(8]

1
2 271.0 + 0.3 ml at 26°C
3
4

1051 ml at 29°C

|+
-t

The two calibrated tubes used CT1 and CT2 were of 1 and
10 ml maximum capacity, respectively, and were used to

measure the volume of liquid additive at the required
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temperature (Figure II-2).
The storage vessels SV1 and SV2 were constructed from -
thick-walled glass, and were of 300 ml capacity. SV2 was

used to store the purified nitrous oxide.

(ii) The Sample Analysis Manifold

The block diagram of this manifold is shown in Figure
II-4. An auxiliary pump (Welch duo-seal) wés used to
'operate’the mercury float valve and to assist in evacuatihg
the Toepler-McLeod gauge. A breaker_device in the sample
breaker unit, SCA, was constructed from a soiid glass
,stépcock and incorporated a hole at one end. The stem
.of the sample cell was fitted into this orifice and
broken with a twist of the stopcock. Cold traps T5 and
T6 were maintained at -196°C when an analysis was per-
formed. The Toepler pump efficiently carried over the
noﬁ-condensable gases intp the McLeod gauge. The
storage bulbs SB3, SB4 and SB5 held various gases used
for calibration purposes; these gases were introduced

into the manifold through the inlet mercury valve 1IV.

(b) The Gas Chromatographic Unit

Helium carrier gas flowed through the detector cell
and column. Its flow rate was determined by a bubble

flowmeter. Both the detector, Model TRIIB (containing W2
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replaceable filaments), and the power supply (Model 405-C1)
were manufactured by the Gow-Mac Instrument Company. The
recorder was supplied by E. H. Sargent and Company (Cat. No.
S-72180). When in use the detector was maintained at a
temperature of 129°C and the current used was 250 mA. A

10' Molecular Sieve (5A) column in the form of a U-tube

was operated at room temperature.

(i) Water Analysis

The sample analysis manifold was modified so as to
incorporate the special cells used for the water analysis
»(Figure II-5). When the cell was glass-blown to the
unit, each side-arm, SAl and SA2, could be evacuated in-
dependently. A Hoke valve H3 with a metal side-arm con-
nected this cell to the column; this distance was kept
as short as possible. An injection unit SI fitted with
a éeptum cap was attached to SA2 and used to inject alcohol
chasers into ﬁhe unit. Under final analysis conditions
the whole apparatus was wrapped in heating-tape (supplied
by Glass-Col Ltd.) and maintained at 190°C by means of
variable voltage power supplies (Superior Electrical Com-
pany) .

The column used for water analysis was a 6' x 3/16"
copper tubing containing Porapak Q. For the alcohol
determinations,a 9" x 3/16" qolumn afforded the optimum

results. These columns werxe contained in a heating mantle
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‘at 210°C and insulated with glass wool. The detector cell
and power supply were supplied by the Gow-Mac Instrument
Company, and the cell operated at 150 mA at a temperature
of 129°C. Thejrecorder was supplied by Hewlett-Packard
(Model 7127A). |

Helium gas was dried in a drying tube containing

Molecular Sieve (type 5A) and no water could be detected

in the carrier gas stream.

(c) Spectrophotometric Analysis

A Beckmann DU spectrophotometer incorporating a hydrogen
lamp was used at a wavelength of 304 mp to determine the
concentration of ferric ions in the Fricke dosimeter. The
dosimetfy is described later.

The same instrument, when operated at 540 mp using a
tungsten lamp, gave the quantity of nitrite in the irradi-
ated samples. By means of a calibration curve obtained with
standard solutions, the yield of nitrogen dioxide was cal-

culated.

C. /TECHNIQUES

(a) Preparation of Pure Nitrous Oxide

Nitrous oxide was purified by bubbling the gas
through sintered glass discs in gas scrubber bottles con-
taining concentrated potassium hydroxide solution. This

procedure was essential as it removed impurities such as
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nitrogen dioxide and carbon dioxide from the gas stream.
An empty bottle was employed as a safety precaution to
prevent back—flushlng 1nto the nitrous oxide cylinder
(Figure II-6). The gas then passed through a column
(50 cm x 0.25 cm) containing Drierite beads, and into a
.flowmeter which regulated the quantity of gas from the
cylinder. = After further drying through three columns of
Drierite (50 cm x 0.15 cm), the nitrous oxide now purified
and dried, entered the auxiliary manifold through s£0pcock
Sl. The gas was allowed to flush out the system and |
escaped through a mercury bubbler (MB) to a line leadlng
to the fume-hood. After five minutes, the appropriate
' stopcocks were turned and the gas frozen in the storage
bﬁlb (SV3) which was immersed in a liquid nitrogen bath.
When sufficient material was collected, usually after half
an hour, the frozen nitrous oxide was warmed up, and
approximately a third allowed to distill off. Then the
remaining gas was subjected to several degassing processes
consisting of freeze-pump-thaw.cycles and trap-to-trap
distillations (T8 and T9). This nitrous oxide ﬁas col-
lected in the storage vessel (SV2) and kept at liguid nitro-
gen temperature until used (Figure II-2).

Samples were prepared in batches and fresh nitrous
oxide used for each series. Digtillation of the liquid
nitrous oxide was effected by cooling the sample cell to

methanol slush temperature at -90°C. When sufficient liquid
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was collected, usually 2 g, the cell was frozén and thor-
‘6ugh1y degassed. The vial was then sealed off with a
flame, quickly washed in methanol to remove frozen meth-
anol, dried, and weighed. This procedure was repeated

to constant weight. The remaining stem containing the
10/30 ground-glass joint was cleaned of grease and weighed.
Hence the weight of nitrous oxide was determined.

The sample cell containing nitrous 6xide was placed
in a holder and lowered into the irradiation Qessel, which
.was maintained at a temperature of -90°C by means of
methanol slush. When liquified,Athe nitrous qxide was
irradiated in a Gamma-220 Cell.

For each batch of samples prepared, an unirradiaﬁed

sample was set aside and used as the blank.

(b) Gaseous Additives

A list of the gaseous additives used in given on
page 21,

For the non-halogenated compounds, the additives were
first passed through a column containing Drierite (DC)
degassed using the cold-traps T3 and T4, and then collected
in the storage bulbs SB1l or SB2. When needed for use;
further degassing by freeze-pump-thaw cycles  in the side-
finger of the bulb were performed until no deflection
on the Pirani gauge was observed (Figure II-2).

When addition to the sample cell was required, the gas



38.

waé allowed to expand into a calibrated bulb CBl or CB2
until the required number of moles was obtained. The
excess gas was pumped off, and the additive was introduced
from the calibrated bulb into the sample cell containing
‘nitrous oxide; frozen in a bath of liquid nitrogen. For
high concentrations of additives, the calibratgd'tubes

CT1 and CT2 were preferred for measurement, and various
temperatures were used to measure the required volume
(Table II-1).

After five minutes the system was opened to the pump,
and the cell sealed off with a flame. The vial and cell
were weighed taking the same precautions as previously
described. Hence the mole percentage of additive was
calculated.

For the halogenated compounds, an additional column
containing potassium hydroxide pellets was placed before
the drying column, and the additives passed through it.

Care was used to ensure‘that the liquid nitrous oxide
and the additive were completely mixed at the temperature
of irradiation. A list of the additives and their
irradiation temperatures is given in Table II-2. These
temperatures were achieved through selection of suitable

slush-baths.

(c) Liquid Additives

The liquid additives used are listed on page 22,
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TABLE II-1.

Densities of Additives at Selected Temperatures

(i) Gaseous Additives

Compound Slush Bath Used Dernisity
n-Butane Chloroform 0.676 at -63°C
1-Butene Chloroform 0.687 at ~-63°C
1, 3-Butadiene o-Xylene 1.430 at -23°C
Cyclopropane Chloroform 0.706 at -63°C
Propane Chloroform 0.606 at -63°C
Propene Ethanol 0.698 at -1l16°C

All other gaseous additives measured using calibrated

bulbs.

(ii) Liguid Additives

Compound Slush Bath Used Density
Acetaldehyde Ice~-bath 0.808 at 0°C
Methyl Bromide o-Xylene 1.796 at -23°C

Other liquid additives measured at room temperature.
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TABLE II-2

Various Irradiation Temperatures Used

(i) Gaseous Additives
Compound Irradiation Slush Bath
Temperature
°C
Carbon Dioxide ' -47 m-Xylene
Nitrogen Dioxide -45 Chlorobenzene
Sulphur Hexafluoride -45 Chlorobenzene
(ii) Liguid Additives
Compound Irradiation Slush Bath
Temperature
°C
Carbon Tetrachloride -23 o-Xylene
Chloroform -63 Chloroform
Methyl Iodide -63 Chloroform

All other additives were irradiated at -90°C using a

methanol slush bath.
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These additives were first introduced into a 1 litre flask
through a side-arm, then attached to the manifold, and pre-
liminarily degassed. After subsequent degassing cycles
through traps T3 and T4, the purified liquid was distilled
into the storage vessel SV1. Calibrated tubes CT1l and CT2
of 1 and 10 ml capacity, respectively, were used to measure
the volume of liquid required. Various slush baths were
used depending on the particular additive, these tempera-
tures are givén in Table II-1l. The liquid was then dis-
tilled into the sample cell containing the nitrous oxide,
using the same technique as described above, sealed off
and weighed. The sample cells were vigorously shaken in
the irradiation vessel to achieve a homogeneous solution.
All liquid additives were irradiated at -90°C in methanol
slush unless otherwise stated (Table II-2).

The halogenated compounds were initially passed as
vapor through a column of potassium hydroxide pellets

before the degassing procedure.

(d) Gas Analysis

The irradiated sample cell containing the products
to be analysed was initially washed free of frozen
methanol and thén placed in the sample breaker apparatus
(Figure II-4). The cell was kept at liguid nitrogen tem-

perature whilst the unit was evacuated until the Pirani
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gauge read less than one micron. Further evacuation was
done with the Toepler pump and the pressure now determined
by the McLeod gauge. When the system was completely
evacuated, traps T5 and T6 were enclosed in liquid nitro-
gen baths. As a safety precaution, the stopcock (S2)
leading to the Toepler-McLeod apparatus was closed tem-
porarily as the neck of the sample cell was broken.

The gases non-condensable at -196°C were pumped off
and collected in the McLeod gauge. When three consecutive
constant readings were obtained, usually after fifteen
separate pumping cycles, the volume, pressure and tempera-
ture were recorded. |

These gases were then transferred through the mercury
float valve, passed the Teflon valve, and finally injected
into the carrier gas stream. The flow-rate of helium was
78 mi/min, and maintained to within 2% of this value by
a mercury flow control system. The g.c. column separated
the gases and their peaks displayed on the recorder-chart,
using the peak height times the width at half-height methanol

to measure the areas.

(i) Calibration Gases

Nitrogen, oxygen, air, hydrogen, carbon monoxide and
methane were used as the calibration gases. A known con-
centration of the required gas was injected into the chrom-

atographic unit and the peak’ area measured. This procedure
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was repeated until sufficient data were collected. A
linear response was obtained for a plot of concentration
of gas versus peak area. For hydrogen, the peak height
was measured, as the peak area gave a non-linear plot.

This peak height plot was linear in the concentration
range required. These calibration curves were checked at
monthly intervals. The retention times of the calibfation
gases were noted and therefore the identification of the

product gases could be determined.

(e) Nitrogen Dioxide Determination as Nitrite

The sample cells were prepared and irradiated using
the same techniques as previously describéd. A file-
mark was scratched around the stem of the cell, since
this procedure facilitated rupture of the vial. The cell:
containing frozen nitrous oxide was quickly dfopped into
a 1 litre bottle containing 20 ml of 0.025 M sodium .
hydroxide solution. A rubber bung equipped with a two-
way stopcock was fitted to the bottle, which was then
partially evacuated. For safety reasons, the bottle was
placed in a fume-cupboard (with safety-glass windows) and
the cell allowed to explode.

After the explosion, the bottle was shaken vigorously
for a few minutes, and then agitated on a mechanical
. shaker fof half an hour to ensure complete conversion of

nitrogen dioxide to nitrite. The resultant solution was
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filtered through a sintered-glass crucible (10-20 u por-=
osity). Great care was taken in washing out the bottle
with small guantities of distilled water. The clear
filtrate was transferred to a 100 ml volumetric flask and
10 ml of sulphanilic acid (8 g of acid in 1 litre) then
10 ml of a-naphthylamine reagent (5 g of o-naphthylamine
in 1 litre) were added; the solution mixed and set aside.
After half an hour, aliquots were pipetted into 1 cm
optical cells and measured_spectrophotometrically at 520 mu
using a Beckman D.U. Spectrophotometer (87) .

An unirradiated sample was used as the blank, this
being carried through all the above stages.

A calibration curve of known concentrations of nitrite
versus optical density was . constructed. Hence the amount
of nitrite in the irradiated sample could be determined

and therefore the G(NOZ) in the sample calculated.

(f) Water Analysis

The special cell was glass-blown to the sample breaker
unit and evacuated whilst maintained at -196°C by means of
a iiquid nitrogen bath. Hot air from a heat-gun was played
afound the break-seal BS1l to facilitate the pumping—off
process. When the side-arm was completely evacuated, trap
77 was immersed in a bath of liquid nitrogen, then the
pbreak-seal (BS1) was broken and the non-condensable gases

pumped off. A methanol slush‘bath was substituted for the
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liquid nitrogen one and the distillation of nitrous oxide
plus additive into cold trap T7 followed.

After the distillation was complete, the Hoke valve
H2 was closed and the side-arm SAZvevacuated, again
assisted by using a heat gun. valve Hl1 was now closed and -
the second break-seal broken.

A novel method of breaking '‘unbreakable' seals was
perfected, and will be described briefly here. The side-
arm under test was opened to the air, and the glass tubing
around the break-seal carefully heated. This procedure
‘forced the seal to collapse somewhat and after re-evacuating v
the side-arm the break-seal was easily shattered.

Heating tape was carefully wrapped around the side-
arms and Hoke valve H3 leading to the column; this heated
the unit to 190°C. A 1 ﬁl of pure ethanol was injected
into the heated unit through the injection cap SI and
acted as a chaser to the water. By manipulating the four-
way stopcocks, the helium gas flowed through the unit and
out through Hoke valve H3 into the column The water peak

obtained was displayed on the Hewlett-Packard recorder.

(i) cCalibrations

Known volumes of water were injected into the Poropak
Q0 column, the peak height measured, and hence a calibration
curve plotted. In the detection of alcohols, a shorter

Poropak Q column (9" x 3/16") was used, and the pufe alco-
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hols injected straight into the column. Thus plots of
concentration of alcohols versus peak heights were con-

structed, and their respective retention times recorded.

D. IRRADIATION
(a) The y-ray Source
60

A Co Gammacell 220 Irradiation Unit supplied by
Atomic Energy of Canada Ltd. was used throughout the project.

It contained 12,000 curies of 60

Co. The sample cells were
contained in a metal sample holder and immersed in a Dewér
vessel containing a slush at the irradiation temperature

desired.

(b) Dosimetry .
Fricke dosimetry was used. The Fricke solution con-

sisted of 1 mM Fe (NH ,) , (SO 1 mM NaCl and 0.4 M H.SO

4)2’ 2774
in doubly-distilled water. Ferrous ions were converted
into ferric ions by irradiation. The concentration of
ferric ions was measured at a wgvelength of 304 mpy using

a Beckmann DU Spectrophotometer. G(Fe+++) was 15.6 and
the molar extinction coefficient was 2201 at 25°C (88).

A set of samples containing Fricke solution was irradiated
for various time intervals in the Dewar vessel containing
water as this closely approximated the density of methanol
slush (the usual slush bath used).

Dose rates for all systems were calculated using the

appropriate electron densities, and corrected for the



radioactive decay of 60Co (half-life of 5.28 years).
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A. DEFINITIONS OF TERMS USED

(a) G Value

The G value in this study is defined as the number
of molecules of product formed per 100 eV of energy absorbed
by the system. It is based on the total enexgy absorbed by

the solution.

(b) g Value

A g value is based upon the energy absorbed by the
solvent only. Thus in a system containing nitrous oxide
and ethane, g(Hz) is determined using the energy initially
absorbed by the ethane. |

G(Hz)

g(Hz) =

€

where Em is the electron fraction of ethane in the solution.

(c) Electron Fraction €
EXWX
€y =
EXWX + ENWN

where Ey and Ey are the number of electrons per gram of
additive and nitrous oxide respectively, and Wy and Wy are

their respective weights in the sample.

(d) Nitrogen Yields

Electrons generated in the additive can be scavenged

by the nitrous oxide.

Hence G(NZ) = eNg(Nz)N + sXG(Nz)X
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G(N,) £,G (N,)
2 X 2°X
and g{NZ)N N -

N N

where €y and €, are the electron fractions of the additive
and nitrous oxide respectively. The true value of G(NZ)X
is uncertain, so g(Nz)N was calculated using G(Nz)X = 0,1
2,3,4 and 5 giving g(Nz)g, g(Nz)é, g(Nz)é etc. With some
additives, such as the halo-compounds, the high correction
factors of 4 and 5 afforded negative values at high con-
centrations of the additives, meaning that g(Nz)N was less
than 4. Therefore the lower values of G(Nz)X of 2 and 3
vielding g(Nz)ﬁ and g(Nz)g were calculated. The corrected
curve referred to in the survey of the results is hence the
one which gives the flattest curve along most of the con-
centration range. The g(Nz)g values, in most cases, are
used for comparison purposes, as the corrected curves lower

‘the uncorrected g(Nz)g curves.

B. THE RADIOLYSIS OF LIQUID NITROUS OXIDE

2 g samples of liguid nitrous oxide were contained in
2.5 ml Pyrex bulbs and jrradiated to a dose of 2.5 X lO18
ev/g. The products were nitrogen, oxygen and nitrogen
dioxide, and their respective G values are given in Table

III-1. These results are in good agreement with a previous

study (59 .

C. ADDITIVE STUDIES

Over thirty compounds were used as additives, so it
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TABLE III-l

G Values for the Radiolysis of Liquid Nitrous Oxide at -90°C

Product G Value
Nitrogen 13.1 + 0.2
Oxygen 2.7 + 0.1

Nitrogen Dioxide 5.6 + 0.2
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is convenient to classify the compounds into groups, as
far as possible, according to their common properties.
Great care was taken during the additive studies to select
suitable irradiation temperatures, thus ensuring homo-
geneous solutions during radiolysis. The dose used was
in the range 2-4 X 1018 ev/g, being dependent upon the
electron density of the particular additive, and took into
account the decay of ®0co.

Three additives namely n-propyl bromide, methyl
bromide and methyl iodide, as they contained relatively
heavy atoms, were further corrected for dosimetry using

the factors calculated by Robinson and Freeman (86)-

(a) High Electron Affinity Compounds

Sulphur hexafluoride, carbon dioxide and nitrogen
dioxide. Pure nitrogen dioxide was also irradiated to
determine the yields of nitrogen and oxygen from that

additive.

~(b) Alkanes

g—hexane, gfbutane, propane and ethane.

(c) Alkenes

l-hexene, l-butene, propene and ethene.

(a) Halo-compounds

Methyl fluoride, methyl chloride, methyl bromide,

méthyl jodide, gfpropyl promide, chloroform and carbon tetra-

chloride.



(e)

(£)

(g)

(h)
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Oxygen-containing Compounds

Acetone, acetaldehyde, methanol and ethanol.

Alkynes
Acetylene and methyl acetylene.

Cyclo~compounds

Cyclopentane, cyclopentene and cyclopropane.

Miscellaneous

Toluene, 1l,3-butadiene and neopentane.

'All results are presented in tabular and graphical form,

and the temperature recorded is the irradiation temperature.

D.
(a)
(i)

ITTI-1.

PRODUCT YIELDS

High Electron Affinity Compounds

Sulphur Hexafluoride

The results are presented in Table III-2 and Figure

In Figure III-1A, the G(NZ) curve decreases steadily

with increasing additive concentration. G(Oz) decreases to

zero at 0.11 mole fraction of additive. Several samples were

irradiated at -45°C, and it is concluded that elevation

of temperature has little effect on the product yields.

unit,

The 9(N2)§ curve decreases initially by about 1 g

and then levels out around a value of 10.5 units. The

overall decrease is due to preferential scavenging of the

electron generated in the nitrous oxide by sulphur hexa-



53.

TABLE III-2

G Values Using Sulphur Hexafluoride as the Additive at -90°C

and -45°C

. 0 4 5
Mole Fraction G(N,) G(0,) g(N,) g(N,) g(N,)
of Additive 2 2 2°N 2'N 2°N

0.007 - 12.8 1.6 13.1 13.0 13.0
0.03 10.9 0.85 12.0 11.6 11.5
0.039 10.0 0.76 11.3 10.8 10.7
0.114 8.6 0.0 12.1 10.5 10.1
0.169 | 7.7 0.0 12.7 10.1 9.5
0.238 7.6 0.0  15.2 11.2  10.2
0.365 6.1 0.0 17.3 9.9 8.1
_*0.031 12.6 1.8 13.9 13.5 13.4
*0.073 9.8 0.70 12.3 11.3 11.0
*0.117 8.9 0.48 12.7 11.0 10.6
*0.179 7.4 0.0 12.5 9.7 9.0

* Trradiated at -45°C.
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fluoride, then subsequent neutralisation reactions yielding
the observed decrease of 2.6 g units. By employing the
correction factors g(Nz)é and g(Nz)g, the original values
of g(Nz)g are decreased (Figure III-1B).
Nitrogen dioxide was dstermined using this additive,
and the results are expressed in Table III-3 aﬁd Figure III-2,
The G(Noz) curve décreases along the concentration range

studied.

(ii) Carbon Dioxide

The results are recorded in Table III-4 and Figure
I1I-3, and are comparable with the results obtained using
sulphur hexafluoride. 1In Figure III-3B, the g(N2)§ curve
decreases by about 1.5 g units, but the g(oz) values remain‘

constant over the concentration range used.

(iii) Nitrogen Dioxide

Considerable difficulty was first encountered in re-
moving the impurity, nitrous anhydride N203, from the nit;o-
gen dioxide gas stream. However, a method was perfected and
has been described in the Experimental Section. The results
are given in Table III-5 and Figure III-4.

Referring to Figure III-4A, the G(Nz) and G(Oz) values
decrease with increasing nitrogen dioxide.

| In Figure III-4B, the g(Nz)g curve levels out around
‘a value of 7, showing considerable deviation from the two
previous additives. The phenomenum can be rationalised in
terms of a lower ionisation potential and higher electron

affinity as compared to nitrous oxide. To measure the extent
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TABLE III-3

G(NOZ) Using Sulphur Hexafluoride as the Additive at -90°C

Mole Fraction G (NO,) ‘g(NOZ)

of Additive
0.098 5.5 ‘ 5.6
0.028 4.2 4.6
0.044 3.8 4.4
0.069 3.2 4.0
0.097 2.8 3.8
0.11 2.7 3.8
0.148 2.2 3.4
0.174> 2.0 3.3
0.192 1.8 3.2
0.203 1.7 3.1
0.218 1.6 3.0
0.240 1.5 3.0
0.302 1.1 2.6
0.355 0.8 2.2

0.386 0.7 2.1
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TABLE III-4
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G Values Using Carbon Dioxide as the Additive at -47°C

Nole Fraction GOY,) C(0) gl gyl gW,2 g0,
0.020 12.7 2.6 13.0 12.9 12.9 2.6
0.115 10.4 2.3 11.8 11.3 11.1 2.6
0.169 10.7 1.9 12.9 12.1 11.8 2.3
0.233 9.8 1.8 12.8 11.6 11.3 2.4
0.272 9.1 1.6 12.5 11.0 10.6° 2.2
0.364 9.3 1.7 14.6 12.3 11.8 2.7




59.

A7
o -
4 -
2,.?&‘ 0 e omecem. . — :
0
= B o
16} | -
]2<t*}-———-n5§FEEEE§;'-—-__§%___E{—V ® 4
8r ]
4 L -
T_-C -} - N e _|
0 1 1 |
0 0.1 02 03 0.4

MOLE FRACTION CO,

FIGURE III-3 Product Yields with Carbon Dioxide as
the Additive at -47°C.

A O Nitrogen, O Oxyagen.
| 0 4 5

0O Oxygen .



60.

TABLE III-5

. ¢ Values Using Nitrogen Dioxide as the Additive at -45°C

. Q 4 '5
Mole Fraction G(N,) G (0,) g(N,) g(N,) g(N,)
of Additive 2 2 2’ 2'N 2N

0.029 10.7 0.66  11.0  10.9 10.9
0.031 9.7 0.60 10.0 9.8 9.8
0.061 8.8 0.45 9.4 9.1 9.0
0.077 7.9 0.25 8.6 . 8.2 8.1
0.095 7.1 0.0 7.9 7.4 7.3
0.117 7.0 0.0 8.0 7.4 7.3
0.146 6.6 0.0 7.8 7.0 6.9
0.153 6.2 0.0 7.4 6.6 6.3

0.182 5.6 0.0 6.9 6.0 5.7
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of the nitrogen contribution from pure nitrogen dioxide it
was necessary to carry out the radiolysis of pure nitrogen
dioxide. Only extremely small yields of nitrogen and oxy-
gen were obtained, G(NZ) < 0.l.and G(Oz) <0.1, so a self-
perpetuating reaction is thought to occur. These results

concur with those obtained by photochemical studies (89,90 ).

(b) Alkanes
(i) n-Hexane

The results are presented in Table III-6 and Figure
III-5.

In Figure III-5A, G(Oz) decreases to zero at 0.07 mole
fraction of additive. G(H2) decreases rapidly with increas-
ing nitrous oxide concentration. This is due to the
electron released by the hexane during radiolysis being
sqavenged by the nitrous oxide (75 . Referring to Figure
III-5B, the g(Nz)g curve remains fairly constant over the
concentration range. .

The g(H,) value for pure n-hexane is 5.0, and the
g(Hz) curve levels off around a value of 1.4. This plateau
is due to residual unscavengeable hydrogen (91). No nitrogen
dioxide was observed after a 0.06 mole fraction addition of
n-hexane. These results are displayed in Table III-7 and

Figure III-6A.

(ii) n-Butane

The results are recorded in Table III-8 and Figure I11-7,



G Values Using p-Hexane as the Additive at -90°C

TABLE III-6

Mole Fraction G(Nz) G(0,) G(HZ)

of Additive

63.

gW,)0 g, g7 g )

0.010
0.019
- 0.029
0.058
0.099
0.200
0.221
0.359
0.473
0.588
0.901
0.948
0.990
1.000

13.0
12.1
11.5
11.0
10.4
8.8
8.7
7.8
6.9
6.9
5.6
5.2
4.6

0.0

1.9
0.57
0.50
0.0

0.0 13.3
0.0 12.6
0.0 12.3
0.0 12.5
0.0 12.9

0.0 13.6
0.54 14.1
0.67 17.2
0.92 20.4
1.3 28.
1.5 116.
1.9 212.
2.7 996.
5.0 0.0

13.2
12.5
12.0
12.0
i1.9
11.4
11.6
12.3
12.6
15.8
36.
53.
132.

0.0

13.2
12.4
11.9
11.8
11.7
10.9
ll;O
11.1
10.6
12.7
16.5
13.6
(-84.)

0.0

0.0
0.0
0.0
0.0
0.0
0.0
1.4
1.2
1.4
1.6
1.6
1.9
2.7

5.0
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Additive at =-90°C.
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and the trends are similar to those of n-hexane.

G(Oz) decreases to zero at 0.08 mole fraction of
additive (Figure III-7A).

The 9(N2)§ curve again remains quite constant up to
0.90 mole fraction (Figure III-7B).

In Figure III-7C, the g(Hz) curve shows a plateau
around 1.5 and equals 5.4 for the pure n-butane.

The G(N02) curve decreases rapidly with small additions

of n-butane (Figure III-6B).

(iii) Propane

The results are given in Table III-9 and Figure III-8.

In Figure III-8A, the G(Nz) and G(Oz) curves are
similar to those of the other alkanes. At a propane con-
centration of 0.90 mole fraction, methane was detected.

The g values of hydrogen and methane for the pure

additive are 4.3 and 0.47 respectively (Figure III-8C).

(iv) Ethane

The results are displayed in Table III-10 and Figure
ITT-9.

In Figure III-%A, the G(Né) curve differs from those
for the previous alkanes in that even at a high ethane value
of 0.99 mole fraction, the G(Nz) result is 5.2, which is
unusually high. Methane was observed at a concentration
of 0.77 mole fraction of ethane.

2); curve is uniform along the concentration
range (Figure III-9B).

The g(N
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In Figure III-9C, the g(Hz) curve increases sharply
at high ethane concentrations giving a value of 4.8 for
pure ethaneeg(CH4) for the pure compound is 0.35.

The G(NOZ) results (Figure III-6C) concur with those
for the cher alkanes, and no nitrogen dioxide was detected

at 0.07 mole fraction addition of ethane.

(c) Alkenes
(1) 1l-Hexene

The results are given in_Table III-11 and Figure III-
10. |

It is generally accepted that the nitrous oxide
écavenging efficiency for electrons is lower in alkenes than:
in alkanes (65). Therefore, the G(N2) curves for the alkenes
are expected to be lower than those for the corresponding
alkanes. The results obtained confirm these observations.

In Figure III-10B, the g(Nz)g curve remains constant,
whilst the g(Nz)é curve increases at high concentrations
of l-hexene.

Referring to Figure ITI-10C, the g(Hz) curve is constant
along the concentration range, and equalling 0.8 for pure
l-hexene.

Nitrogen dioxide was determined, and the results are
given in Table III-12 and Figure III-1lA. A rapid decrease

o

in the G(NOZ) curve occurs upon the addition of a few mole %

of the additive.
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FIGURE III-10 Product Yields Using l-Hexene as the
Additive at =-90°C.
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FIGURE III-11 Effect of the Alkenes on the G(NOZ)
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(ii) 1-Butene
The results are presented in Table III-13 and Figure
III-12, and are similar to those obtained for l-hexene.
G(Oz)iin Figure III-12A, decreases to zero at a 0.06
mole fraction addition, and no nitrogen dioxide was detected
after a l-butene addition 0f0.04 mole fraction. 1In Figure
III-12B the g(Nz)g curve remains fairly constant along the
concentration range. The g(Hz) curve (Figure III-12C)
shows little change with increasing additive concentration,

yielding a value of 0.90 for the pure 1-butene.

(iii) Propene

The results are reported in Table III-14 and Figure
III—L3. The G(Nz) curve decreases with increasing concent-
ration of propene (Figure TII-13A). In Figure III-13B,
both correction curves decrease at high concentrations of
additive. Referring to Figure III-13C, the g(Hz) value for
pure propene is 0.1
(iv) Ethene

The results are given in Table IIT-15 and Figure III-
14. In Figure III-14B, the g(N2)§ curve affords the best

plateau. In Figure III-l4C, g(Hz) foi pure ethene is 1.2.

(d) Halo-compounds

(1) Methyl fluoride

The results are presented in Table III-16 and Figure

The G(Nz) curve in Figure III-15A decreases slowly
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FIGURE III-12 Product Yields with l-Butene as the
Additive at -90°C.
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FIGURE III-13 Product Yields with Propene as the

additive at -90°C.

A 0 Nitrogen, O oxygen, A Hydrogen .
0 4 5

Cc A Hydrogen .
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FIGURE III-14 Product Yields with Ethene as the
Additive at -90°cC.

A 0 Nitrogen, 0O Oxvgen, A Hydrogen.
0 4 5
B 0 q(Nz)N, -] q(NZ)N, A g(NZ)N‘

C A Hydrogen.

85.



86 .

0°0
("55-)
€ L
T°21
T°T1
8°TT
T°CT
€°C1

T°CT

N,C
Ny s

0°0 0°0

(0°%-) *OLT
0°12 "Z9
2 LT -z¢€
62T 9°81
v €T €8T
5 2T Lo€T
92T G €T
€21 8- zT
62T z €T
z €T £eeT
2 €T 2 €T

NETE: &INE

€°T 0°0 0°0
v°T 0°0 0°¢
S°T. 0°0 (A 4
T°T 0°0 ¥°S
8L°0 0°0 g°9
£€8°0 0°0 0°L
06°0 0°0 8°6
0°0 0°0 S°0T
0°0 0°0 6°0T ’
0°0 0°0 T°CT
0°0 €1°0 9°CT
0°0 0°T 0°¢T
Cmo  (foyp  (Cwd

D006~ 3B SATITPPY

sUa Se optaontd TAUleW bursn sSnTeA D

9T-III dTIYL

000°T
986°0
€¥6°0
8G8°0
L69°0
999°0
LZE"O
¥92°0
ZLT"0
L60°0
190°0

T20°0

SATITPPVY 3O
uotioead OTOW



87.

alH,)

O [ | 1 1 | 1 1 i 1

0 0.2 0.4 06 08 1.0
MOLE FRACTION CHgF

FIGURE IIT-15 Product Yields Using Methyl Fluoride
as the Additive at -90°C.

A 0 Nitrogen, O Oxygen, A Hvdrogen-
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C A Hydrogen.
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with increasing methyl fluoride concentration. No oxygen
was detected at a concentration of 0.097 mole fraction of
methyl fluoride. G(Hz) increases slowly, giving a value of
1.3 for the pure compound. No methane was detected. The
G(Nz) vaiue at 0.99 mole fraction is 3.0, this value being
considerably higher than the G values obtained for other
halo-compounds at the same ccﬂcentration.

In Figure III-15B, the g(Nz)g curve initially displays
a piateau around a value of 13, then decreases slowly at

higher concentrations of the additive.

(ii) Methyl Chloride

The results are reported in Table III-17 and Figure

ITI-16. |

| Competition for the electron between methyl chloride
and nitrous oxide becomes more apparent, as-the G(Nz) curve
is steeper and the G(Nz) value at 0.99 mole fraction of
methyl chloride is 0.99. A value of 0.70 for G(Hz) is
obtained for the pure additive (Figure III-162).

The g(Nz)g curve (Figure III-16B) defects from its
plateau level at high concentrations qf methyl chloride
yielding negative values. This is indicative of an effic-
ient electron scavenger.

In Figure III-16C, the g(CH4) curve remains fairly
constant around a value of 0.70 up to a concentration of
0.87 mole fraction, then increases to 2.5, the g value for
pure methyl chloride.

Nitrogen dioxide was not detected after a 0.094 mole



89.

S*Z  0L°0 0°0 0°0 0°0 5°¢ 0L°0
$°z 8%'0 (‘T6E-) (7092-)  "O€T vz Ly°0
LT 280 (*¢p-)  (°zz-) 4 LT 0%°0
0°T €7°0 (7°7-) 19 "8¢ ¥6°0 6€°0
z°T  95°0 5S¢ 9°TT “9¢ T°1 05°0

160 0G0 St 8°TT ‘92 SL*0 1#°0
09°0 €5°0 ARAN 8°ST "5 S¥°0  “0%°0
6L°0 €9°0 8 11 9°€T 6°8T 0S°0 o¢.o
67°0 69°0 0°%T z°sT 6°8T LZ*0 8E°0
€9°0 £9°0 z €1 0°%T p°9T 82°0. - 0£°0
zL*0  ZL"0 6°1T €T G'€T 0Z°0  0Z°0
0°0 0°0 6°2T € el z %1 0°0 0°0
0°0 0°0 9°21T L2t 62T 0°0 0°0
0°0 0°0 vet 52T 9°2T 0°0 0°0
ey s Cmbs  JCws  JCwb  Cmb | ("m)o (°mo

0°0 0°0 000°T
0°0 660 166°0
0°0 6°T 0560
0°0  £°¢ 006°0
0°0 0°v €L8°0
0'0 9% 008" 0
0°0 09 22L" 0
0°0 . 8°9 6650
0°0 Gg°8 806°0
0°0 16 £07°0
0°0 L°6 S¥Z°0
0°0  8°0T 6020
8T°0 6°TT £90°0
88°0  z°ZT ¥20°0

SAT3TDPY 30

0)p  (°Nn)D uoT3IORId STOW

5.06- 3¢ SAT3 10DV 5U3 S¢ SpTa0TUD TAUIOW BUTSO SOnTEA D

LT-III FILEVL



90.

0 0.2 0.4 06 08 10
'MOLE FRACTION CHj3Cl

FIGURE ITI-16 Product Yields with Methyl Chloride
as the Additive at -90°C.

A 0 Nitrogen, O Oxygen, A Hydrogen, ¥ Methane .
0 4
B 0 q(Nz)N , O CT(NZ)N, q(Nz)N ;

o A Hydroqen, v Methane.
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fraction addition of the additive, and the decrease in
G(Noz) with concentration is slower if compared to the
G(NO2) curve for the alkanes (Table III-18 and Figure

ITII-173).

(iii) Methyl Bromide

The results are presented in Table III-19 and
Figure III-18.

Referring to Figure III-18A, the G(Nz) curve is
noticeably steeper than that of its predecessor (Figure
III-16A) , yielding a value at 0.99 mole fraction of 0.24.
Metﬁane and hydrogen had much lower yields than those
obtained from methyl chloride.

The g(Nz)g curve in Figure III-18B remains con-
stant over most of the concentration range, giving
negative values after 0.96 mole fraction of additive.

In Figure ITII-18C, the g values of hydrogen and
methane in pure methyl bromide are 0.18 and 0.13 respect-
ively.

G(NOZ) in Figure III-17B decreases to zero at a

0.09 mole fraction addition of the halo-compound.

(iv) Methyl Iodide

The results are given in Table III-20 and Figure
ITI-19.

In Figure III-19A, no oxygen was observed after a
0.04 mole fraction addition and the G(Nz) curve decreases

rapidly giving a value of 0.15 at 0.99 mole fraction.
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TABLE III-18

G Values of Nitrogen Dioxide Using Methyl Chloride and

Methyl Bromide as the Additives at -90°C

Mole Fraction of G(NOZ) Mole Fraction of G(NOZ)
Methyl Chloride Methyl Bromide
0.000 5.6 0.000 5.6
-0.012 4.5 ‘0.020 3.7
0.025 3.4 0.033 | 3.0
0.059 0.5 0.066 0.3

0.094 0.0 . 0.089 0.0
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FIGURE III-17 Effect of the Halo-compounds on the

G(NOZ) Yield at -90°C.
A Using methyl chloride,

B Using methyl bromide,
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O Nitrogen Dioxide.
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MOLE FRACTION CHsl

FIGURE III-19 Product Yields with Methyl Iodide as the
Additive at -63°C.

A o) Nitrogen, 0 Oxygen, A Hydrogen, V Methane .

3

0 2
B o gN,) g Vo), D g(N,)y -

C A Hydrogen, - V Methane .
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.Referring to the G(Nz) curves mentioned in this
series, it becomes clear that methyl iodide is the
most efficient electron scavenger when compared to the
above mentioned halo-compounds, and that these differ-
ences in efficiency are expressed in the slopes of their
respective curves.

The g(N2)§ curve in Figure III-19B remains constant
-only up to 0.60 mole fraction then decreases slowly. The
g(Hz) and g(CH4) curves show similar behaviour along the
concentration range yielding values of 0.28 and 0.29

respectively for the pure compound.

(v) n-Propyl Bromide

The results are presented in Table III-21 and
Figure III-20.

Referring to Figure III—ZOA,.G(Oz) decreases to
zero at 0.1l mole fraction addition, and the G{Nz) curve
decreases sharply with increasing concentration of the
halo-compound. The g(Nz)é curve in Figure III-20B is
similar to those for other halo-compounds giving negative
values after 0.86 mole fraction.

In Figure III-20C, the g(H2) curve remains constant
along the concentration range equalling 0.50 for pure n-

propyl bromide.

(vi) Chloroform

The results are reported in Table III-22 and Figure

ITI-21.
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FIGURE III-20 Product Yields with n-Propyl Bromide
as the Additive at -90°cC.
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TABLE III-22

G Values Using Chloroform as the Additive at -63°C

. 0 1 2
Mole Fraction G(N,)  G(0,) gNy) g 9N,y g(Nz)N
of Additive

0.011 12.0 1.7 12.3 12.3 12.2
0.028 9.8 0.15 10.5 10.4 10.4
0.071 9.2 0.0 11.1 10.9 10.7
0.136 7.2 0.0 10.2 9.8 9.4
0.269 4.3 0.0 8.5 7.4 6.6
0.383 2.6 0.0 6.8 5.2 3.5
' 0.468 2.5 0.0 8.3 6.0 3.7
0.593 1.4 0.0 6.7 2.9 (-1.0)
0.713 1.1 0.0 8.3 1.7 (-4.8)
0.813 0.33 0.0 4.1 (-7.4) (-18.9)
0.829 0.65 0.0 9.0 (-12.8) (-17.0)
0.948 0.42 0.0 20.6  (-27.)  (-75.)
0.993 0.16 0.0 - 60. (-314.) (-688.)

1.000 0.0 0.0 0.0 0.0 0.0
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FIGURE III-21 Product Yields with Chloroform as the
Additive at -63°C. ’
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In Fiéure II1-21A, the G(Nz) curve drops quickly
with the addition of a few mole percentage of chloroform.
No oxygen was detected after a 0.07 mole fraction
addition.

The uncorrected curve g(Nz)g in Figure III-21B
decreases slowly then levels out around a value of 8 over
most of the concehtration range. This result is con-

s istent with the behaviour of a compound having a lower
jonisation potential but higher electron affinity when
compared to nitrous oxide. The corrected curves incor-
porating g(NZ)é and g(Nz)é gave negative values at high

‘concentrations of chloroform.

(vii) carbon Tetrachloride

The results are given in Table III-23 and Figure
IIT-22.

Only the higher concentrations of the additive were

used, due to the high preséures of nitrous oxide involved
at -23°C, the freezing point of carbon tetrachloride.
The G(N2) values are lower than those for chloroform at
the corresponding concentrations. No oxygen was observed
(Figure III-223).

The values for g(Nz)g are quite scattered, however

the curve levels out around 8.

(e) Oxygen-containing Compounds

(1) Acetone

The results are presented in Table III-24 and Figure
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TABLE III-23

G Values Using Carbon Tetrachloride as the Additive at -23°C

. 0 1 2
Mole Fraction G(Nz) G(0,) g(N,y) g g(N,y) g(Nz)N
of Additive

0.571 1.6 0.0 8.9 4.4 0.1
0.666 0.78 0.0 6.0 0.7  (-7.4)
0.752 0.44 0.0 4.9  (~5.3) (-15.5)
0.878 0.40 0.0 0.1 (-14.1) (-39.)
0.930 0.25 0.0 11.4  (-34.)  (-78.)
0.995 0.05 0.0 34.  (-635.) (-1305.)

1.000 0.0 0.0 0.0 0.0 0.0
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III-23.

In Figure III-23A, the G(Nz) curve decreases stead-
ily with increasing concentration of additive. G(02)
decreases to zero at 0.07 mole fraction of acetone.

The g(Nz)g curve in Figure III-23B shows a plateau
throughout most of the concentration range. |

Referring to Figure III-23C, the g(Hz) value for
pure acetone is 0.95 and g(H4) is 0.70.

G(Noz) in Figure III-24B and Table III-25 decreases

rapidly with increasing acetone concentration.

" (1i) Acetaldehyde

The results are given in Table III-26 and Figure
ITI-25.

The G(Nz) curve in Figure III-25A is lower than
the corresponding one for acetone. Carbon monoxide,
hydrogen and methane were detected, and these all three
products increase with increasing acetaldehyde con-
centfation.

In Figure III-25B, the g(N2)§ curve decreases
from its plateau level at high aldehyde concentrations.

The g values for the pure acetaldehyde in Figure
IIT-25C are 1.3 for hydrogen, 1.0 for methane and 1.3 for

carbon monoxide.

(iii) Methanol
The results are reported in Table III-27 and Figure
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MOLE FRACTION CH;COCHs

FIGURE III-23 Product Yields Using Acetone as the
Additive at -90°C.

A 0 Nitrogen, O Oxygen, A Hydrogen, V Methane .
0 3 4

C A Hydrogen, ¥ Methane,
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TABLE III-25

G Values of Nitrogen Dioxide Using Methanol and Acetone as

Additives at -90°C

Mole Fraction G(NO,) Mole Fraction G (NO,,)
of Methanol of Acetone
0.000 5.6 0.000 5.6
0.009 1.6 0.010 0.8
0.015 0.7 0.023 0.2
0.025 0.3 0.069 0.0

0.057 0.0
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MOLE FRACTION ADDITIVE

FIGURE III-24 Effect of the Oxygen-containing -

Compounds on the G(Noz) Yield at -90°C.

A Using methanol., O Nitrogen Dioxide.

B Using acetone, O Nitrogen Dioxide.
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On the extreme right in Figure III-26A, the decrease
in G(H,) and increase in G(N,) is due to. the electron
released in the methanol during radiolysis being scavenged
preferentially by the nitrous oxide. G(Oz) decreases to
zero at 0.07 mole fraction of methanol.

In Figure III-26B, the g(Nz)é curve remains constant
along most of the concentration range.

The g(Hz) curve in Figure III-26C decreases'rapidly
with addition of nitrous oxide, then levels off, around a
value of 2. This 'levelling off’ behaviour is due to the
'unscavengeable' hydrogen (92).

The G(NOZ) curve in Figure III-24A decreaseé sharply

upon small additions of methanol.

(iv) Ethanol

The results are presented in Table III-28 and Figure
- ITI-27.

In Figure III-27A, the G(Nz) curve is similar to that
of methanol, and G(Oz) decreases to zero at a 0.07 mole
fraction addition.

The 9(N2)§ curve stays fairly constant up to around
0.8 mole fraction then decreases slowly (Figure III-27B).

The g(Hz) va;ue for pure ethanol is 4.8, and the curve
decreases sharply with small additions of nitrous oxide

reaching a non-scavengeable plateau of 1.5 (Figure III-27C).
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FIGURE III-27 Product Yields with Ethanol as the
Additive at -90°C.

A 0 Nitrogen, O Oxygen, : A Hydrogen,
0 4 5
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C A Hydrogen.



118.

(£) Alkynes
(1) Acetylene -

The results are given in Table III-29 and Figure
IrT-28.

The G(Nz) curve in Figure III-28A decreases uniforml§
with increasing additive concentration. No oxygen was
detected at 0.06 mole fraction of acetylene. |

In Figure III-28B, the g(Nz)g‘curve increases

only at high concentration of additive.

(ii) Methyl Acetylene

The results are expressed in Table III-30 and Figure
I11-29.

Referring to Figure III-29A, the G(N2) curve is higher
than that for acetylene. 1In Figure III-29B, the corrected
curve incorporating g(Nz)g displays a plateau over most
of the concentration range.

G(NOZ) in Figure III-30C and Table III-31 decreases
to zero at a methyl acetylene concentration of 0.05 mole

fraction.

(9) Cyclo-compounds

(i) Cyclopentane

The results are presented in Table III-32 and Figure
ITIT-31. |

In Figure III-31A, with the addition of a few mole %
of cyclopentane, the G(Nz) and G(02) curves decrease rapidly.

On the extreme right of the graph, the decrease in G(Hz)
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TABLE III-29

G Values Using Acetylene as the Additive at-90°C

Mole Fraction G(N2)' G(0,) . g(Nz)g g(Nz)é g(N2)§

of Additive :
0;017 12.8 1.7 ‘ 12.9 12.9 - 12.9
0.058 12.4 0.0 12.9 12.8 - 12.7
0.117 11.6 0.0 12.5 12.2 12.2
0.204 10.8 0.0 12.6 12.1 11.9
0.260 10.2 0.0 12.5 11.8 11.6
0.358 8.9 0.0 12.0 '10.9 10.6
0.489 8.5 0.0 13.7 11.9 11.2
0.592 7.3 0.0 14.0 11.2. 10.4
0.688 7.0 0.0 16.7 12.5 11.1
0.768 5.8 0.0 17.9 11.6 9.5
0.910 4.7 0.0 35. 15.7 8.8
0.949 3.5 0.0 45. 9.5 (-2.3)

0.986 2.2 0.0 103. (-31.) (=77.)

1.000 0.0 0.0 0.0 0.0 0.0
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FIGURE III-28 Product Yields Using Acetylene as
the Additive at =-90°C.
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TABLE III-30

G Values Using Methylacetylene as the Additive at -90°C

‘Mole Fraction G(N,)  G(O,)  g,)) g, g(ué>§
of Additive

0.035 12.6 1.1 13.1 12.9 12.9
0.114 11.6 0.0 13.1 12.6 12.5
0.201 10.4 0.0 13.0 12.0 11.7
0.331 9.8 0.0 14.6 12.7 12.2
0.613 8.1 0.0 20.8 14.5 12.9
0.719 7.7 0.0 27. 17.0 _14.4
0.826 5.8 0.0 33. 14.3 9.6
0.902 5.3 0.0 54, 17.1 7.9
0.948 4.0 0.0 78. 4.6  (-13.7)
0.991 1.5 0.0 168.  (-273.) (-383.)

1.000 0.0 0.0 0.0 0.0 0.0
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FIGURE ITII-29 Product Yields with Methyl Acetvlene
as the Additive at -90°C. 4
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FIGURE III-30 Effect of Various Additives on
the G(NOZ) Yield at -90°C.

A Using neohexane , O Nitrogen Dioxide .
B Using toluene , O Nitrogen Dioxide .

o Using methyl acetylene , 0 Nitrogen Dioxide .
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and corresponding increase in G(NZ) is again due to pre-
ferential electron scavenging by the nitrous oxide. The
G(N2)§ curve in Figure III-31B shows an initial decrease,
then increases slowly along the concentration range.
Referring to Figure III-31C, the g(Hz) value for
the pure additive is 5.2, and with small quantities of
nitrous oxide, the curve dips sharply, levelling off

arocund 0.6.

(ii) Cyclopentene

The results are given in Table III-33 and Figure
IIT-32.

The G(N2) curve in Figure III-32A drops sharpl§
ihitially. The rise in G(Nz) proceding right to left on
the right side of the graph, is lower when compared to
the G(Nz) curve for cyclopentane. This is due to the
electron scavenging efficiency of nitrous oxide being
lower in alkenes (65).

In Figure III-32B, the g(Nz)g curve remains constant
up to around 0.85 mole fraction.

The g(H2) value for pure cyclopentene is 1.2 (Figure

ITI-32C).

(iii) Cyclopropane

The results are expressed in Table III-34 and Figure
ITI-33.
The G(Nz) curve in Figure III-33A is similar to

those for the other cyclo-compounds, but is higher than the
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FIGURE III-32 Product Yields with Cyclopentene as

the Additive at -90°C.

A O Nitrogen, O  Oxydgen, A Hvdrogen .
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G(Nz) curve for cyclpentene. At 0.07 mole fraction G(OZ)
decreases to zero.

In Figure III-33B, the g(Nz)g'curve is fairly con-
stant and yields negative values at high cyclopropane
concentrations.

The g(Hz) value for the pure additive is 1.1, and
after an initial decrease the curve levels out to a limit-

ing value of 0.5 g units.

(h) Miscellaneous

(1) Toluene

The results are reported in Table III-35 and Figure
ITIT-34.

In Figure III-34A, the G(Nz) curve decreases steadily
with increasing concentrations. No oxXygen was detected
at 0.06 mole fraction of toluene.

The g(Nz)g curve decreases initially then increases
smoothly along the concentration range.

The results for the nitrogeh dioxide determinations
are given in Table III-31 and Figure III-30B. At 0.04 mole
fraction addition of toluene no nitrogen dioxide was

detected.

(ii) 1,3-Butadiene

The results are presented in Table III-36 and Figure
III-35.
A sharp initial decrease in the G(Nz) curve occurs

(Figure III-35A), and the curve is lower than the G(Nz)
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TABLE III-35

G Values Using Toluene as the Additive at -90°C

' . 0 . 4 5
Mole Fraction G(Nz) G(Oz) g(Nz)N g(Nz)N g(Nz)N
of Additive

0.016 13.0 1.1 13.5 13.4 13.3
0.061 10.8 0.0 12.4 11.8 11.7
0.120 10.3 0.0  13.6 12.3 12.0
0.273 8.4 0.0 15.6 12.2  11.3 |
0.334 8.6 0.0 18.3 13.7 12.6
0.408 7.3 0.0 18.7 12.5 10.9
0.590 6.7 0.0 29. 15.5 12.3

' 0.813 5.5 0.0 60. 20.3 10. 4
0.830 5.0 0.0 60. 15.6 4.5
0.899 4.5 0.0 95. 14.2  (-6.0)
0.942 3.9 0.0  14s. 0.21 (-37.)

1.000 0.0 0.0 0.0 0.0 0.0
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TABLE III-36

G Values Using l,3-Butadiene as the Additive at -90°C

Mble Fraction G(Nz) G(Oz) g(Nz)g g(Nz)é g(Né)é '

of Additive
0.017 11.6 0.48  11.9 11.8 11.8
0.075 10.4 0.0 11.5 11.3 11.2
0.155 8.9 0.0 11.1 10.6 10.3
0.247 8.0 0.0 11.6 10.7 10.3
0.255 7.6 0.0 11.1 10.2 9.7
0.619 4.6 0.0 14.7 10.3 8.0
0.718 3.8 0.0 16.8 9.8 6.4
0.806 3.2 0.0 21.2 9.9 4.2
0.870 2.6 0.0  26. 7.7 (~1.0)
0.935 1.7 0.0 36. (-3.0) (-23.)
0.988 0.72 0.0 81.  (-144.) (-256.)

1.000 0.0 0.0 0.0 0.0 0.0
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FIGURE III-35 Product Yields with 1,3-Butadiene
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curve for l-butene (Figure III-12A and Table III-13). The
electron scavenging efficiency of nitrous oxide is there-
fore less in a conjugated diene than a mono-olefin. 1In
Figure iII—35B, the g(Nz)é curve yields negative values at

high concentrations of the diene.

(iii) Neohexane

The results are expreSsedin Table III-37 and Figure
IIT-36.

G(Oz) decreéses to zero at 0.09 mole fraction addition
of neohexane. The G(Nz) curve initially decreases quickly
then levels off until around 0.95 mole fraction where it
drops sharply (Figure III-36A).

In Figure III-36B, g(NZ)S remains constant along
most of the concentration range.

The values of hydrogen and methane for the pure
additive are 1.8 and 0.8 respectively (Figure III-36C.

No nitrogen dioxide (Figure III-30R) was detected at

a neohexane concentration of 0.06 mole fraction.

(i) Water Analysis

(1) Using n-Butane as the aAdditive

The results are given in Table III-38 and Figure
III-37.
On small additions of the alkane, the G(HZO) curve

increases rapidly, reaching a plateau level of around 11l.4
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TABLE III-38

Determination of G(HZO) in Nitrous Oxide using n-Butane

as the Additive at -90°C

Mole Fraction of G(HZO)
Additive
0.000 0.0
0.026 2.7
0.032 5.3
0.039 5.8
0.046 5.7
0.053 7.3
0.095 9.6
0.144 ‘ 11.6
0.200 11.0

0.237 ' 11.6
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units at about 0.15 mole fraction addition (Figure ITI-34).

(ii) Using l1-Butene as the Additive

The results are preseﬁted in Table III-39 and
Figure III-38.

In Figure III-38, the G(HZO) curve levels out at
around 11.2 at about 0.1l mole fraction of l-butene.
The iﬁifiéi increase of G(HZO) is steeper for the alkene

than for the alkane.

" (iii) Alcohol Detection

In both, the above systems, products such as
alcohols were expected (81), but none were observed. There-
fore, a special column wés constructed giving optimum
conditions for the detection of alcohols. It is concluded
that G(ethanol) < 0.01, G(propanols) < 0.08 and G (butanols) <

0.3.
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TABLE III-39

Determination of G(H20) in Nitrous Oxide using 1l-Butene

as the Additive at-90°C

Mole Eraction of G(Hzo)
Additive
0.000 0.0
0.022 5.9
0.034 5.4 |
0.046 7.8 !
0.077 - 10.7
0.089 9.0
0.107 : 10.9
0.117 11.3
0.136 11.1
0.170 10.9

0.232 11.3
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DISCUSSION

A. LIQUID NITROUS OXIDE

The G values obtained for the radiolysis of liquid
nitrous oxide at -90°C are G(Nz) = 13.1 + 0.2, G(Oz) =
2.6 + 0.1, and G(NO,) = 5.6 + 0.2.

A mechanism given below is consistent with the results
obtained. Some of the included reactions were proposed
" earlier for the pyrolysis (93,94), photolysis (10,43) and
radiolysis (38, 48) of gaseous nitrous oxide. The yield
of nitrogen from ionic reactions comes from a novel com-
bination of NZO_ and N20+ ions in the neutralisation

reaction. Another mechanism involving reactions of the o~

ions is also compatible with the results and is included.

N,0 —VWh N20+ + e (39)

AN Néo* (40)

N,0 + e — N,0 (3)

N20+ + N,00 — NO + NO + N, (41)
+ -

NZO + N20 —— N2 + 02 + N2 (42)
*

N,0* — N, + 0 (19)

O+O+M——-f-—PO_2+M (21)

2NO + 0, —— 2NO, (43)

The W value of gaseous nitrous oxide is 32.9 ev (23), thus
a G(ionisation) value of 3 is incorporated into gas

phase mechanisms. As previously discussed, there are
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marked differences between processes in the gas and liquid
phases. For example, most of the reactive intermediates
in the liquid phase undergo geminate recombination and
eleétron affinity values of various species probably
differ due to the solvation energies of the species involved
(4) . Ionisation potentials are also reported to be lower
in the liquid phase (24). It is therefore possible that
G(ionisation) will be higher in the liquid phase. Three
values of G(ionisation) are chosen for trial; these being
3, 4 and 5, and are included in the mechanism in Table
Iv-1. The G(ionisation) values of 4 and 5 give the better
agreement with the data obtained from the radiolysis of
nitrous oxide and additive solutions, and will be dis-
cussed later.

Experimental evidence gathered so far is slightly
weighted towards the formation of the Nzo_ ion, and
Mechanism I in Table IV-1l is preferred. This mechanism
is quite consistent with the results obtained from addi-
tive studies. Another mechanism (Mechanism II) invoking
the dissociative attachment of electrons to nitrous oxide
is also compatible with the results from the radiolysis

of pure liquid nitrous oxide, and is given in Table IV-2.



147.

TABLE IV-1

Material Balance for Mechanism I Using G(ionisation) Values

3, 4 and 5 Respectively

Gle )=3 Gle")=4 G(e =5)

G(step) G(step) G(step)

(39) N, —W—s N20+ + e 3.0 4.0 5.0
(40) — Wi N,0° 9.9 7.9 5.9
(3) N, 0+ e — N20_ 3.0 4.0 5.0
(41) N,0' + N,O— NO + NO + N, 2.8 2.8 2.8
(42) N,0" + N,0T—> N, + 0, + N, 0.2 1.2 2.2
(19) Nzo* = N, +0 9.9 7.9 5.9
(21) O+0+ M — 02 + M 5.0 4.0 3.0
(43) 2NO + 0, — 2NO, 2.8 2.8 2.8

Resulting G(Nz) 13.1 13.1 13.1

G(Oz) 2.4 2.4 2.4

G(NOZ) 5.6 5.6 5.6
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TABLE IV-2

Material Balance for Mechanism II (Invoking O~ Ions) Using

G(ionisation) Values of'3, 4 and 5 Respectively

G(e )=3 G(eT)=4 Gc(e”)=5
G(step) G(step) G(step)

(39) N,0 ~AAM— N20+ + e 3.0 4.0 5.0
(40) AN NZO* 6.9 3.9 0.9
(27) N,0 + e — N, + o~ 3.0 4.0 5.0
(28) 07 + N,0 —— N, + 0, 0.2 1.2 2.2
(29) O + N,0 — NO + NO~ 2.8 2.8 2.8
+ - *

(44) N,0" + 0,"— N,0% + O, 0.2 1.2 2.2
" (45) N20+ + NO"— N,0" + NO 2.8 2.8 2.8
(19) Nzo* —— N, + 0 9.9 7.9 ' 5.9
(21) O + 0 +M—>o2 + M 5.0 4,0 3.0
(43) 280 + 0, — 2NO, 2.8 2.8 2.8
Resulting G(NZ) 13.1 13.1 13.1

G(0,) 2.4 2.4 2.4

G(NOZ) 5.6 5.6 5.6
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Nitrbgen atom reactions say from the decomposition
of N20+, are not included in these mechanisms. Gorden and
Ausloos, in the gas phase radiolysis of l5N14NO and NO,
estimated the yield of nitrogen atoms to be roughly 1 G
unit (37). Oka et al (95,96) detected only "small quan- '
tities" of nitrogen containing products such as hydrogen
cyanide in the nitrous oxide/ethane system. Thereiore, a
reasonable conclusion is that processes involving nitrogen
atoms play only a minor role in the radiolysis of nitrous
oxide.

Takao and Shida (50) suggesfed the following reaction

to explain their results.

N.ot + N.OT + N

2 5 , and other products (46)

The positive ion N20+, formed during the radiolysis
of nitrous oxide has been confirmed as a primary product
by the electron spin resonance studies of Smith and Seddon
(15,16) and the existence of a long-lived NZO— ion is
supported<by moﬁntiﬁg experimental evidence.

For example, Paulson (54) determined an ion of mass
44 and identified it as NZO—. Then Fehsenfeld (97) observed
the formation of Nzo— when O~ interacted with N, in a flow
system at -193°C. Ferguson et al (98) rebuked the forma-
tion of N20- at thermal energies, since the production of
a stable bent NZO— ion from the linear neutral molecule

should require a rather large activation energy. Further
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indications to the existenée of N20_ came from Warman and
Fessenden (6) and Phelps and Voshall (5) who demonstrated
that a three-body mechanism occurred for the electron

capture process by. nitrous oxide.

e + 2N20 > N20 + NZO (31)

'Chantry (99) concluded from his results that at the lower
energies the bending mode of vibration is excited, thus
lowering the energy necessary for the formation of NZO—.
Bardsley (100) also discussed the existence of a stable
bent N20— ion‘and its possible energy states. Chaney and
Christophorou (101) , using electron swarm techniques,
determined the formation of NZO- as a primary product.
Later work by Paulson (102) confirmed the existence of

the N,0 ion proposing that the ion is formed via a charge

transfer reaction.

0 +~ NO + N,0 (47)

NO + N 2

2

The geometric restrictions towards the formation of NZO—

may not be quite as severe as those imposed by Ferguson

et al (98), since Pearson (103), using the rules originated
by Walsh (104), pointed out that the first excited state

of neutral nitrous oxide assumes the shape of a ground

state nitrqgen dioxide molecule. The latter is a bent mole-
cule, having an apex angle of 143° (105). Recently Wentworth

et al (106) obtained a value of 10.4 + 0.4 kcal for the
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activation energy of dissociative attachment of thermal
electrons to nitrous oxide. The energy is thought to be
that necessary for the attachment of a thermal electron to
the bent form of the neutral nitrous oxide molecule.

Dainton, O'Neill and Salmon (8) established the
existence of a stable NZO— ion, and gave its lifetime in
liquid cyclohexane at 2 x 10-5 sec. Another determination
(37) considered that the gas phase lifetime of NZO_ with
respect to dissociation is greater than 10_4 sec.

Mechanism II involves the dissociative attachment of
electrons to nitrous oxide.

e + N20-—~+ N2 + 0 (27)

vVarious workers (51, 107,108) have determined that,
in the gas phase, 0  is indeed one of the primary negative
ions formed. The cross-section for dissociative attachment
as a function of electron energy has two peaks, one at low
energy (~0.0 eV to ~1.2 eV) and the other at 2.2 ev (108),

but the allowed threshold for the appearance of the 0~ ion

is 0.21 eV.
. D(NZ_O) - EA(O) = 1.67 - 1.46 = 0.21 eV
where Dy _g) is the bond energy of the N-O bond © (109)
2
bEA(O) is the electron affinity of the oxygen atom

(110)
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Kaufman (109) suggested that the dissociative
electron attachment from the highér vibrational levels of
nitrous oxide could account for the appearance of 0" at
the lower energies, and Schulz (51) postulated that the
second intense peak came from dissociative. attachment via
a complex negative ion.

Perhaps Mechanism I and II occur simultaneously in
the radiolysis of liquid oxide, with both processes contri-

buting towards the overall mechanism.

(a) Structures of Nitrous Oxide and Its Ions Using

Mechanism I.

(1) Nitrous Oxide

Nitrous oxide is a linear molecule in its ground state,
containing sixteen valence electrons (105). It DpPoOssesses
a small dipole moment of 0.17 D, and has the following bond

;engths.

o °
1.13A 1.197

N N

The N-N bond distance of l.l3£ is between a triple N:N bond
distance of l.lg and a double -N=N- bond length of 1.253.
The N-O bond length is l.l9£ between the distances expected
for a double -N=0 bond 1.15% and a single =N-0O- bond

~l.4£ (111) . The molecule is not satisfactorily represent-

ed by any one single valence bond structure. Therefore it
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is expediernt to use the valence bond structures to account
for the properties of nitrous oxide. The molecule is best

represented by the two main resonance hybrids given below.

-t . + -
:N=N=0 :NZN-O:
I II

.. +
(ii) N20

From the two basic structures I and II, a minimum of

two forms of the positive ion can be constructed.

.o + .o + ..
«N=N=0 :N=N=-O-
ITT v

The linear structure of N20+ is well established, having
fifteen valence electrons (105) and being isoelectronic
with C02+ and NCS (112). In these latter compounds the
unpairéd electron is proposed to be concentrated at either
end of the molecule with negligible spin density on the

central atom (113).

(iidi) NZO

Two structures can also be derived for the negative

ion.
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N N

7N -

:0:

\Y AVAR
The structure of NZO— is bent with an apex angle of 134°;
it has seventeen electrons and is isoelectronic with nitro-

gen dioxide (105).

(iii) Combination of the Two Ions

It is interesting to note that in both the negative
and positive ions, the free radical ends do not exist in
the same positions as the charges, and it is the former
that react;

Permutations of these ions,by combining the free
radical ends of each species, result in the formation of

the products, nitrogen, oxygen and nitric oxide.
. N N 7
Lt Yz .
w? N\igiT— {O—N—N-——N//, \\\OJ
t - (48)

ON + N2 + NO

. + »e ‘ L .. N
O=N=N.+ + -Q://fk\§§" —_— [O—N-N———O/// \\\N]

l (49)
ON + NO + N,
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N N
+ T . —
:NEN-O- + 'NJ%ﬁ \\EO: —_— [N—N-O———N// \\é]
| (50)
N2 + ON + NO
N N
+ .. e
:NEN—Q° + 'O;// §§'\N —_ [&—N—O———O// \\N}
1 (51)
N2 + 02 + N2
If each permutation had an equal probability of reacting,
fhen.the following material balance would occur.
+ -
0 - 6N
4N, + 4N20 6NO + 5N, + 0, (52)

Referring to Table IV-1, the mechanism incorporating a
G(ionisation) of 4 has a material balance close to the

above.

B. ANALYSIS OF THE ADDITIVE STUDIES

(a) Alkanes

The effects of liguid alkanes on the rédiolysis of
liquid nitrous oxide are displayed in Figures III-5A to
IIT-9A and also Figure III-36A. Subtraction of the contri-
bution of the electrons from the alkanes to the nitrogen
yields gave the curves in Figures III-5B through III-9B
and Figure III-36B.° From the latter curves, it is observed

affords the best "plateau"

that the corrected curve g(N2>§
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along most of the concentration range, and this is the case
for all the alkanes studied.

The decreases in the nitrogen, oxygen and nitrogen
dioxide yields upon addition of the alkanes are presented
in Table IV-3a. Four of the alkanes, neohexane, n-hexane,
n-butane and propane show nitrogen decreases, Ag(NZ), of 1-2
g units, whereas ethane shows a decrease of 2-3 units. A
correlation between these calculated results, derived from
experimental data, and the theoretical prediction using
Mechanism I may be made.

A charge transfer reaction between N20+ and the al-
kane molecule RH is quite possible, due to the lower ion-
isation potential of the latter (Table IV-4).

N20+ + RH — N,0 + rut (7)

Nitrous oxide will scavenge electrons generated in the
radiolytic solution, forming the negative ion NZO—, so a

neutralisation reaction between.the two ions proceeds.

- *
N,07 RHT—— N,O + RH (53)

The excited nitrous oxide molecule then decomposes.

*
NZO —_— N2 + O (19)

Referring to Mechanism I in Table IV-1 and using G{(ionisa-

tion) = 4, elimination of reactions (41l) and (42) affords
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TABLE IV-3a

Decrease in Product Yields with Addition of the Alkanes

Compound Ag(N,) using the Ag(0,) Ag(NOz)
g(Nz)g curve at 0.1 mole fraction alkane
neo-CgH, , 1-2 2.7 (5.6)
n-CcHy, 1-2 2.7 5.6
n-C,H, g 1-2 2.7 5.6
C3H8 1i-2 2.7 (5.6)
c2H6 2-3 2.7 5.6

TABLE IV-3b

G vValues Obtained for the Pure Alkanes

Compound G(H,) G(H,)
neo-C6Hl4 -~ 1.8 | 0.8
ETC6H14 5.0 n.g.
E7C4H10 5.4 n.d.

4

C3H8 4.3 0.47

C2H6 4.8 0.35
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TABLE IV-4

Tonisation Potentials of the Alkanes (119)

e

Compound Ionisation Potential eV
neo-C6H14 10.05
n-C.H,, 10.17
n-C,H,, 10.63
C3H8 11.07
C,yHg 11.65
(N,0 12.89)
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a decrease of 5.2 units of nitrogen. The substitution

of reaction (7) followed by reaction (53) gives 4 g units
of nitrogen. Hence & net decrease of 1.2 units of nitro-
gen ensues. Similarly, the use of G(ionisation) = 5

would result in a net nitrogen decrease of 2.2 g units.
When compared to the calculated decreases, one finds that
the théoretical decrease of 1.2 g units of nitrogen, using
G(ionisation) = 4, is in reasonable accord with the experi-
mental results for four of the alkanes and only ethane
diéplays a greater calculated decrease. However, the
decreases are not precise enough to warrant a separate
explanation for ethane and until G(ionisation) is accur-
ately known, an exact conclusion cannot be reached.
Further support for Mechanism I can be made by analysing
the decreases in the yields of oxygen and nitrogen dioxide
with increasing alkane concentration. Thus the addition
of a few mole % of an alkane to nitrous oxide eliminates
the yields of oxygén and nitrogen dioxide. These obser-
vations may be rationalised in terms of Mechanism I as
substitution of reaction (53) in place of reactions (41)
and (42) essentially cancels all the nitric oxide pre-
viously formed and also decreases the oxygen yield.
Reactions of oxygen atoms with hydrocarbons are favoured
(114,115), so the combination of oxygen atoms, generated
in reaction (21), to form oxygen will not occur. Subse-

quent reactions of oxygen atoms with hydrocarbons are
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discussed later. The above results therefore, are quite
compatible with Mechanisﬁ I.

Referring to Figures III-5A to III-9A for the un-
branched alkanes the increase in the nitrogen yield
coupled with a decrease in the hydrogen yield upon the
addition of nitrous oxide to the alkanes is due to the
fact that nitrous oxide is an electron scavenger. Some
of the electrons initially generated in the alkane are
scavenged by nitrous oxide, thereby altering the neutral-
isation reaction and thus inhibiting hydrogen formation

via reaction (2).

RE — RH' + e (1)

RHT + e~ — H, + products (2)
e” + N O — NZO_ (3)
N0 + rRH® — N, but no H, (4)

The rate constant for the reaction of hydrogen atoms
with nitrous oxide at 27°C is estimated at 1 litre/mole
séc (116) . In solution, the larger value of k(H + NZO)%
lO4 litre/mole sec (117) could be enhanced by such factors
as the large vibration energy of OH and by the polarity of
the solvent. Certainly, reactions of hydrogen atoms with

6

nitrous oxide are negligible as k(H + alkane) = 10 litre/

mole sec (118). Hydrocarbon free radicals also do not
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react with nitrous oxide to form nitrogen (64,69).

The addition of nitrous oxide to liquid alkanes there-
fore results in the formation of nitrogen due to the
scavenging of electrons and plateaus are indicated around
a value of G(NZ) = 5. The plateau in the ethane/nitrous
oxide system 1s clearly shown (Figure III-9A), achieving a
value of G(NZ) = 5,2 at only 0.001 mole fraction of nitrous
oxide. This is interesting as it determines that electron
scavenging in ethane is more efficient than in the other
alkanes.

The G values of hydrogen and methane obtained from
" the radiolysis of the pure alkanes are presented in Table
Iv-3b. . The g(Hz) curves (Figures III-5C to III-9C) drop
sharply initially, then level off reaching a plateau of
unscavengable hydrogen (91). 1In the case of neohexane,
increasing concentrations of nitrous oxide have only a
slight effect on the g(H2) and g(H4) curves (Figure III-

36C) .

(b) _Alkenes

The decreases in the product yields of pure liquid
nitrous oxide with increasing alkene concentration are
given in Table IV-5a. In the case of l-hexene, the
g(NZ)S curve affords the best plateau (Figure III-10B),
thus providing a greater Ag(Nz) when compared to the other

alkenes studied. The calculated decreases in nitrogen
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TABLE IV-5a

Decrease in Product Yields with Addition of the Alkenes

Compound Ag(NZ) using curves Aq(OZ) Ag(NOz)

W

(a)vg(Nz)é (b) g(Nz)N at 0.08 mole fraction
alkene

l—C6H12 4-5 - 2.7 5.6
1_c4H8 - 2-3 2.7 5.6
C3H6 - | 2-3 2.7 (5.6)
CoH, - 2-3 2.7 5.6

TABLE IV-5b:

G(Hz) values Obtained for the Pure Alkenes

Compound G(H,)

l—C6H12 0.80

;—C4H8 0.90
C3H6 1.0
C,H 1.2
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yields using the g(Nz)é curve for l—buteﬁe, propene and
ethene are in the range 2-3 g units (Figures III-12B to
IITI-15B). G(NOZ) and G(02) decrease to zero with small
additions of the alkenes (Table IV-5a).

The nitrogen decreases may be explained using Mechan-
ism I. A charge transfer reaction is feasible between
N20+ and the olefin molecule, o0l, as all the ;onisatioh
potentials of the alkenes studied are in the range 9-11 eV
(Table IV-6) and hence are lower than the ionisation pot-~
ential of nitrous oxide.

N,0" + ol — N0 + o1” (54)

This reaction is then followed by a neutralisation reaction.

—_ *
N0 + o1t — N0 + ol (55)

However, excited states of alkenes commonly have trip-
let state energy levels around 4.4 eV (120-123), thus
being in the same range as the lower electronic levels of
nitrous oxide (11,51,100,105,124,125) so an alternative

to reaction (55) may occur.

-— *
N,07 + olT —s N,0 + ol (56)

Thus replacement of reactions (41) and (42) by re-
actions (54) and (55) gives a decrease of 5.2 g units of
nitrogen. The increase in nitrogen from reaction (55) now

depends on the extent of reaction (56). If, for example,
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TABLE IV-6

Ionisation Potentials (119) and Electron Affinities of the

Alkenes

Compound Ionisation Potential eV Electron Affinity eV
l-C6H12 9.46
l—C4H8 9.58

C3H6 9.73

C.H 10.51 -1.69°

2Hy . .

(N20 12.89)
a

J. R. Hoyland and L. Goodman, J. Chem. Phys., 36, 21

(1962) .
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reaction (55) eventually yields 3 g units of nitrogen,
then the net decrease is 2.2 units. In the case of the
a lkanes,;a reaction similar to reaction (56) is not favoured-
as the lowest triplet state energy levels in these com-
pounds_are as high as 9 eV (122,126).

The calculated decreases in the nitrogen yields from
the experimental data are in the range 2-3 g units.
Therefore, reaction (56) which results in no nitrogen form-
ation is proposed to occur in the radiolysis of alkene/
nitrous oxide solutions.

As with the alkanes, the addition of alkenes to
nitrous oxide eliminates the yields of nitrogen dioxide and
oxygen. Again these results are compatible with Mechanism
I as replacement of reactions (41) and (42) by reactions
(55) and (56) removes all the nitric oxide.

The addition of nitrous oxide to liquid alkenes
results in nitrogen formation from the scavenging of
electrons by nitrous oxide. However, comparing the G(Nz)
curves on the right-hand side, for the alkanes (Figures
III-5A to III-9%A) and the alkenes (Figures III-10A to III~-
153) , it is clearly shown that the latter curves are lower
than their saturated counterparts.

Sato et al (65) determined that the electron scaveng-
ing efficiency of nitrous oxide is lower in alkenes than
in alkanes. Schmidt and Allen (127) found that the ion-

electron separation distances in the spurs are less in
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alkenes than in alkanes. Hence a smaller ion-electron dis-
tance leads to a shorter geminate neutralisation time,
thﬁs decreasing the possibility of electron capture by
nitrous oxide. However, several workers (65,75) have sug-
gested that mono-olefins provide shallow traps for elect-
rons in liquid alkanes, and these electrons may be
scavenged by nitrous oxide, eventually leading to nitrogen
formation. This conclusion appears to be rather anomalous
in light of the present work, as nitrogen yields in alkenes
are markedly lower than those in alkanes. Recent work
(128) has confirmed that the addition of olefins to alkane
solutions has no effect on the nitrogen yield.

In the last year, Robinson and Freeman (83) have
studied the effects of nitrous oxide on alkenes and alkanes,
and concluded that the smaller efficiency of electren
scavenging in such alkenes is largely due to their shorter
ion-electron distances. They suggested that these smaller
separation distances might indicate a greater energy
transfer efficiency from the secondary electrons of the
alkenes and this transfer efficiency in the alkenes must
be due to the m bond. The 7w bond, from their results,
decreases the electron scavenging efficiency by a factor
of 12 in the C5 hydrocarbons, and by a factor of roughly
40 in the C, hydrocarbons. Such marked differences
between the olefin and its saturated counterpart increase

with decreasing chain length, and hence a correlation
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between electron ranges and the nature of polarisability
of the molecules was made.

Results from the g(Hz) values (Figures III-10C to
III-15C) indicate that the increasing addition of nitrous
oxide to liquid alkenes has little effect on the vield
of hydrogen, again deviating from the behaviour of their

saturated counterparts.

(c) Water Analysis

As previously mentioned, oxygen atoms react readily
with hydrocarbons (114,115), resulting in the formation
- of oxygen-containing products. 1In the present work, n-
butane and l-butene were added to liquid nitrous oxide and
after radiolysis, a specific study was carried out to find
any oxygen-containing products formed. The principal pro-
duct determined was water, other expected products such
as alcohols and carbonyl compounds weré absent, at least
to the limits of detectability of the system (G (ethanol) <

0.01, G(propanols) < 0.08 and G(butanols) < 0.3).

The results obtained are shown in Figure III-37 for
the n-butane/nitrous oxide system, and in Figure III-38
using l-butene as the additive. The G(HZO) curves, in
both cases, level out around a value of 11. These obser-

vations may be rationalised in terms of Mechanism I.
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(i) n-Butane

Referring back to reaction (53), the neutralisation
of RH+ with NZO_ results in the formation of an excited

nitrous oxide molecule which subsequently decomposes.

*
N20 — N, + 0 (19)

The oxygen atom thus formed can abstract a hydrogen
atom from the alkane molecule forming the hydroxyl radical,
which undergoes a further hydrogen abstraction reaction,

hence forming water.
0 + RH — OH + R- ' (57)

OH + RH— HZO + Re (20)

A total G(HZO) of 4 can be expected for this process.
However, remembering that the yield of oxygen decreases to
zero upon alkane addition, then reaction (19) in Mechanism
I generates further oxygen atom which can undergo like
reactions given above to form water. Thus computing the
total G(HZO) value from these two sources gives a theor-
etical yield of 12 units, in good accord with the experi-

mental results.

(ii) l-Butene
A similar approach may be made using l-butene as the

additive. Thus reaction (55) results in the formation of
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an excited nitrous oxide molecule.

- *
N0+ ol+——*N20 + ol (55)

However, a minor reaction leading to the formation of
*
ol , an excited alkene molecule, is proposed to occur, and

*
will reduce the yield of NZO .

N, 0T+ o1f—— N0 + ol” (56)

Consideration of the G(Nz) values of the alkenes
indicate that reaction (55) yields a G(NZO*) of about 3
thus giving G(HZO) ~ 3 from this source. Coupling this
value with the total G(HZO) obtained via reaction (19)
affords a net G(Hiﬂ ~ 11, comparing well with the observed
result.

From comparing the two graphs (Figure IIT-37 and
Figure III-38), it is noted that the G(HZO) rising slope
in the l-butene/nitrous oxide system is steeper than that
in thelg—butane/hitrous oxide system.

This is perhaps indicative of the relative rates of
reaction of oxygen atoms with alkanes and alkenes (129).

various workers (17,81,130,131) have attempted to
determine the yields of water and other oxygen-containing
compounds in the hydrocarbon/nitrous oxide system, usually
measuring the increase in the hydrogen yield from the re-
action of water on sodium.

Sato et al (130) estimatea G(HZO) at 4 or 5 in the
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. radiolysis of gaseous mixtures of hydrocarbons and nit-
rous oxide. Gaumann et al (17) studying the addition
of nitrous oxide to n~hexane at -70°C and using LiAlH4
to produce hydrogen, determined that at 3.8 mole %
addition of nitrous oxide, G(HZO) was 5.5. They could
not detect any hexanols or hgxanones, and proposed that
the formation of water involved initially the neutralisa-
tion of NZO- with the hexane positive ion to give the OH
radical.

Koch et al (131) obtained a value of G(HZO) = 2
for the n-pentane/nitrous oxide system, again using the
yield of hydrogen from sodium.

Recently Takao et al (81) studied the addition of
several hydrocarbons to the gas-phase radiolysis of nitrous
oxide. They used a polyethylene glycol-200 column to
detect water and other allied compounds, obtaining a
G(H20) value of 4.8 using n-butane as the additive, and
determined G(HZO) = 7.2 for cis-2-butene. The present
work, for solutions of nitrous oxide and hydrocarbons,
give a G(HZO) value of about 11 using a Porapak Q
column. However, Takao found n-propanol, G(PrOH) = 0.7,
using n-butane as the additive, whereas the present

study determined G(propanols) < 0.08.
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(d) Halo-compounds

The decreases in product yields of nitrous oxide
upon addition of the halo-compounds are displéyed in Fig-
ures III-15A to III-22A, and the Ag(Nz) decreases are
summarised in Table IV-7a. The curves used to achieve
such Ag(Nz) decreases merit further comment since a grada-
tion in the use of correction factors is observed in going
from methyl fluoride through carbon tetrachloride. Thus,
methyl fluoride shows a plateau using the g(N2)§ curve,
but methyl iodide affords a plateau with the g(N2)§ curve,
and chloroform yields a plateau only in the uncorrected
g(Nz)g curve. There is therefgre a trend in the decreas-
ing correction faqtors, which parallels the trend in the
electron scavenging efficiencies of the halo-compounds.
Virtually all the electrons released during radiolysis
in the chloroform/nitrous oxide system are scavenged by
chloroform, leading to no nitrogen formation by electron
capture; which is exemplified by the use of the g(Nz)g
cﬁrve. On the other hand, the methyl fluoride/nitrous
oxide system yields a plateau with the g(N2)§ curve.

This behaviour indicates that most of the electrons gen-
erated in the solution are captured by nitrous oxide and
that methyl fluoride is a relatively poor electron scaven-

ger.

All the halo-compounds have ionisation potentials
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below that of nitrous oxide (Table IV-8a), so a charge
transfer reaction between the positive ion N20+ and RX
the neutral halo-compound molecule may occur. This re-
action is followed by a neutralisation between NZO_ and
RX+ eventually giving nitrogen.

N20+ + RX — N,0 + rxt (58)

- *
N,00 + RX — N0 +RX (59)

Thus, again using G(ionisation) of 4 for nitrous
oxide, reaction (58) thrqugh reaction (59) gi&es an in-
crease of 4 units of nitrogen as seen from Table IvV-7a,
the yields of nitrogen dioxide and oxygen decrease to zero
with increasing concentration of the halo-compound. Hence
reactions (41) and (42) are cancelled out affording a
decrease of 5.2 units of nitrogen and giving a net de-
crease of 1.2 g units of nitrogen. The Ag(NZ) values for
the halo-compounds (except methyl iodide, chloroform and
carbon tetrachloride) are in the range 0-1 g units, being
in fair agreement with the theoretical result.

The experimental values obtained for chloroform and
carbon tetrachloride are particularly interesting as both
compounds afford calculated nitrogen decreases of about 5
g units.

From Tablé‘IV—Sa, the electron affinities of these

additives are much higher, and the jonisation potentials

AN
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TABLE IV-8a

Tonisation Potentials (119) and Electron Affinities of the

Halo—compoﬁnds

Compound Tonisation Potential ev  Electron Affinity eV
CH3F , 12.80

CH,C1 11.28

CH3Br 10.53

CH3I 9.54

n-C3H7Br 10.18

CHC1, 11.42 o 1.92°

cci, 11.47 2.17%  2.28°

@

@ 4.0. Pritchard, Chem. Review, 52, 529 (1953).
b A.F. Gaines, J. Kay and F. M. Page, Trans. Farad. Soc.

62, 874 (1966).

TABLE IV-8b

G(NZ) Values at 0.01 Mole Fraction Nitrous Oxide

Compound ’ G(Nz) value at 0.0l mole fraction N20
CH3F 3.0

CH3C1 0.99

CHBBr 0.24

CH3I » 0.15
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are lower than those of nitrous oxide. Thus, these halo-
compounds can scavenge both positive ions and electrons in

the nitrous oxide system.

e + CHCl,— (CHc13') (60)
N0t + cHCl,—— N.O + cuc1.t (61)

2 3 2 3
(CHC13') + CHC13+———+ no N, formation (62)
e + ccl,— (cc14‘) (63)
N, 0T + cc1,— N.0 + cc1, 7t (64)

2 4 2 4
(CCl4_) + CC14+———* no N, formation (65)

The CHC13_ and CC14— ions may decompose to form C1”, in
which case Cl~ would be the negative ion in reactions (62)
and (65).

Therefore, using chloroform as the additive, re-
action (62) will replace reactions (41) and (42) in
Mechanism I, and the neutralisation reaction between ions
of chloroform does not lead to nitrogen formation.

Removal of reactions (41l) and (42) gives a decrease
of 5.2 units of nitrogen. Referring to Figure III-21A,
the uncorrected g(Nz)g curve shows a plateau around a
value of 8, thus affording a decrease of about 5 g units
of nitrogen. The g(Nz)gﬁgurve for carbon tetrachloride

(Figure III-22B) indicates a levelling-off around a value

of 7 to 8, giving a decrease in nitrogen of 5 to 6 units.
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These calculated decreases derived from experimental data
compare well with the theoretical decrease derived from
Mechanism I.

The G(N2) curves on the extreme right in Figures
III-15A through III-20A show the effect of nitrous oxide,.
and hence the resultant nitrogen yields, on the radiolysis
of the halo-compounds. From:the respective slopes it is
seen that the electron scavenging efficiency of nitrous
oxide in methyl fluoride is much greater than in methyl
iodide. Taking the G(Nz) value at 0.01 mole fraction
nitrous oxide for the methyl halides, the relative effic-
iencies of electron scavenging in the methyl halides are

as follows (Table IV-8b) :-
CH3F(3.O) > CH3C1(0.99) > CH3Br(O.24) > CH3I(O.15)

The yields of minor products from the radiolysis
of the pure halo-compounds are given in Table IV-7b. In-
creasing amounts of nitrous oxide have little effect on

the hydrogen yields (Figures III-15C to III-20C).

(e) Oxygen-containing Compounds

The effect of these additives on the product yields
from the radiolysis of liquid nitrous oxide are given in
Figures III-23A through III-27A. The observations are
similar to those prevf;usly reported in that the yields of

nitrogen are reduced, whereas the yields of nitrogen
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dioxide and oxygen are eliminated. With the carbonyl
compounds, the lower values of G(N2)X of 2 and 3 yielding
g(NZ)é and g(Nz)g respectively, were calculated, giving the
best plateau over most of the concentration range, (Figure
IIT-23B and Figure III-25B). The decreases in product
yields are summarised in Table IV-9a.

As the ionisation potentials of these compounds
fall below 12.89 eV (the ionisation potential of nitrous
oxide) then the charge transfer reaction between N20+ and
ROH, the oxygen-containing compound,is favoured. The sub-
sequent neutralisation reaction eventually yields nitrogen,
and as reactions (41) and (42) are wiped out, the net
theoretical decrease in nitrogen is again 1.2 g units.

N20+ + ROH —> N,0 + rou* (66)

N,0” + ROH'— N,0 + ROH (67)
Comparing the calculated decreases in nitrogen
_ yields in Table IV-9a, fair agreement is obtained with the
theoretical value. The g(Nz)g and g(N2)§ curves for ace-
tone and acetaldehyde respectively indicate that these two
additives are electron scavengers, and that the trend in the
decreasing correction factors equals the trend in the
electron scavenging efficiencies, (Figures III-23B and III-

25B). The two alcohols used both give nitrogen decreases
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TABLE IV-10

f the Oxygen-containing Compounds

a

Compound Ionisation Potential eV
CH,COCH 9.75%
3 3 :
a
CH3CHO 10.25
CH3OH 10.85 (119)
C2H50H 10.48 (119)

H. Hurzeler, M. G. Ingram

Phys., 28, 76 (1958).

and J. D. Morrison, J. Chem.

“3
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in the range 1-2 g units.

On the extreme right of Figures III-23A through III-
27A, the electron generated in the solution is scavenged
by nitrous oxide, and the electron scavenging efficiency of
nitrous oxide is greater in the alcohols than in the car-
bonyl compounds. The nitrous oxide is thus interfering
with the normal ion-electron neutralisation reactions.

For the alcohols, the addition of nitrous oxide
rapidly decreases the hydrogen yields (Figures III-26C and
III-27C) until plateaus of 'unscavengable' hydrbgen are
reached (92).

Acetone yielded hydrogen and methane upon radiolysis.
and nitrous oxide has little effect upon these yields
(Figure ITI-23C). The situation with acetaldehyde is more
complex as carbon monoxide was also detected, but all
three products decrease slightly with addition of nitrous

oxide (Figure III-25C).

(f) Alkynes
The G(N2) curves in Figures III-28A and III-29A

show the effect of the alkynes on the nitrous oxide system.
The trénds are similar to those with other additives men-
tioned insofar as G(Noz) and G(Oz) decrease to zero and
G(N2) shows a steady decrease along the concentration
range. Decreases in terms of g units of nitrogen are

given in Table IV-11lA.
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TABLE IV-1lla

Decrease in Product Yields with Addition of the

Alkynes
Compound Ag(Nz) using curves Ag(oz) Ag(NOZ)-
(a)g(N2)§ (b)g(N2)£ at 0.1 mole fraction
alkynes
C,H, - 1-2 2.7 (5.6)
C3H4 1-2 - 2,7 5.6
TABLE IV-11b
Tonisation Potentials (119) of the Alkynes
- Compound Ionisation Potential eV
C2H2 11.41

C3H4 10.36
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As before, a charge transfer reaction can take place,

followed by the neutralisation reaction.

+ +
NyO" + C,H, — N,0 + C,H, (68)
A= L + * ;

N,07 + CyH)"— N0 + C,E, (69)

A similar reaction to reaction (56) producing an
excited acetylene molecule is unlikely as the first excited
energy levels of the alkynes are in the region 5-7 eV (132-
134) well above the first excited (triplet) level of'
nitrous oxide. Thus the theoretical decrease is 1.2 g
units of nitrogen, giving reasonable agreement to the cal-
culated nitrogen decreases derived from the experimental
results (Table IV-1lla). Also the g(N2)§ curve affords a
plateau, indicating that acetylene is an electron scavenger.

The addition of methyl acetylene to nitrous okide
decreases G(NOZ) to zero at 0.05 mole fraction (Figure III-
30C) and also the yield of oxygen is eliminated. Hence
these results are compatible with Mechanism I as reactions
(41) and (42) are replaced by reaction (69), and thus no

nitrogen dioxide is formed.

(9) Cyclo-compounds

Three cyclo-compounds were studied in conjunction
with nitrous oxide and the decrease in product yields with
increasing additive concentration are given in Table IV-12a.

In all three cases, the'g(Nz)g curve gives the flattest
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TABLE IV-12a

Decrease in Product Yields with Addition of the Cyclo-

compounds
Compound Ag(Nz) using the Ag(OZ)
g(NZ)g curve. at 0.1 mole fraction additive
c—CSHlO 1-2 2.7
c-CcHg 1-2 | 2.7
c--C3H6 1-2 2.7

TABLE IV-12b

G(Hz) Values Obtained for the Pure Cyclo—compounds

Compound G(H,)
c-CgH 5.2
c—CSH8 1.2
c-C,H 1.1
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curve over most of the congentration range (Pigures III-31B
to III-33B), and thus afford Ag(NZ) values in the range

1-2 g units. Since the ionisation potentials'of these
cyclo-compounds are in the range 9-11 eV, whereas that of
nitrous oxide is 12.89 eV, then the following charge trans-
fer reaction is favoured, followed by the neutralisation
reaction.

N20+ + c-RH — N,0 + c-rHT (70)

- *
N,07 + c-RHT— N,0 + c-RH (71)

Ag previously mentioned, reaction (71) replaces reactions
(41) and (42) in Mechanism I, and results in a net decrease
cf 1.2 g units of nitrogen, being in fair accord with the
experimentally determined decreases of 1-2 g units.

The yield of oxygen from nitrous oxide decreases to
zZero with addition of small quantities of the cyclo-com-
pounds, in agreement with the results obtained from the-
alkanes and alkene additive studies.

In analysing the effect of the addition of nitrous
oxide to the cyclo—cdmpounds (Figures III-31A to III-33A4),
it is seen that the electron scavenging efficiency of
nitrous oxide is greater in cyclopentane than in cyclopen-
tene. The g(Hz) curve in Figure III-31C for cyclopentane
decreases sharply with addition of nitrous oxide as the

electron scavenger inhibits hydrogen formation by interfer-



N

186.

TABLE IV-13

Tonisation Potentials (119) of the Cyclo-compounds

Compound ' Ionisation Potential eV
c—C5H10 10.52
c-CcHg ) 9.01
c-C,.H 11.06
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ing with reaction (72), until a non-scavengable plateau

c—RH+ + e — H. + Products (72)

2

of hydrogen is reached. For the.g(Hz) curve in cyclopent-
ene,'increasing nitrous oxide concentration only slightly
depresses the curve. The lower G(Nz) curve in cyclopentene
is attributed to shorter geminate neutralisation times as
a result. of the shorter ion-electron separation distances
in the alkenes (127), thus decreasing the probability of
electron scavenger by nitrous oxide.

In cyclopropane, the addition of nitrous oxide has

little effect on the yield of hydrogen (Figure III-33C).

(h) Miscellaneous

Continuing with the classification given in the
Results Section, this group comprises of an aromatic com-
pound and a conjugated diene. The decrease in product
yields of nitrous oxide with addition of these additives
is given in Table IV-1l4a. Similar trends to the other
additives are retained with these compounds in that the
oxygen yield decreases to zero within 0.1 mole fraction
of additive, and for toluene and 1,3-butadiene, no nitro—

gen dioxide was detected at 0.06 mole fraction of additive.

(i) Toluene

The g(Nz) decrease derived from Fiqure III-34B is
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\

in the range of 1-2 g units. The theoretical decrease in
nitrogen using Mechanism I and invoking a charge transfer
reaction between N20+ and the toluene molecule; followed
by a neutralisation reaction, which replaces reactioné

(41) and (42), gives a yield of 1.2 g units.

(ii) 1,3-Butadiene

The G(N2) curve in Figure III~35A is lower than
similar curves for the alkenes, showing that the electron
scavenging efficiency of nitrous oxide is less in a con-
jugated diene than in a mono-olefin. Referring to Figure
ITI-35B, the g(Nz)é curve affords the flattest curve over
most of the concentration range; the necessity of using
such curves shows that 1,3-butadiene is an efficient
electron scavenger. The decrease in nitrogen is in the
range 2-3 g units. Thus this decrease may be interpreted

as follows.

N20+ + diol —» N,0 + dio1t | (73)

- *
N,07 + diol™—s N0 + diol (74)

where diol is the 1,3-butadiene molecule. The lowest
excited states of dienes however fall in the same regions
as those for nitrous oxide, so an excited diene molecule

can also result from the neutralisation reaction (121,135).

- *
N0 + diolt—s N,0 + diol (75)
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The calculated decrease in nitrogen (2-3 g units) indicate
that G(Nzo*) from reaction (74) is about 3. Hence replace-
ment of reactions (41) and (42) in the mechanism by the

neutralisation reactions (74) and (75) affords a theoreti-

cal decrease of about 2.2 g units of nitrogen.

(i) High Electron Affinity Compounds

This group %omprises of three electron scavengers
namely sulphur hexéfluoride, carbon dioxide and nitrogen
dioxide, and the decreases in nitrogen, oxygen and'nitrogen
dioxide upon addition of such compounds are shown in
Figures III-1A to III-4A, and are summarised in Table IV-

15a.

(i) ‘Sulphur Hexafluoride

The addition of a high electron affinity compound,
such as sulphur hexafluoride, to the nitrous oxide system
is therefore expected to reduce the yields of nitrogen,
oxygen and nitrogen dioxide by eliminating reactions (41)
and (42). Thus the electron generated in the nitrous

oxide is preferentially scavenged by the additive.

e + SFG———* SF6 (76)

A charge transfer reaction between N20+ and SF6 is not

likely, as the ionisation potential of sulphur hexafluoride

is higher than that of nitrous oxide (Table IV-15b). The
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 TABLE IV-15a

Decrease in Product Yields with Addition of the High EXectron

Affinity Compounds

Compound Ag(Nz) using curves Ag(NOZ) v
(a). g(Nz)g.(b)ig(Nz)g at 0.1 mole fraction additive

SF6 ~2 - ~2
C02 ~1.5 - -

TABLE IV-15b

Ionisation Potentials (119) and Electron Affinities of the

High Electron Affinity Compounds

Compound Ionisation Potential eV Electron Affinity eV

SF, 19.3 1.528, 1.47°
co, 13.79 >2.0¢

NO, 9.78 3.99%, 3.90°
N,0 12.89 <1.47¢

& H. 0. Pritchard, Chem. Rev., 52, 529 (1953).

b

"J. Kay and F. M. Page, Trans. Farad. Soc., 60, 1042 (1964).

€G.J. Schulz, Phys. Rev., 128, 178 (1962).

d W.J. Holtslander and G.R. Freeman, J. Phys. Chem., 71, 2562

(1967) .

€ 5. Tsuda and W.J. Hamill, Advan. Mass. Spect., 3, 249

(1966) .
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negative ion SFG_ has an estimated lifetime of 10_4 sec

(9,136), so the following neutralisation reaction can occur.

- + *
SF6 + N20 — SF6 + NZO (77)

The excited nitrous oxide molecule may then decompose.
Referring again to Mechanism I and using G(ionisa-
tion) of 4, elimination of reactions (41) and (42) affords
a decrease of 5.2 units of nitrogen, and substitution of
“reaction (76) through (77) gives 4 g units of nitrogen.
This results in a net decrease of 1.2 units of nitrogen.

The g(N curve in Figure III-1B indicates a

)
plateau around a value of 11. Thus the calculated decrease
is about 2 units of nitrogen, giving only fair agreement
with the theoretical value. Several solutions of sulphur
hexafluoride and nitrous oxide were irradiated at -45°C,
and it is seen from Figure III-1A that elevation of
temperature has little effect on the product yields.

At a concentration of 0.12 mole fraction of sulphur
hexafluoride, the decrease in g(Noz) is only about 2 units,
whereas Mechanism I would predict g(NOz) equals zero at
this concentration. The reason for this discrepancy is
not clear. Perhaps the excited nitrous oxide molecule
formed in reaction (51) decomposes forming not only ground
state but also excited oxygen atoms. The latter would

then react with nitrous oxide yielding an additional

source of nitric oxide.
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®
N, O — N, + 0 (19)
*
—_— N2 + 0 (78)
*
0o + NZO——+ N2 + O2 (33)
—— 2NO (34)

In fact, reactions involving excited oxygen atoms and
nitrous oxide have been introduced into several proposed
mechanisms (55,81), and such reactions would decrease the
postulated yields of reactions (40), (41), (42) and (19)
in Mechanism I. Takao et al (81) suggested that the ex-
cited oxygen atom produced in reaction (52) is in the 1D
or lS state. |

Another explanation is that the electron affinity
of nitrous oxidé could be comparable to that of sulphur
hexafluoride, and that both would compete favourable for
the electron. Obviously more research in this direction
is needed, especially in determing the electron affinity
of nitrous oxide.

In the final stages of writing this thesis Willis
et al (137) proposed a mechanism for the radiolysis of
gaseous nitrous oxide using high dose rate Febretron

26 028 ov ¢t s 1y. The yields for pure

pulses (10 -1
nitrous oxide of G(N,) = 12.4 * 0.3, G(0,) = 4.8 and
G(NO) = 5.6 are not inconsistent with the yields obtained

in the liquid at lower dose rates. The main features of
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their mechanism include dissociative neutralisation of

2O+ by electrons and excitation of nitrous oxide yielding
mainly nitrogen and.the excited oxygen atom in the 1D
state. The O(lD) atom is suggested to react with nitrous

oxide forming nitrogen, oxygen and nitric oxide.

(ii) carbon Dioxide

Using the g(Nz)é curve in Figure III-3B, the calcu-
lated decrease is 1.5 units of nitrogen. As previously
mentioned, the theoretical decrease using G(ionisation)
of 4 for nitrous oxide is 1.2 g units. Therefore, it is
expected that the following electron scavenging reaction

occurs.

e + co, — coz' (79)

The C02- jon has been observed in the gas phase as
a direct product of electron collisions with organic mole-
cules, with a measured lifetime of 3 X 107> sec (138).
Positive ion scavenging by carbon dioxide is improbable due
to the higher ionisation potential of the former over that
of nitrous oxide (Table IV-15b). The dominant neutralisa-

tion reaction is probably

- + *
CO2 + N20 — CO2 + NZO (80)

The excited nitrous oxide molecule decomposes yield-

ing nitrogen. Thus the theoretical decrease of 1.2 g units
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of nitrogen agrees well with the calculated decrease, Ob-
tained from experimental data, of 1.5 ¢ units of nitrogen.
‘However, an excited carbon dioxide molecule can also result

from .reaction (80), and depending on the extent of reaction

*

- +
co,” + N,00 —> CO, + N,0 } (81)

(81) , would result in a theoretical decrease of >1.2 units

of nitrogen.

(iii) Nitrogen Dioxide

From Table IV-15b, it is noted that the electron
affinity of this additive is much higher than that of
nitrous oxide, and the ionisation potential value of 9.78
eV is lower than the ionisation potential of nitrous
oxide (12.89 eV). So nitrogen dioxide can scavenge posi-

tive ions and electrons in the nitrous oxide system.

e + N02-———> NO2 (82)
+

+
NZO + Noz———+ NZO + No2 (83)
These resultant ions can undergo neutralisation.

NO. + NO

5 2+-——* negligible N2 formation

(84)
Reaction (84) replaces reactions (41) and (42) in Mechanism
I. The neutralisation reaction between ions of nitrogen

dioxide does not lead to nitrogen formation, as the radiol-

ysis of pure nitrogen dioxide gives G(Nz) < 0.1. Thus using
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G(ionisation) of 4 for nitrous oxide, removal of reactions
(41) and (42) gives a decrease of 5.2 units of nitrogen.
Referring to Figure III-4B, the g(Nz)g curve levels out
around 7.5 giving a decrease of 5.6, which is in reasonable

agreement with the theoretical value.
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