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ABSTRACT

The experiments described in this thesis were designed
primarily to determine the mechanism of carbon dioxide pro-

duction during gamma radiolysis of carbon monoxide.

Radiolysis of CQ/C3H6 mixtures results in the formation
of propene oxide and propanal which are products characteristic
of the reaction of O(3P) with CsHg Addition of G, to a
CQ/C3H6 mixtureaggsults in a reduction in the formation rates
of propene oxi&éﬁ?iopanal to an extent which is proportional
to the velocity constant ratio for reaction of O(3p) with

It is concluded that in the gas phase at 22°C and 1 atm
that G0(3P) is 1.41 % 0,22 atoms per 100 eV and that 0(3P)
atoms account for about 75% of the COp, yields It is suggested
that electronically excited states of CO and CO* account for

the remaining 25% of the CO, yield.
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It is argued that the O(JP) atoms are produced as the
result of either the production of electronically excited
states or a neutral dissociative process which accompanies
ionisation. Further it is concluded that the experiments
performed do not preclude the possibility that cither O(1D)

or 0('s) atoms are the precursors of the "observed" O(5P)

atoms.

G(Coz) and the reaction stoichiometry were studied in
the gas at s, tep density in the range 229C to -196°C and in
liquid CO at -196°C, Under all conditions studied it was
found that the reaction stoichiométry does not deviaﬁe from:

bn 60 ww— 0 COp + (C305)p

It is argued that it is possible to explain the
reduction in G(COp) on lowering the temperature below 220G
in the gas phase in terms of the competing reactions

O + Cp0 —» 2C0, Gy0 + CO —» C30p and O + CO —> CO,.

A number of ways in which the experiments described

here could be extended are indicated.
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Section 1 Background.
A Introduction

Radiolysis of carbon monoxide results in the formation
of carbon dioxide and a carbonacepua deposit. Very little
experimental work designed to détermine the mechénism of
formation of the observed products has been published. Past
work has been reviewed by Anderson (1) thus an extensive back-
ground is not given heée.

Anderson (1) found that during proton radiolysis, under
ambient conditions, that G(COp) fell from 2 to 0.5 molecules
per 1006V as the dose rate increased from 2 x 1012 to
1.3 x 10'8 ev cc™? sec™!. Further the ratio G(C) solid/
@(C0,) remained consiant in the dose rate dependent range.

The following mechanism was suggested to explain this effect:-.
co AN C+0

C + CO —— 020 -—> polymer
0 + CO -_ 002
0 + G0 4 2co

Anderson (1) further suggested that neutralization of
positive ions ;:& electrons was not a dissocliative process
*iat étﬁdsphéri¢,préssure. The recombination energy was
pbséuléﬁed to-be dissipated ambﬁg,mclecules clustered around
the positive ion. A neutral dissoclative process yielding

oxygen atoms was therefore postulated to accompany ionisation,
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The following sections review the published work on
oxygen atoms which has been used by the author as the basis
for a diagnostic technique'for oxygen atom formation during
gamma radiolysis of carbon honoxide.

A review of the reactions of ionic and clectronically
excited states of carbon manaxide, carbon atoms and C,0
radicaels is also presented. The polymerisation of carbon
suboxide is discussed. o

B Reactions of ground state oxygen atomd.

The published literature on oxygen atom reactions is
extensive, a comprehensive review will not be given here.
Some aspects of bxygen atom reactions are discussed in detail
in the experimental data assessment section., The following
section prescnts an outline of the relevant literature and its
application to the design of experiments déscribed in this
thesis.

1 Reaction with olefins.

Studies on the reaction of 0(%3) with olefins have been
performed and reviewed by Cvetanovic (2). The 2537 2 mercury
sensitised photolysis of nitrous oxide yields oxygen atoms in
the triplet ground state. It was shown that these atoms could
add to double bonds to form biradicals which rearrange to
form isomeric epoxides and carbonyl compounds. These addition

compounds are formed with L.3 eV per molecule excess energy.
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The addition complex fragments at pressures below
aﬁmospheric. | |

A similar study, using a different technique, was made
by Avramenko (3). Low pressure electrode discharges of
H50 and 6f 02 were used as sources of oxygen atoms. It is
doubtful if the former source does in fact produce oxXygen
atoms (4). Avramenko (3) found that the major products of
the Oé&{) + C3Hg reaction; in a low pressure Op discharge
were HCHO, CH3CHO, CoHy, and CO. This contrasts with

Cvetanovic's analysis which showed that_PﬁI'BP\enfe\EXﬁe—* and

~propanal

obtained by Avramenko (3) were very probably due to the

Wﬁ;were the major products. The products
combined effects of low pressure and the presence of
molecular oxygen. Under such conditions the addition
biradical can fragment and the fragmentation products
react with molecular oxygen. .

Hughes et al (5) and (6) used the dissociation of
moleculér oXygen on a rhenium wire heated to 2300°K as a
source of O(jﬁﬁ. They reacted the atoms with condensed
olefins at 77%K. These authors confirmed Cvetanovie's
product analysis,

2 Reaction with acetylene

The mechanism of room temperature oxidation of acetylene

by O(?p) has been postulated by Brown and Thrush (7) to be:=
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0(3P) + CpH, —> CHp + CO
The reaction between atomic oxygen and acetylene is
known however to produce chemiluminescenes in the vacuum ultra
violet. Becker (8) postulated this to be due to the reaction:-
o(3P) + 0,0 (3%) = co(a’F) + co(x'z)
which surgests that 0(3P) must react with Colp as follows:~-
0 + CH,™ C,0 + H, ’
However, Marmo et al (9) studied the chemiluminescence
quantitatively. These authors concluded that 1 photon was

produced for every 104 molecules oxidised.

3 Rate constants.

Comparative rate constants were obtained by Cvetanovie
(2) using the method of competition kinctics. Absolute
values were obigined by Elias (10)’from oxygen f[low discharge
experiments, where 0(3P) concentrations were measured by
titration with NO at various points along the flow reactor,
Callear and Smith, (41), (42) measured the absolute velocity
constants of the reaction:-

0(3P) + CS, — 8O + CS

and 0(3P) + butenes. The appearance of CS was measured
spectro photometrically during the flash photolysis of
N02/082 mixtures with and without the addition of butene.

Lower falues than those determincd by Eliass (410) were found.
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It was suggestecd that removal »f oxygen atoms in second
order reactions occura in the low pressure discharge flow
technique used by Elias. This conclusion was substantiated

by Brown and Thrush (7).

Table 1 Soing Velocity Cons tants for Reaction of
0(3P) atoms at 25°C

| Material T k(eqkmole seé) o ~*"*;H Rgfgrence
0 | (9.083.1)x 105 o
cm, |  (1.8%0.6)x 10’ T
CoHe (7.2420, 75)x108 13
CH, | (9._210.&) x 1010 7
Cofly (e2t0.4) x 10" |7
CsHg | (1.85%0,23) x 1012 7 and 2
but-l-ene (1.920.3) x 1012"___%__« 12 _'
| iso-butene (7.621,2) x 1072 12

These authors used a flow discharge technique and estimated
0(3P) concentrations by B.S.R. measurements. The source of
0(3P) atoms was the reaction:-

n(4s) + wo(2M)» o3%) + 1w, (M%)
Studies of the rate of O(JP) uptake as a function of olefin

concentration allowed an estimate of the reaction stoichio~-

metry to be made.
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Some velocity constants for 0(3P) reactions are shown

in Table 1.

1 Reaction with paraffins.

The reaction of 0(3P) with alkanes is generally thought
to involve H atom abstraction:-
O+RH - R+ OH
The reaction mechanism has been disaussed and the
velocity constants determined (7), (13). The simple
alkanes rcact with 0(3?) atoms far more slowly than do the

simple alkenes

5 Experiment Design.

This section outlines the design of the diagnostic
technique usecd by the author to detect the formation of
0(3P) atoms during gamma radiolysis of carbon monoxide gas.

There are two approaches whereby O(3P) may be diégnosed
using hydrocarbon 0(3P)znavengers and end product analysis,
The formation rate of 002 or, product to which the hydro-
carbon is oxldised, may be measured as s function of mixirng
ratioe The velocity constant ratio msy then be estimated
from the derived scavenger plot.

The alkanes are not suitable scavengers. The OH
radicals produced react rapidly with CO to form 002 via

the reaction:-



S S U L SR - U TS

R e

velocity*constant‘fof‘réaction of O(BP);.

Kgr Kgo = |
with scavenger and carbon monoxide respectively,

s 7, /7CO_7 concentrations of scavenger and carbon

 -monoxide respectively.
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OH + CO —> 002 + H
at room temperature (15).
The olefins react rapidly with O(3P) and yield
characteristic oxidation products,
Consider a simple competition betwcen CO and scavenger
for 0(3P).
| When the scavengeable CO, yield is cut by half:-
ks {8] =1%o [co]
I Yco, is the least number of COp moles which can be
measured then the number of moles scavenger (Ng) which must
be gdded is at least 10 NGOZ‘ Thus at atmospheric pressure

the vessel volume which has to be used is:~
k
S

koo

By gas chrometography N002 is about 5 x 10”2 moles (P.7\ )s

Vo= X 10 Noo, RT 1litres.

thus for CoH), V is about L4OO litres! By mass spectroscopy,
much smaller quantities of COp can be measured. However fhe
quantity 10 NGOZ’ in the equation above now becomes the least
ampurt.of condameble material which can be reproducibly extract-
ed from a vessel of asbout 100 cc capaclty by a rcfrigerated
scrubbing loop and is about 10"6 moles. Thus V is about 0,24
1itres‘for acetylene but apaln inconveniently high for most
olefins, The dectection limit for ecxpoxides and carbonyl
products with a flame lonisation detector is low, about 10“9

moles, However preconcentration is required to prevent over-
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loading of the V.P.C, thus the amount of scavenger which can
be added is again not less than 10~° molecs.

When the experiments to be described in this thesis were
" being designed a mass spectrometer was not available and the
rate constant for reaction of O(PP) with acectylene had not
been reliably determined: Thus although the formation of
oxidation products from an olefin could be used to diagnose
the presence of O(3P) the consistency of the diagnosis could
not be checkcd by measuring comparative velocity constants
in s static reaction system. Such a consistency check was
essential since at the time of preliminary design the work
of Hughes et al (5) had not been published. The products
characteristic of O(3P) reaction with olefins were thus not
well established. This problem was splved by the addition
of a second scavengers The rate of formation of oxidation
péoducts from the primary scavenger was then measured as a
function of secondary to primary scavenger mixing ratio.

Propylene-acetylene mixtures were the scavenger com-
bination finally chosen. Propylenc was chosen because the
(C3HgO) complex does not undergo extensive fregmentation at
_‘atmbsphefic.pressufe. Acetylene because 1t does‘not yield
products which interfere with the chemical snalysis of the
products to which propylenc is oxidised.
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6 Surface Recombination.

0(3P) atoms recombine on surfaces by a process which
is first order with respect to the concentration of O(<P). (L)
The association between O0(3P) and CO to form COp is however
spin forbidden and slow (14). The purpose of this section is
to discuss the influence of varying surface/volume ratio on
&(c0,).
a Theory.
Lissuming & homogeneous distribution of O(PP) throughout
a reaction vessel, the total number of atoms which hit the
wall in one second (16 p 146) is:-
Ny, =% ¢ [0] S atom sec™! = aeeee (1)
(0] = atoms cc™

c root mean square velocity cm sec™?

1

S = surface area (cm?)
The rate of wall recombination is defined by:-
- dfd%g*_ k, [0} atom (cc sec)™ 1. R (2)
is defined as the fraction of total atoms colliding

with the surface which are lost. Thus combining (1) and (2):-

¥ 8 3 - (3)

k = v C . 3
w L v

ky = vVvelocity constant for surface recombination

. The meenlife of an 0(%P) atom with respect to wall re-

combination (ty) is the reciprocal of (3).
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For the rate of wall recombination not to be hindered by
diffusion to the walls; the diffusion time (tp) from the
centre of the reactor to the surface, must be less than Gy
The time required by a molecule to diffuse a distance x is

given by the Einstein diffusion formula (16):-

tD - g _J_C_"_g_ mrm———— ( Ll-)
cA
A = mean free path (cm)

In the pressure range 10~2 to 20 atm., ca may be defined by
the expression (16):-

h~ 05PN e (5)

N = viscosity poise

A = density gm ce™1
Combining (4) and (5)

b = 2 x2 L e (6
p=fx £ (6)
b Application.

Assuming that oxygen atoms are produced during gamma
radiolysis qf CO, the conditions under which the 002 yield
will be surface-volume dependent may be calculated. If a
gsimple competition exists between reaction with CO and wall
recombination the reaction may be defined by the conservation
equation:~

Ro

(0(3p)] { 3y [co] +kw}
rate of O(SP) production.

R0
ky

velocity constant for reaction of 0(3p) with CO



The reaction will be demonstrably surfacc-volume

dependent when: -

tD < tW = FH |
t; = mean life for homogeneous reaction of O(BP)
with CO

For a long cylinder the ratio of the volume to the surface
area (V/S) approximates to r/2 (r = radius) thus the con-

dition stated above occurs when:-

0.75 I'2 .E. < -:2_£ = __,_____1_, .
oK ky  [CO]

Table 2 shows tD, tw and #H calculated as a function of
r for CO gas at 1 atm and 25°C, Ciearly the wall reaction
does not become free from diffusion control until r is less
than 10" 'cm, Further variation of the surface material in
vessels of usual dimensions is unlikely to alter G(C0o)

because of diffusion control,



Radius (r) cm 10”1 1
Surface \{, ty by ty by
Pyrex 162 X 10"}4 2.7 x 102 2.7 x 1071
{o pb—t222 4 2731
(o))
Silica |7.1 x 1074 |3 L5 x 1072 b5 x 10=2
. v
. - (8))

PbO 5.8 x 10~3 ?{) 5.5 x 1074 | 5.5 x 410~
Fe 13.6 x 1072 8.9 x 10~5 8.9 x 10~U
- g—‘“” . " | ‘ - .

Cu 1.7 x 1077 1.9 x 1072 1.9 x 1074

*I8Td93 80l 00BJANS pPUB d

ty = 2.5 x 10”3 secs

Y velues taken from ref (l)

*2 91481

SNTpes T9SS9A OUJ JC ucTjoung B8 se Mg pus dg

- 6L ~



¢ ‘Reactions of 0('D) atoms

Two singlet excited states of the oxygen atom are known,

0(1])) and o("s) which are 2 eV and L4.2 eV above the ground

state respectively. O(1D) gives an emission at 6300 R and
6364 & while 078 has an emission at 5577 B. The radiaqbive
lifetimes of o'p ana 01S are 100 sec and 1 sec respectively,
relaxation to the triplet ground state being spin forbidden.
Little work has been published on the chemical reactions of
0(18), nowever it has been suggested that it is formed during
the 1470 § photolysis of N0 (18)

1 Reactiosn lMechanisms and Products.

a Reaction with carbon monoxide.

Raper (19) studicd the oxidation of CO during the
2537 B photolysis of 03/CO mixtures dissolved in liquid
argon at 87°%K. A very small CO, quantum yield wes observed.
This was postulated to be due to pre-dissocilation of a
vibrationally excited state of COp, lower than that formed
in the initial associstion reaction,; which is formed by

collisional deactivation of the initial association complex:-~

0 (D) + cO = cop ——— (1)
COp™ + H ~3 GO*® + i - (2)
co,™* — CO + O(°F) ~—-= (3)

XX

C0,™™ + M— GOy - (k)
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The reaction stoichiometry:-
0z + CO — 02+002

was e€xplained in terms of the reaction
0(3p) + 05— 03

Verdurmen (20) showed that during 18L9 2 photolysis of
No0 in the presence of col8 at room temperature and in the
pressure range 6-48 tbrr, that molecular oxygen formed by
the reaction:-

o('D) + N0 — W, + Op
contains O18 thus substantiating thc formavion of a labile
assoclation complex,

Product CO, detection in N0 based on the m/e = 22 peak
was understandably inaccurate, Although it was concluded that
between 3-10% of 01D formed was converted to COp, it is
difficult, if not impossible, to calculate the fraction of
0'D formed converted to 002*, and thus to estimate the
relative importance of reactions 3 and 4 of Raper's mechanism.

Clerc (21)(22) explained the lack of Op formation during
1240 £ filash photolysis of COs at 3 torr and room temperature
in terms of the rapid reaction:-

o('p) + 0o — oo,

The only cvidence for O('D) formation given was the
appearance of a COp absorption at 1152 B, Direct evidence
of 0(1D) formation such as observation of the 6300, 636l P



- 22 -

emission was not reported. O loss could also be explained by
the occurrence of the following reactions in the high inten-
gity flash:~

1 ,
o('D) + 002 — 00y

0 -
3 + C 2 002

It may be concluded that direct experimental evidence,

co

confirming or challenging the experiments and conclusions of

Raper (19) has yet to be published.

b Reaction with other simple molecules.

Norrish and Wayne (23) studied the reaction of 0('D)
produced by 2537 2 03 gas phase photolysis with various
simple molecules. CO, and N2 were found to decrease the
6—03) quantum yield and Hp0, Hp CHy, NH3 and HCA induce a
chain —03 guantum yield probably initiated by

olp + RH = OH +R

Evidencc for insertion at high densities and cryogenic
tcmperatures .was however found by De ore and Raper (24)
who studied the reaction of O(1D) with CH), using the technique
described above (19). Methyl alcohol was formed presumably
vias

™D + CHy + M —> CH30H + M
with Hp however (25) the major reaction path was found to be

sbstraction to form OH under the same conditions,
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Evidence for association of 0{1D) with CO, #ww forming
CO3 under cryocgenic conditions has been found by-Weiséberger
et al (26)i

The pas phase reaction of o'p witﬁ 02 haslbeen studied
by Young and Black (27) who find evidence for the papfd
reaction: -

o! 3

D + 0y — 0, (b125+) + 0°P

Prcston,Cvetansvic and Yamazaki (28, 29) studied the
reaction of O0('D) with propane using the 1850 g photolysis
of N,0. 0(1D) was found to insert into the CH bonds to form
"hot" alcohols which require pressures of the order of 10 atm
for stabilisation.

The retio of n-propyl to iso propyl alcohol formed is
about 3. 0(;P) atoms do not #nsert into CH bonds, but abstract
to form OH as already discussed, No evidence for frag-
mentation processes forming aldehyde such as

o'p + Cgflg > (CHgO)® > C,HLO + H,

was reported.

2 Rate Cpnstant Deata.

By a study of propyli%iééhéi}formation from propane
during the photolysis of NO, at 2288 £ and N,0 at 1850 % in
the presence\of various additives Yamazaki,Cvetanovic and
Preston (28, 29), obtained comparative rate constants for

reaction of 0(1D). Xey, No, 002, NZO' N02 and 03H8 were all
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found to react rapidly, whereas He, Ar, Kr.and 8Fg react
slowly. |
Snelling and Blair (30) cstimated the following
absolute rate constants during a study of the 2537 R gas
- phase photolysis of O3 in cec (mole sec)"“l units:—
05 (2.0 1) x Teas
Ny (1.3 + 0,6) x 10°3
Xe (3.5 % 1.7) x 1073
AP A~ 5 x ‘IOJIO
The maximum gas kincetic rate constant for bimolecular
collisions is of the order of 10l o (mole-sec)—1, thus it
is apparent that these reactions are extremely fast.
Claimed comparative reaction rates from a study of
1477 & 0, photolysis (31) are invalid because the 6300 X
0('D) emission was mistaken for the 7618 R band of 02(b121g+)
(32). |
The rate constant suggested by Clerc (22) for
olp + ¢o + M, 1019 ce? mo1e™2 sec™, must be regarded
with suspicion since it was not demonstrated that it was

in fact 01D reacting with CO as alrecady discussed above.
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An estimate of the comparative rate of reaction of

o(1p) with N,0, COp and CzHg from B.4. Th, Verdurmen's

data.
The velocity constant ratio for reaction of O('D)

with carbon monoxide‘and hydrocarbons is not known.

The purpose of this section is to make an estimate of
this ratio for the case of carbon monoxide and propane. Such
a calculation allows the interceptor level of propane which

has to be added to CO to detect O('D) formation during gamma

radiolysis to be predicted.

Consider the redction sequence:-

N0 N, + 0('p) R
o('p) + M0 — W, + 0, Ky
o(p) + co — co* k,
Co,® — o('p) + CO k3
CO,* + M— CO*H k),

The rate of removal of O(1D) due to reaction with CO is

given by the expression:-

~a(o(’ dcoy™™ 3
ao( D) _ —2— -1y (00" (w) —mm (1)

The stationary state expression for CO,*® ig:-

(C0,™%) __ = k(0(1D)) (C0)/ (k5 + Xy, (M)

Since exchange takes place it may be postulated that:-

k3 > ku. rasm_——— (3)
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combining equations 1, 2 and 3:-
a(C0,) /a5 = (0('D)) :g(m)(cO) ceee (1)

where k. = koky),/ k3
Thus reactions 2, 3 and L may be considered as a single
regction which does not yield No:~

0("D) + CO+ M -» products T
The mass conversion equation for O(1D) is thus:-
d(O1D))/dt =0 =Ry - (o('p)) [k (¥,0) - kg(cO) ()]

The rate of N, formation is given by:-

. -1
. kg (CO) (M)

d(N,)/4: = Ro + Rg (1 K (0)

which rearranging yields

ceee  (5)

ke(cO) (M) _ [/a(N2)/ay ) 7
(o) ("‘E}T“") "

It should be noted that Ry refers to half the N, quantum
yield thus the relative formation rates given by Th.
Verdurmen should be doubled,

A similar expression for COp; quenching may be derived
if the mechanism for reaction of O(1D) with CO, proposed by

U
Baylch (33) is assumed i.e.

1
co, + 0('D) -> ©Oz™

*
003 "9 002+03P LI 2K B N 2 N Y J 1{5
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It should be clearly noted that the subscaipts on the

velocity constants (k) in equations(5) and (6) refer to
steps in the reaction mechanism written on pages 25 and 26

with the exccption of kg which is defined on page 26. R,
mean mtes of production of O(1D) atoms,

Data plots of equations 5 and 6 are shown in graph

(1).

Clearly

E§ = 2 x 10t ce/mole X5 -1
k1 s -1-{-— = 2.5 x10

1

Preston (29) obtained values of k(0('D) + €0,)/k(0('D)4N,0)

ranging between 0,42 and 1 in reasonable agrecment with

the ratio kg/k, stated above. Preston (29) further

obtained a value for k(0('p) + m,0)/x(0(’D) + CsHg) of
about 3. Thus k(0('D) + co)(m))/x(o(*n) + C3Hg) is about

2.8 at 1 atm and 25°C if the above analysis is correcct,
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D Formation and reactivity of icns produced during

gamma radiolysis of carbon monoxide,

The recombination energy of GO+, 14 eV is greater than
the dissociation limit of carbon monoxide, 11.1 eV, It is
thus conceivable that sxygen atom production duringrg§gg%&
radiblysis of carbon monoxide results from neutralisation of
co* ions by thermalised electrons. If this werec the case and
if the CO™ ions reacted with the oxXygen atom scavenger added
to the system before necutralisation, then oxygen atom form-
ation would not be detected. The following section considers

the type of ions that are formed in carbon wmonoxide by

electron impact, secondly the poassible reactions of CO+.

1 Dissociabtion of carbon monoxide by clectron bombardment.

Total cross scctions for ionisation and attachment in
sases by electron impact have been measured by Rapp (34).
Ionisation cross section is defined by the relation:-

& = iI/ie nl
i1, l1g = ilon and electron currents

n target gas number density

1

Cross sections for positive ionisation:-

effective path length.

e~ + CO0 - Ccot 4+ 2¢e~
and dissociative attachment:-

e” +CO~» CO”—-C + 0
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were measurcd. The two processes have resonance peaks at
(100 - 120 €V) and 9.9 eV respectively. At these two energy
maxima the ratio of cross sections, (dissociative attachment
to positive ion formation) was found to be 7.64 x 1074, The
cross scection for negabtive ion formation:-

€ +C0—C0" —=ct 4+ 0" + 6
was not measured accurately, it was found however to have a
resonant peak of about 30 eV and a cross section of a com—
parable order of magnitude fo dissociative attachment.
cO0* ions are therefore the major product of electron impact

of carbon monoxids.

2 Reactions of cO*

a 002 formabtione

Leventhal (35) has discussed the energetics of the
following collision induced‘dissociative and reaction

processes of COt :-

co* + cO —> ¢ + 0 + CO —— (1)
co* + co — c* + CO, —-—— (2)
CO* + CO— C0+ + O —— (3)

Heats of reaction as a function of the electronic

excitation energy of CO* are shown below:-
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Te rm Ionisation Reaction Heat AH (eV)

Symbol  Potential Reaction

ev 1 2 3
X283+ 4,009 8L 1.9 8.4 - D*
A2TT 16,536 509 -0.6 5,9 - DY

Bes* 19, 665 2,75  =3.75 2.75 - D*

D* = bond dissociation enerpgy of CO-Ct (~-BeV)
See ref (36) for ionisation potentials,
% Reaction (1) does not occur with thermalised ions.
R2 can oceur with A2TT and BZZ *. R3 occurs with B2 S *
only. The reaction:-
c0* + 60 - c0," + ©
Was shown expcrimentally not to occur,
With thermalised ions therefore CO, can only be formed

directly via rcaction (2). R3 is a possible source of

oxygen atoms,

b Reaction with CH) and Op

The purpose of this section is to estimate the amount of
additive which must be added to irercept the primary ions ¢O%,

Consider the two step dissociation and recombination

seqguence: -

R1, R2 and R3 refer to the reactions 1, 2 and 3 on page 30.'
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co Moot 4 e” Rg (1)
e” + Cot ~> Co k, (2)

By mass and charge conservation at stationary state:-
Ry =kp fe7] [o0]
fe] =[c0*] 1

thiss-  [e™) _ = [00%] __ = (Ro/kp)®

The wmean electron and positive ion lifetimes are equal
and mey be estimated fr?m the relation:-

by = 1/kp (Ro/kp)*

At atmospheric pressure, élegtron—positive ion re-
combination processes are pseudo bimolecular (37) a represent-
ative velocity constant is; 5 x 1017 cc/mole sec. The
maximum gamms dose rate used in the experiments to be
described was 2.8 x 1013 evgggc. Assuming that the energy

required to form an ion pair in carbon momoxide is 30.6 eV,

this absorbed dose rate is equivalent to s primary ion pro-

duction rate of 1.57 x 10~12 moles/cc sec., thus:-
[ej]ss = 1.76 x 1015 moles/cc
and t, = 1.11 x 1070
+ The rate of the reaction:-
co™ + CDy, - COD + CD5 (3)

has been determined by low pressure mass spectrometry {38) to

be; 5.5 x 101h cc/mole sec. Clearly the mean lives of cot in

reactions (2) and (3) are equal when:-

45 5'\’0\‘\ 1 O"\W é‘\'o <
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&, [e7] [oo] = ks [en, ) [cod
ice. D] = (e/ig) [e7] o

1

1.76 x 10°12 moles/ce

it

3.9 x 1078 for stp CO

thusEPz_a { 1051

Therefore if it can be assumed that there is no significant
isotope effect, secondly, that ion molecule reactions of cot
with other hydro-carbons have similar velocity constants, cot
should be intercepted at all practicable mixing ratios.

Confirmation of this prediction may be found by con-
sidering the effect of O, addition on @(C0o) during radio-
lysis of carbon monoxide,

G(Coa) is known to be very sensitive to traces of oxygen.
Clay et al (39) postulated the existence of an ionie chain
mechenism to explain the dependence of G(CO,) on 0p/CO ratio.
 Anderson (1) found the enhancement of G(CO,) caused by addit-
ion of O, to be reduced at high dose rates. For example at a
dose rate of 6 x 1015 eV/cc sec, yield enhanccment was not
observed until O2 was greater than 10 ppm, at & total pressure
of 1 atm,

Consider then that the ion molecule reaction postulated
by Clay et al:-

cot + 0, — 003 (1)
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to initiate the ionic chain, compétes with volume recombin-

ation, reaction 2. Clearly ag:-
Ro
W Lod % ()

G(COZ) will be enhanced. At a dose rate of 6 x 1015 eV/ce

17

sec, assuming that kg is about 5 x 10 ce/mole seci-

1
Ro) b
Ky EE) ~ 1.3 %10

10 moles/cc,

10 ppm O, in s, t.p CO corresponds to L. 5 x 10~
thus kﬁ must be about 3 x 1Q13 cc/mole sccs This is about
10 times less than the usual velocity constant for ion-
molecule reactions meassured in low pressurc mass spectro-
meters. Howevern, becausc of the practical difficulty of
measuring ppm guantities of 02 in CO, secondly the approxim~-
ations involved in the above calculdtion the original pre-
diction may be considered to be confirmed.

On the basis of the evidence presented above,{%t may be
concluded that if oxygen atom formation resﬂlts‘?@om
neutralisation of COY by thermelised electrons, oxXygen atoms

cannot be detected by asddition of oxygen stom scavengers,
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B Blectronically excited states of CO

ARenergy level disgram for carbon monoxide is given by
Herzberg., (4LO) The purpose of this section is to consider
whether oxygen atome can be formed from such reactions as:-

G0® + CO — Cx0 + O
Secondly to discuss the possible interception of CO* by an
oxygen atom scavenger before it urdergoes such a reaction.

1  Triplet Excitation,.

The heat of formation of 020 may be estimated as fellows.
The onset of photochemical reactivity of 0302 $-

0302 —_— 020 + CO

is sbout 3100 § (8). The hest of formation of C30, is
-1.05 eV (41). Thus the heat of formation of C,0 is about
+4.1 €V. Thus the least cxcitation energy for co® is 8.96 eV
(1380 §). The reaction is thus only possible with the boS *
state, | |

Liuti et al (42) have demonstrated that the CO{aTT")
(6 eV) state mey be produced by energy transfer from Hg
(63P1) (1849 | photolysis). Addition of watcr during 1849 R}
mebcury sensitised. photolysis of carbon monoxide was found to
result in methanol formation. It is not known if the |
methanol resulted from reaction of CO (a2 TT) with water, or
the resction of carbon atoms produced via the reaction:—‘

CO™ + CO —y GO, + C
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with water. Nop other studies concerned with the reactivity
of triplet electronically excited states of carbon monoxide

have been published.

- 8Singlet Excitation.

Very little is known about the chemical reactivity of
co (A1TT)(8.065 eV)e It has a very shorl .radiagtive life-
time (w10~C sec) (43). Early work on the 1295 and 1470 &
photochemistry is reviewed by licNesby (uu). Photolysis of
CO/H,, mixtures at these wavelengths results in the formation
of (HCO)2 and HCHO. This has been postulated to be due to:-

co® + Hy —3 CO + 2H
It is not known if CO(A1TT) undergoes a transition to a

triplet state before this reaction occurs,
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F Formation of carbon suboxide during radiolysis of

carbon monoxide gas.

Anderson(1) demmstreted that the reaction stoichiometry of
the gas phase radiolysis of carbon monoxide is:-

hn CO-A“4=n CO, + (0302)n
where (0502)n is polymeric carbon suboxide,

4 Pormation mechanism,.

Dondes (45) reports that polymerisation of monomeric
C30p takes placc in a 3:1 Helium/c302 mixture on exposure to
polonium - 240 - o radiation. The polymerisation rate is
about 10 times as fast as in an equivalent mixture heated to
50°C and not exposed to ionising radiation. Experiments
designéd to charascterise the difference in the pblymer
prepared by these two methods were not however completed,
Blake (u6) studied the gamma radiolysis of carbon suboxide
gas. Products of the radiolysis were found to be polymer and
CO. In contrast to the thermal polymerisation which produces
a uniform f£ilm over the surface of the reaction vessel, the
polymer collected at the base of the reactor indicating that
it was formed in the gas phase. Homogeneous gas phase form=-
ation of C302 polymer has been clearly demonstrated during
radiolysis of carbon monoxide by Anderson (1).Blake (46) also
demons trated that radiolysis of 50:50 C302/C2HM mixtures 4did
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not produce allene, further additinn of oxygen did not
reduce the rate of polymerisation. ZLiuti et al (42) found
that the 1849 § mercury sensitised photolysis of CO results
in the formation of 002, monomeric 0302 and polymeric 0302.
The experiments described above suggest that polymer—
isation of monomeric 0302 proceeds readily under the
influence of ionising radiation. DMNonomeric C30o has not been
detected during radiolysis of CO gas in contrast to the photo-~
lysis of CO gas. It may therefoﬁe be tentatively concluded
that formation of polymeric C30, during radiolysis of CO is
preceded by formation of monomeric 0302, the polymerisation
process being initiated by charge transfer from the primary

ion GO* to monomeric G305 (I.P. = 10.6 V) (47)

2 The influence of monomeric C30, formation on G(COZ)

Von Weyssenhoff et al (48) studied the reaction of O(3p)
with 0302 gas in a fast flow systems They suggested that the
principal reaction was:-

0(3P) + Cz0p, —> 300

The velocity constant of this reaction was not estimated.
The authord however suggested that competition for O(3P)
between CO and C30p could influence the kinetics of COp, form-
ation durmg radiolysis of carbon monoxide., BSuch a competition

could possibly explain why G(CO,) is less than the theoretical
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maximum calculated on the assumption that:-

a) €O%, e~ recombination

b) dissociation accompanying ion pair formation.
Both produce oxygen atoms which react with CO to form CO2

Consider now the sequence:-

COwvrtr—y C+ 0 ———— Rg
o

C + 00— Cp0 — 0,0,

0 +CO0 — GO, e (1)

0 + G305 — 360 e (2)

Since it is well established experimentally that CO,
formation is straight line to 0.1% conversion in the dose

rate independent region (1), it may be postulated that:-

(C50,) 5s = Ro/ %p(0)g,

a(cos) k (o)

r = .
0 co Ko W, G(CO0,)
4

ky = (4 # 2) x 10 1 ce/mole see at 25°C (L9)

thus (C30p)gg / GO = Lu5 5 1077

' The subscripts 1 and 2 in the equations o o 2

on page 597refé£ﬁ 
to reactions 1 and 2 of the mechanism written on page 39.;

R, means rate of production.
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However there is evidence (vide supra) to support the
idea that polymeric 0302 is formed from monomeric C30, by
charge transfer from the primary ion CO*., Further it was
shown on page BESthat an ion interceptor:carbon monoxide
ratio of 3.9 x 10”0 would intercept about half of the positive
ions before ion-electron recombination at a dose rate of
2.8 x 10713 eV/cec sec,

The theory that G(COs) is influenced by monomeric G50,
formation is thus not compatible with the theory that 0302
polymerisation is initiated by CO* ion interception,
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G Reactions of 020 and C

020 and C may clearly be postulated to be intermediates
in the production of carbon suboxide during carbon monoxide
radiolysis. The purpose of the following section is to
discuss the reaction characteristics of these species with

both hydrocarbons and carbon monoxide.

1 Reaction of C,0 with hydrocarbons.

The reactions of Cp0 have been studied using the
photolysis of carbon suboxide, WhenA >2900 £ triplet C,0

is formed, however when A~2540 X singlet 020 is formmed,

a) Reaction products and mechanisms.

triplet C,0 when A > 2900 £ the following mechanism

was proposed by Bayes (50)
Cz0p + b = G0 + CO
020 + CZHh"'CjHu + CO

020 + C 02‘* polymer + CO

3

C3Hh = 80% ellene + 20% methyl acctylene

This work was extended (51) to include propylene,
cis-2-butene, trans-2-butene and isobutene. In every case
the corresponding allene was found to be formed. The allene
yield was found to be decreased as pressure increased. This

was rationalised in terms of the mechanism;-
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C,0 + olefin - ¥
I¥* — allene + isomers
I* + ¥ - non allene products.

In the case of 2, 3 dimethyl 1-2-butene a dimer
(°6H12020)2 is claimed as a reaction product at high pressures
(52), stabilisation of the initial association complex is
thus indicated.

The reaction of triplet C20 with paraffins has been
studied by Baker et al (53) who claim that the photolysis
products in the presence of meﬁhane, ethane, propane and neo-
pentane are ethylene, propylene, isobutene and 3,3 dimethyl
but-l=-ene respectively., The dependenée of the product yields

on pressure was not studied.

Singlet cag When A ~ 21450 8 singlet Co0 is formed.

Extensive studies of its mechanism of reaction have not been

reported. Formation of allene from ethylene has however been

demonstrated (54)

b) EBvidence for the existence of two electronic states of

Co0s
Bayes (54) found that the addition of oxygen when

2900 & supressed allene formation in CBOZ/CZHM mixtures.
No such effect was observed when A > 25&08\ The mechanism

proposed was:-
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. 0
A D 2900 A radiation less

C L0, =—=o———> C 0,(8) transition
572 2 \\;co (T)
32
C,0 (T) + co

A~2540 § |
O30, ——> C;0,(5) - C,0(8) + GO

Cundall et al (55) claim tuv have demonstrated triplet
state formation during 2540 K photolysis., During the photo-
lysis of 0302/¢is-butene—2 mixtufes the quantum yield of CO
decreases as the partial pressure of cis—CkHB—z increases and
that trans 03H8 is formed. The mechanism proposed was:-

Cz05 (T) + ecis CyHig - 2 — c:*uH8 -2 (7T) + C30,

\

cis GuHB - 2 4+ trans GMHS‘

Mercury contamination of the additive could also explain
this result; boeth by preferential absorption of the ineident

quanta and by energy transfer to the butene.

¢) Rate Constants,

Triplet C,0 was found to react with NO at 135 times the

2
velocity of O, and 10" times the veloeity of ethylene (49).
The comparative velocity constant data obtained by Willis

(51) are quite different from those obtained by Beker et al

(56). The reason for the discrepancy has not yet been
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resolved. It can only be suggested that Baker (56) did not
take into account the known pressure dependance of the
reactions. Comparative velocity constant data for paraffins
were reported by Baker (53)., It may be tentatively con-
cluded that Cp0 reacts with alkanes.more slowly than with
alkenes,

Comparative rate constant data for singlet 020 is not
so extensive as for the triplet., Morrow (57) studied the
flash photulysis of 0302 in the A range 2300 - 2900 % and
found an absorption at LO 50 B. This was thought to be due
to a 03 intermediate. Aésuming that this radical is formed

by reaction of CZO with C the quenching order for Csz

| 302
supression and thus 020 reaction velocity with the following

additives was found to be

CH, » CH, > N > 0, > co

22
2 Reaction of carbon atoms with hydrocarbons.
a Reaction products.

The reactions of hot carbon atoms, produced by such
techniques as the N1u(np) C1h reaction, have been extensively
reviewed and discussed by Wolfgang (58) and Wolf (59).

High yields of acetylene and other unsaturated
products are characteristic of the reaction of C atoms with
hydrocarbons in the gas phase. Sckell (60) used carbon

vapour as a source of atomic carbon for a study of the
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reaction of C atoms with condensed oléfins at 77°%K. Under
such conditions acetylehe is not formed, reactions of the
primary association complex are observed.
Both the technigues described above are very complex and
sources of experimental error will not be discussed here,
A more convenient source of carbon atoms is probably the
1470 X photolysis of C30, (61). For 4470 X photolysis of
CBOZ/CHM mixtures the following mechanism has been proposed
(61)
€30, + hO —» C + 2C0
C + CHh —_— Czﬁux
02}1&* + U o~ CH -+ U

*
C2Hh =% Coll, + Hy.

Higher n~alkanes absorb 41480 K light (62), this could
possibly limit the extension of this techrigue to inchide.othor n-
alkanes, For ethylene, acetylene, propylene and butene-1

(63)(6l4) the same argument would appear to hold true.

b Rate Constants.

Meaburn and Perner (65) have found an optical absorption
at 2u78 R during pulse radiolysis of carbon dioxide and carbon
monoxide, this was ascribed to the 1p — 13 transition of the
carbon atom, Addition of small quantities of CHA and 03H6
reduced the half life of the optical absorption thus indicat-

ing the occurrence of fast insertion reactions.



- L6 -

3 Summary,
The dominant mechanism of reaction of 020 and C with

hydrocarbons is carbon insertion. In the case of 020 this
results in the formation of allene at low pressure and low
carbon number. When =ither the total system pressure or the
carbon number of the interceptor hydrocarbon is increased,
stabilisation of the associated complex i8 favoured. Carbon
atom insertion results in'a léss stable association complex
and acetylene is a characteristic fragmentation product.
Velocity constant data is not extensive ani is often con-

flictory, it is clearly an area for future research.
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Section 2 Experimental Techniqgeé and Data

The éuthor does not claim that the techniques described
below are the most suitable for every experiment described.,
The final technigue evolved was often a compromise between the
availability of materials and the time which could be allctted
to the experiment. The above statement applies especially to
the choice of columns for the chromatograph, the design of the
reaction vessels used for pressures above atmospheric and the

procedure used for making up 3 component gas mixtures,

A Safety Considerations.

The followihg scction lists the maih sources of hazard

v

and precautions taken.

Pyrex plass was used extensively in the construction of the

vacuum gas handling system and reaction vessels., This was
because it is chemically inert and does not brittle fracture
on cycling between rdom and cryogenic temperature,callso
because of the ease with which apparatus may be constructed by
a skilled glass blower. An eye shield was worn when working

with glass apparatus under high vacuum or at pressures above

atmospheric, .

Liguid Oxygen was used because:
a) Carbon monoxide may be safely distilled from -1837C to
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b) It is the only readily available cryogenic fluid to cool
a trap which will quantitatively extract "mass spectro-
scopically pure" COo, from a COp/CO mixture.

Clearly fracture of a Pyrex vessel containing CO and
immersed in liguid oxygen cduld cause a spafk and thus an
explosions, Such a wmishap did not oceur during the course of
the experiments. Liquid oxygen was not used to condenée large
quantities of hydrocarbons. Both liquid oXygen and liquid
nitrogen were used in the~66:60 source to cool irradiation
vessels, Large quantities of ozone were produced when liguid
oXygen was used. Irradiation of liquid nitrogen produced
nitrogen oxides due to combination between N, and 02. Dewars
containing liquid oxygen or nitrogen under these conditions

were not allowed to boil dry, the remaining liquid after

irradiati on was dumped on waste ground.

Carbon Monoxide., All the experiments were performed in a well

ventilated lab.. The exhaust from the gas handling apparatus-

was fed to the ventilation extract.

B Irradigtion 8ource and Reaction Vessels,

The work described in this report was performed with

e e

the Imperial College 17,000 01(00-60 source. The design of
this source is described in outline by Spalding et al (1)
The gas phase experiments were mostly performed with

cylindrical vessels of about 145 cc capacity comstructed of



The method of calculation described here is explained in 1
greater detail in the appendix. The method of dosimetry
using tritium B particles (HBB) is also explained in the

appendix.
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Pyrex, For filling pressures up to about 3 étm (abs. ),

A.D. Wood spring loaded stopcocks were found to be unsuitable,
The holding bolt sheared off the key on tightening. The
Springham design was mors satisfactory, however fracture of
the key was sometimes»observed on tightening.

For pressures of about 10 atm; 10 cc capacity,
cylindrical Pyrex vessels having a wall thickness of 2.5vmm
were used. These were fitted with Hoke International 482
bellows sesl valves via a Sencon's 13 Kovar-Pyrex graded
seal, the connection was soft soldercd (disge 5). The
maximum pressure attainable was 200 psi.

Pyrex stopcocks were lubricated with Apiezon M grease,
Pyrex vessels were cleaned by reannealing after use,

Experiments with cryogenic liquid carbon mbnoxide
(77°K) were performed in a 3-4 cc Pyrex or silica vesseks
The vessels had long narrow necks ( ~ 20 cm) and were
immersed in liquid nitrogeh contained in a 500 cc capacity

narrow neck Dewar.

o * Dosime try ‘gamma

In solids end liquids;gpjﬁgAArphotons are absorbed by

Compton interaction. In small gas phase reaction asscmblics
however, photon absorbtion occurs mainly at the boundary and
the gas cavity is irradiated by scatter electrons when the

pressure is low., A technique is therefore reguired to
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estimate the energy absorption in the gas from Fricke
dosimetry.

The method of calculation adopted was first described
by Johnson (2). The dose rate i the vessel boundary is
first calculated by multiplying the measuremenis obtained
from Fricke dosimetry by the ratio of the electron density
of the wall to the water. The dose rate in the gas is then
estimated using the Bragg-Gray relation.

Boundary/gas, electron stopping power ratios may be
estimated from the equations given by Baily (3). The

following relation. may be derived:-~

: Zc.
2¥  ®Hp0 {1.336 - 0.1642 1n Zy
E = rate of energy absorption per gram

€ = electron density (electrons/gm)

Z = mean atomic number (electrons/atom)

Zw for Pyrex may be estimated from the composition data
in Ref, L., It may be shown that:-

Ego = 0.95 B0 evV/gm time (at stp.)

As the gas cavity pressure increases direct photon
absorption in the gas becomés an important energy transfer
mechanism. Thus the absorbed dose rate becomes a function of
(density)2 rather than density and the Bragg-Gray law no
longer holds. Toi(5) estimated dose rates in dense ammonia,con-

tained in a small stainless steel pressure vessel, by Hzgi
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and Fricke dosimetry. It was found that Fricke dosimetry

underestimates the true dose rate.

Substitution into the equation:-

EN’H‘3 =

‘Wz g [10336 - 0,1642 1n Zy
“Hp0 2 |7.336 - 0.1602 1n Zpg
gives a value of 1,47 for the bracketed term, This value in
in good agreement with the dose rate ratio H3p,/FeSOu = 1.55
in the density range 5.5 x g™l 2,5 x 1072 gram ce~1. Thus
for small reaction vessels, it may be concluded that the
method of calculation described above is valid for quite
high densities (2,5 x 1072 gw/co)

Dose rates in cryogenic liguid CO were determined by

Fricke dosimetry, Water replaced the cryogenic cooling

boundary during this operation.

D U.V. Light Source (2537 & + 1849 )

e - mead WS S el eoiing

The light source consisted of two opposed Engelhard-
Hanovia Bactericidal Unit 12 lamps.

The photolysis vessel was a-blanked off square cylinder
of silica 3.2 cm id and 29.5 cm long (2.8 @My cc). A Pyrex
stopcock was attached to a vessel via a black waxed B40 conc
and socket joint. To filter the 1849 E photons, the vessel
was immersed in a c&lindrical silica tank (8 cm 1d) containing

an aqueous saturated solution of sodium chloride.
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E Construction, Operation and Performance of an A.E.T

MSIO Mass Spectrometer,

During the course of the work an A.E«I MSIO mass spectro-

meter became available. This instrument was used to measure as
little as 2.5x10“9 moles of COo (p 71). The instrument can be
operated in many different ways depending on the type of sampl-
ing system and a variety of control systems can be used.During
construction and operation of the instrument it was found that
the instruction manual was often misleading.The following notes
describe the features of the instrument used by the author.

1) Auto. control system. This system was designed to:-

a) Switch off all systems in the case of cooling water failure.

b) Switch off the MS10 filament in the case of the system
pressure rising above 10~4 torr,

c) Seal off the stack (the term stack refers to the total

assembly of components comprising analyser tube, cold trap
and diffusion pump) and switch off the diffusion pump in the
case of rotary pump failure,

| The lay-out of the system is shown in diag. (1). The
flow controlled switch follows the design described by Conlon
(6). The pump and backing line control is as described in (7).
2) Sample Inlet System.

A batch sampling system designed as described in (8) was

constructed as shown in diag. (2).

3) Pumpdown.
The orifice was set to give a pumping speed of 1 litre/

SEC,
The attainment of initial vacuum 10"2-10-3 torr was

indicated by:~
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a){ blackout of the discharge tube mounted on top of the
rotary pump oil receiver.
b)‘ condensation not forming on the cold trap when filled
with liquid nitrogen.

Because the ion gauge filament readi ly burns out at
pressures in excess of 10“3 torr 1t was found useful to fit
a Pirani gauge during test pumping runs. An Edwards G5B-2
gauge was attached to a 13" flange via a brass/Pyrex cone
socket éonnection, and bolted to the adaptor tube in place
of the ion gauge.

To prevent ion gauge filament burn-out the gauge must
not be turned on for at least 2 hours after the diffusion
pump is switched one

15 hours pumping was sufficient to reduce the system
pressure to about 1072 torr,

) Bakeout

All stack flange bolts were smeared with moly-graphite
grease to prevent seizure durihg bakeout.

The stack was heated by attaching band heaters to the
~ flanges and heavily lagging the metal surfaces with asbestos
string. Temperatures of about 350°C could be attained,

The leak valve containg polythene gaskets and was water

copled during baking periods,
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After the initial baking period (about 6 hours) the
flanges had to be retightened.
- After about a week of continuous pumping and baking the
system pressure was reduced to about 2 x 10“8 torr,
Baking causes oxidation of the source plug pins. The
pins were carefully cleaned and the filament potential
(1.6v AC) checked before operation.

5) Leak testing.

Two types of dynamic leak test were performed. TFor
rough vacuum leaks the suspected component was covered with
Apiezon sealing compound @. For high vacuum leaks argon
tracer gas was usede To prevent false results during this
test caused by the instrument drifting off the wm/e = LO
setting; +the sampling system was filled with argon and
peribdic injections of argon were made,

6) Ion gauge filament pumping and desorption,

The lon gauge filament had a marked effect on the
parent mass height and cracking spectra of compounds injected -
into the analyser. The effect is illustrated in the table 3.
To minimise this effect the vacuum protection circuit was cut
out during test sample injection., After reconstruction (see

next section) the effect was no longer observed,
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Table 3 The effect of the ion gauge on the observed cracking

pattern of carbon dioxide.

Injection ~ 2.54 x 10~6 moles
Reservoir volume ~ 500 cc

Pumping speed 1 litre (sec)_1

R

]

m/e Range Meter reading :

—— ~- |

a b c |

- ‘ _w_naMwwm_mmwwuvﬂwM{__m o
2 100 nd 0.2 ’ 0. 03
12 100 046 Coli2 nd
10 1 0.6 Lhe?2 nd
16 100 0. 68 O. L4 nd
28 1000 0.12 0. 68 0.12
L 1000 0.9 0. 55 0. 89

R N U S

a) Initial injection with ion gauge off
b) ion gauge switched on

c) ion gauge turned off again
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7 Reconstruction

| The unit was modified to make it as an MS10 Argon
Dating System 1(9). This system has the advantage that
the analyser tube can be shut off at high vacuum. Further
the ion gauge is shielded from the analyser tube by the
orifice plate, the mass flow rate from the ion gauge is thus
greater than from the analyser tube, These latter con-
siderations probably account for the lack of effect of the
ion gauge on the observed cracking pattern with this system.
The ultimate vacuum attained (~5 x 10™8 torr) was the
same as that‘attained with the standard system.

F Reaction Product Collection Trap.

Before injection into either the MS.10., or V.P.C. units,
both scavenger and reaction products were fractionated from
the carbon monoxide by means of the spiral trap shown in diag.
3« The lower portion of the trap was immersed in liquid Np or
Oo. The flow through the trap was regulated by a Metheson
microflow valve (modél 150) fitted with B1l brass cones.

G ggypaﬁggionﬁggd purification of materials.

Carbon monoxide was prepared by the dehydration of deaerated

formic acid with degassed acetic anhydride containing 0. 5%
concentrated sulphuric acid., It was purified by distillation

from liquid oxygen to liquid nitrogen.
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Acetylene., HMatheson C.P., acctylene was further purified to

remove traces of acetone as follﬁws. 5 litres of the gas

were equilibrated with 50 cc of a solution of 2, uwdiqitro—
rhenyl hydrazine in 30% perclbric acid. The scrubbed gas was
then cryo pumped through a packed bed of phosphorous pentoxide

and deaerated by multiple freeze thaw cycles.

Nitrous Oxide. B.0.C. Medical grade N,0 was deaerated by

multiple freeze thaw cycles.

Propylene and Propane.

Initially crude industrial grades of thesc materials
'were used, Reasonably pure preparations could be made by
flowing thc gas through an anular trap refrigerated to -78%.
This step removed most low boiling impurities, The middle
fraction was subsequently collected and deacrated by multiple
freceze thaw cycling, Later experiments were performed with

Matheson CP grade gas withcut further purification.

H Preparation of Gas Mixturcss

Note on mixing times,

It was shown on page 17 that the time taken for a
o &
molecule to travel a distance % by diffusion in the gas phase
is given by the relation:-

2
:0.
tp 75 ¥ fﬂ/r)
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If the minor condensible component of a gas mixture is
condensed at the basc of the rcaction vessel, then the time
taken for this component to diffuse to the top of the vessel
on warming to room temperature, may be considered to be the
mixing - time,

The 145 cc vesselé used in many of the experiments
described here were about 16 cm long. Thus at 3.3 atm and
25%C tp is about 2 hrs. An “overnicht" mixing time is

therefore asdequate,

CO/C,H,/C3Hg mixtures.
The essential features of the apparatus are shown in

diag. 4+ The CoH, and 03H6 are first premixed as follows:-

a) Fill 8 to the required partial pressure with CzHg.
Cryopump contents of 8 into 7 '

b) Fill 8 to the required partial pressure with CyH,.
Refrigerate 8 and transfer contents of 7 into 8.

c) Shut off 8 and allow to mix overnight at room
tempera ture,

The final mixture is then made as follows:-

da) Fill reaction vessels to the required partial
pressure with premixcd 02H2/03H6

e) Refrigerate the reaction vessels with liquid oxygen.

) While still refriserated fill reaction vessels with

carbon monoxide,
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When filling witﬁ'cblén absolute filling pressure of
1 atm produces an absolute internal pressure of 3,3 atm on

warming to room temperature,

CO/Czlg mixtures at 10 atm.

In the absence of a high pressure supply of thesc two
materials 50:50 mixtures were made by cryspumping from a
ballast volume (diag. 5). Clearly the pressure of each

component in the reaction vessel is given by the expression:-
V.

Pp = VI% (P1 -Pg)
Pp = partial pressure of each component in the reaction
vessel after warming to room temperature.
Vgsy VR = Ballast and reactor capacity respectively.
Py, P2 = pregssure of each component in the ballast volume
before and after refrigeration of the reaction
volume respectively.

For the first component P, must be zero,

CO - ngermixturesgg1 - 3,3 atm).

These were made by freezing "known PVT quantities®
of propene into the reaction vessels and sdding CO while

keeping the vesscls refrigerated in liquid oxygen.
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I Chemical Analysis.

1 Carbonyl, BEpoxide and Ketone products.

The total yilelds of carbonyl and ketone products were
estimated by reaction with 2,4-dinitrophenyl hydrazine (10).
The optical density ol the coloured complex obtained using
this tcchnique was measured on a Unicam SP-b00 spectrophoto-
meter.

The individual yield of each component was measured on
a Perkin-Elmer 452 unit using a flame ionisation detector.

A 2 metre column of polyethylene glycol on 'Chromosorb P! and.
a 2 metre pre-colunn of tetra ethylene glycol dimethyl ether
on 'Chromosorb P' were used. The pre-column ensured a good
separation between scavenger and reaction products. The
operating temperaturec was hOOC. The carrier gas was argon,
4O cc per min., and the splitting ratio was 1:9 (F.I.D. to
effluent).

Calibration of the spectrophotmmeter was achieved by
preparing standard solutions by mizng quantities of purified
vapaur of known f.V.T with water. The gas chromatograph was
calibrated by injecting aliguots of known P.V.T. via the
sampling loop. Representative calibration factors are shown

in table 4. The calibration factors are defined as follows:—
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For the gas chromatngréph:—

CF = 12 moles. X Range
Peak Area

For the spectrophotometer

_ OD at 430 mp

No moles

CF

(1 cm path-length)

Table I Calibraticn Factors.

Tl T Galibration Factor
Compound : ) ~
- VPC x 10 | sP x 1075

Propenal 3. 69 % 0,31 6.3 £ 0.3

Acetone 3.4 * 0,12 | 1.16 2 0,18

Acetaldehyde 6.42 * 0.10 8.0 ¥ 0.4

Propene Oxide é.8 T o.uh ” |
2 Carbon Dioxide,

3 technigues have been used:-

a) PVT measurement., The operatiﬁn was performed with a cas

burette of conventional design. The COp was first separated
from the CO by péssing the mixture through a spiral trap half
immersed in liquid oxygen. The COp was then transferred to
the gas burettc vie a single stage diffusion pump and a

Toepler pump,.
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b) Gas Chromatography. The following conditions were used.

Hydrogen carrier at 20 cc/min, 2 metre silica gel column, &
tempcrature of 35°C and a thermistor detector,

c) Mass Spectrometry. The most sensitive conditions were:

A reservoir volume 2f 500 cc and a pumping speed of 41 litre
per seccnd.

Table 5 summarises the least detectable limits,.

5  Carbon Suboxide.

The yield and composition of the carbonaceous deposit
formed during radiolysis was determined by vacuum pyrolysis
followed by burn off of the residual carbon.

Table 5 Ieast Detectable Limits,

Compound ' Tgéﬁﬁiaﬁé“ ”E»”N“” 1DL (moles)
DNPH 1,24 x 1077
Acetaldehyde VPC 6.3 x 10-9
| DNPH 1.64 x 1077
Propanal ~ i *
VPG ! 3.7 x 10™9
- — f
Propene : 2,9 x 10-8
Oxido oA S
! -7
Acetone DFFHE 8.5 x 10
! VPC 3.5 x 10=9
E VPG 5 x 10~
Carbon PVT ‘ 10-6
Dioxide uS ; 2.5 x 10~9
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Reaction vessels were constructed of silica to with-
stand the pyrolysis temperature, 1000°C. The vessels had
long necks which terminated in a Pyrex glass stopcock éia a
cone~socket connection. A water cooled Jjacket below the
connection snd an asbestos thermal radiation shield beiow
the water jackct, prcvented pyrolysis and oxidation of the

tap grease during snalysis.

J Experimental Datg

Throushout the section errors are expressed as the
avera~e deviation from the arithmetic mean. During the
operations of addition or subtraction errors are added.
Durine the operations of multiplication or division the

percentase error is added,

1 Gamma Radiolysis of carbon monoxide-propylene mixtures,

The yields of propanal, propcne oxide, acetaldehyde and
acetone formed during the radiolysis of carbon monoxide propene
mixtures were measured as a function of the following variasbles,

[« %"
a) Totel Dose b), Mixing Ratio @B Pressure

ann
C#) Temperature WM Addition of SF; @) Addition of G,H,



X

Throughout this section total dose is caicﬁiéééa—by o
- multiplying the dose rate by the vessel volume, filling

pressure and irradiation time,
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19

a) Total Dose At total doses greater than 2 x 10'7 eV in

the dose rate range (4.75 - 10.2) x 1016 ev (cc--hr)'-1 the
yield of each product falls off sharply., Data for propanal
‘aré presented in graph 2. There is a systematic difference
between the preliminary and latter data. This was due to the
incorporation of a pre—column into the gas chramatography
unit. The pre~column caused better fractionation between
scavenger, other pfoducts and propanal thus allowing rcllable
pcak area cstimates to be made. The following varisbles were
shown not to affect the yield fell off:- mixing ratio, vessel
size, pressurc and the addition of SPgz Subsequent data WErs,

obtained in the range O - 2 x 10'2 v,

b) Hixing Ratio and Pressurc. G-values obtained as a function

of mixing ratio and pressure, and cestimated from V.P.C
measurements arce shown in table 6. ‘

To ensurc that quantitative separation of the reaction
products had been obtained with the scrubbing loop described
on page 62 . the following consistency check was designed.
Total aldehyde and ketone was extracted with water and reacted
with D.N.P.H., the optical density as a function of dose was
ﬁeasured. The theorctical rise in optical density as a
function »f dose was calculated from the V.P.C data using the .

calibration factors listed in Table 4.
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Table 6 G(oxidation products) as a function of pressure

-75...

and mixing ratio, (gamma radiolysis of CO/CBH6 mixtures)

e B

D -

e | Mixing | Pressure
Product (molec.per ! Ratio ; Range
100 eV ) | Range(%) (atm)
propene 0. 03 !
oxide 205
0.03 :
propanal 0.61 £ 0,07 ! i 1= 3.3
2.5
acetalde~| 0s¢135 % | 0.03
: ‘ 1 - 3.3
hyde 0,040 2.5
acectone 0. ot
2.5 1 - 3'3
0.0L
0,08 0.03
| 3.3
0,046 0.185
Dose Rate = 1.04 x 1017 eV/cc hr

Vessel Volume = 145 cc

Total Dose Range O - 2 X 1019 eV

Tempera turc 22°¢
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The following result was obtained:-

0D _ + yo—21
(Fexpy = (8:6%1.8) x 10

0D
(Ev)calc

c) Temperature and SFg addition, Total aldehyde and ketone

(8.96 * 1,28) x 10~21

formation was measured in 3% 03H6/CO mixtures at 1 atm a) with
the addition of 3% SFg at room temperature b) at -78°C. The
average 0D/e¢V ratio for both conditions was found to be

(9.5 £ 1.8) x 10721, No significant effect of these

operators was therefore detected within experimental error.

d) Addition of CoHo. The G-values of propanal and propene

oxide were investigated (Tables 7 and 8). The data are
presented in the form:-

gg - 1) as a function of (CoHp)

(Cxiig)

RpsR: are the rates of formation of propene oxide and
propanal in the absence and presence §f Colly respectively.

The data were obtained under the following conditions:

Dose rate = 1,04 x 1017 eV/cc hr

Pressure = 3.3 atm. (abs) Temp. 22°C

Vessel Volume 145 cc. Total CoHy, 5%.

The data are presented in the order in which the
experiments were perfofmed. Rp was redetermined before data

were collected at (CZHZ)/(C3H6) ratios of 20 and 10.
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Table 7 Formation kinetics of propanal during gamma

radiolysis of CQ/CZEZZQBEG mixtures.

No. (CoHo) Ry (b)
obs. (C3H6) R (\'R‘" - 1> (a)
(a) | (b)
L4.0
18 -
+ 5.5 .
- 175 | 0. 055
L 27 1.5 £ 0.6
+ 1.6 + 0,021
' 0, 065
2 81 7 %1 5.3 % 1.4
* 0,018
0. 053
6 50 12 = 3 2.7 ¥ 1.4 '
+ 0,026
0,080
2 15 20 1 1.2 0.4
! * 0.024
i
6 - 3+ 1
) 0,045
L 20 18 £ 3 0.9 = O.Lt N
T 0,020
0.062
2 10 21 X 2 0,6 = 0,2
* 0,020

sverage {B) = 0,060 * 0,021

(a)
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Table 8 Formation kinetics of propene oxide during gamma

radipglysis of Ooﬁzﬂzégg_iéﬁ mixtures,

o | (Cofp) . RQ 1), %%
obs. (03H6) (R a
(a) (b)
18 - 55 £ 6
: 0,065 X
i 27 20 t 2 1,75 * 0.58
0,020
0.101 %
2 81 5,9 £ 0.2 8.3 % 1.3 '
0. 014
1445 0.056
6 50 2.8 1 1.6
+ L6 + 0.032
0.073
3 15 26 Iy 1.1 * 0.4
+ 0,025
6 - L7 =1 | 1
i 0. 055
L 20 22 £ 3 1,10 £ 0,34
+ 0,017
0. 057
3 10 30 %L 0.57 * 0.24
* 0,024

Average {2 = 0,067 % 0,023

(a)



It should be noted
that the response of the instrument chenpged during the coursc
of the experiment. This was later disgnosed to be due to an

obstruction in the stream splitter.

2537 X Mercury-seneitised photolysis of NQO[ngelmixtures.

The yields of aldehyde,; measured by the DNPH technique,
and product non condensable at 770K were measured as a function
of time. The results aée shown in Table 9, The rate of form—
ation of 'non condensable! product wes

(6.9 + 0,33) x T moies/min,
The rate of formation of propanal was:-

(3.5 £ 0.5) x 10"6‘moles/min.

Gamma Radiolysis of Carbon lionoxide ~ Acetylene hiixture.

G(COZ) was measured as s function of the ratio (CZHZ)/
(CO). The carbon dioxide yields were measured with a wmass
spectrometer and the identification confirmed by the observed
"removal® of the m/e Li} peak by absorbtion onto sofnolite.
Ketene could not be detected. After scveral experiments a
yellow deposit could be seen coating the walls of the product
collcetion trap. An attempt was made to repeat the
expcriment at 1 atm, after the mass spectrometer had been
reconstructeds No reproducible data was obtained. G(CO5)

estimates are shown in table 10.
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Table 9, 2537 R Hercury Sonsitised Photolysis
of N20£03§6,mixtures.
| Time nne . | (@ oD at ()
. (mins) !moles x 10 (2) 430 mp (a)
6
(2) (v) 104 (o)
0.5 3 25 6.5 0. 87 1. 74
1 | 6. 57 6.57 2.4 20 Ll
1-75 ‘ - ; - h' 203
. } ! ]
2.0 ' 1’4-;6 7.3 } - 2.3
PO 19 _;fi . _'
2.5 17,7 701 } 5.7 ; |
. ] - o
Average 6.9 ¥ 0,33 Averare 2,20 ¥ 0,22
Total Pressure = 760 torr Temp = 22°C
Vessel Volume = 248 cc

NC
0D

i

product non condensable at 77°K

optical density {1 cm lipht path)
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Z¥ Gamma Radiolysis of Carbon Monoxide Propanc lMixtures,

Yields of normal and iso propyl alcohol formed during
gamma radiolysis of carbon monoxide~propane mixtures are
shown in Greph 3 and Tables 11 and 12.1 G "aldehyde" refers to
a product detected by the DNPH tecst. Two propane preparations
werc useds Crudc B.0O.C. propane was purified by the éuthor.
Matheson G;Pé propane was used without further purification.
In the 10 atm experiments, fractional sémpling refers to
expanding the vesscl contents into the rescervoir (Diag. 5) and
injecting the residunal vessel contents into the gas chromato-
graph. "Yotal sampling refers to frcezing the liguid nitragén
consensable product into the V,P,C. sampling loop (Diag. 3)
and injecting the 50 stp ¢c of propanc into the chromatograph.
This large propane load passcd through the unit (Perkin-Elmer

452) in a few secconds under the following conditions:-

2m column of polyethylene glycol on 'Chromosorb P!

Temp 60°C Argon flowrate. 50cc min~ 1,

No peak tailing was observed, however the flame was
extinguished and had to be reignited after passage of the
propane. It must be noted that the G{alcohol) estimates
sumnarised in Table 13 are approkimate since dectailed

calibretion dataWere not obtained.
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Table 10 Gamma Radiolysis of Carbon Monoxide -

Acetylene iiixtures,

it s 78 e e et gt e

Mixing

~ Ratio No., det- G(CO,)
(C,H,)/(C0) ermins tions, wolec. 100ev—1
8 x 10™2 L 2,5 & C,25
1.66 x 104 3 2.4 X oian

4 x 107k 3 1.72 % 0,28

8 x 1071 5 1,23 % 0,13
1.6 x 1072 2 1.02 * 0,07

Total Pressure = 3,3 atm Temp 22°C

|

Vessel Volume = 145 cc

Dose Rate

1.04 x 1017 eV/cec hr.



*

- Product of dose rate eV gm‘1 hr™! and vessel content (gz)
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5 1849 & photolysis of N0 - Cflg mixturos,

A single experiment was performed on the 18L9 X photo=

lysis of N20 - C3H8 mixtures under the following conditions:-
Temp 22°C Pressurc 1 atm
CBHB:NZO = 3 Vessel Volume 80cc.

The total vessel contents were injected into the V.P.C.
unit for the purpose of analysis. The result of the experiment
was _

Yield iso=-propyl alcchol ~ 5 x 10~ moles.

Ratis, normal: iso-propyl alcohol ~ O.47

A blank run in which the vessel was surrounded in an aqueous
solution of sodium chloride to filter the 1849 X pho tons showed
that no products were formed indicating that mercury had been

excluded during vessel filling.

Table 11 Gamma Radiolysis of 1iguid CO + 3% Propane at -196°C

* Dose Rate ~ 1.2 x 1020 eV/nr
Vessel Volume ~ 3cc.

BOC Propane

Ratio normal/iso-prooyl aleohol as a function of dose

Bret |V
75 L0l
13 026
3 25, 6 0,38




® 33cdtm O latwm

e e oS

SR 2 S — —

. Total Dese eVxio®
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Teble 12 Gamma Radiolysis of 50:50 CO:CzHg mixtures at

10 atm and 22°C

N/T
Ratio normal/iso/ propyl alcohol as a function of dose,
N

propane prepargtion and sampling,

To tal

4 Dose 4 Propane Sampling N/I

t eV x 107 2 Source Method
2.16 B.0.C Fractional 2.8 }

e s e e e s e o« e s

1.95 Mathcson C " 0. 54

{_ﬂ g e o e aane %T e e s it s st e e <
2.7 Matheson " 0. 51
2,28 B.0.C " 0,58
36 3 B. Ooc Total 0. 36

Dose Rate 1.04 x 1017 eV/cc Hr

Vessel Volume = 10 mim, CC
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Table 13 Gamma Radiolysis of CQ/03§8 mixtures.

G estimates of isopropyl alcohol (I) n-propyl alcohol (N)
and uncharacterised aldchydc ('ald') as a function of state,

mixing ratio and pressure,

")

-
State [ Temp {Pressure| CzHg | G G G
o atum, -‘g-g-— (1) () “g1d"
Liq ‘-196 - Oo 03 0017 O. 005 0017
Gas 22 1 0,03 [1.L46 0,3 1.3
Gas 22| 3.3 0,03 1. 46 0.3 1.3
Gas 22 10 1 102 0. 6L nd

6 G (COz) as a function of temperature and dose-rate.

G (002) was measured as a function of temperature in the

range 22°C to -196°C. Some measurements as a function of

dose rate at low temperatures were also made; Table 14.
G(C) in table 14 refers to the G value of carbon contained
in the polymer which is formed during radiolysis of pure

carbon monoxide,
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Table 1L G(CQQ) as a function of temperature and dose rate

in CO gas (vessels filled to 1 atm, (abs) at 22°2C

Dosc Rate [Vessel | G(COo) G(C) |Temp

eV/cc sec [Volume | molec. G(C05)| ©cC No. Obs.
B (ce) | (100 ev)~? )

b.56 x 1013 | 145 j2.0 £ 0.1 nd 0 2

" L 1.45 £ 0,020 nda |-78 2

! 85 |0.66 + 0,09 nd 183 3

" m  |0,60 £ 0,07 nd L196 3

5.65 x 1012 | 273 |2.0 * 0.2 3.3 %02| 22 3

i "o [1.58 £ 0,11 ?3.25i0.18 -78 5

" " 0.80 %0.03 3, 162004 ~183 2

.08 x 1011 | 560 |0.77 #0,05 nd [-183 2

nd = G(C) not determined.

7 G(CO,) and polymer composition in liguid carbon monoxide

at "'1 96000

The G value of COp and the composition of the polymer
formed during gamma radiolysis of carbon monoxide at -196°¢
‘were estimateds The technique whereby the polymer com-
position was determined is described on pages 71 and 72. The

data collected arec shown in tables 15 and 16,



Table 15 00, yiclds and polymer composibions

Liquid CO at -196°0..

Dose Rate 2,86 x 107 eV,gm“i min~1

Total

Burn

Radio Vacuum Pyrolysis
| Dose  1lytic CQo[ GO —C0p 0T GOy
ExptiNo. |eV X 10™2 molesxt 0 ‘molesx106 mo;esx106 moles x 10
2 5¢ 10 2.1 | 155 1. 06 2,82
b 121, 8,15 6, 20 Lol 11.3
5 31,0 11,5  110.0 5. 25 14,0

Table 16 Mass balance and solid composition ratios

calculated from the data in table 15,

Experiment

Narver TRoty | Sinprec
1 1, 62 1,05
2 1,48 0,96 ]
2 Aeb3 0. 94
b 1.46 0.97
Average 1,149%0, 05 0.968%0, 03
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8Addition of Methane to CO at 1ratm.

The methane used for this experiment was originally
thought to be free of oxygen. Product analysis aftér irradig--

ation (Table 17),however, indicated the presence of oxygen.

Table 17 G oxidation products in CO + CHh mixtures,

G .
Product - Tech
paue molec 100 ev 1 echnique

HCHO 0, 345 Chromatrophic acid

+ peroxide

HCHO 0.033 DNPH
peroxide 0.3 ipdide reagent
H
Dosec Rate 6.3 x 1012 ev/cc sec Vessel Vol = 340 cc
Total Dose = 1.6 x 1020 &v Temp = 22°

The decay characteristic of the peroxide on reaction
with I~ was determined by measuring the formation of I;
with a Unicam SP500 spectrophotometer. The pseudo first order
velocity constant was found to be (graph L) 2.3 x 1072 min~T1.
This 1s in good agreement with the constant for methyl
hydrogen peroxide (1.6 x 1072 min=1) (41), The formation
of the products under discussion was presumably due in the
presence of oxygen in the systems Addition of O2 did not

alter the G valucs reported in Table 18,
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Table 18 GlCOSLas a_function of gofa;_dose and methane contat

B Totad Dogg modeor 2100 o1
o 6,25 2,23
5 6525 2.17
5 3.13 2.2
3 9. 38 i,w R
3 6.55 2306
5 7.2 1.9

Dose rate 2,56 x 1013 eV/cc scc.
el e e ‘
Vessel Volume = 340 mm, £filling pressure = 1 atim.

229%¢

it

Temp

At a later date when a purer source of CH), was avail-
able, G(CO,) was measured in CO/CH), mixtures. Table (18).
The liguid oxyeen condensablc fraction of the reacted mixture

was measured by P.V,T. This fraction was shown:-
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a) to be totally adsorbed on to sofnolite
b) not to contain peroxide or HCHO.

¢) to contain only very small guantities

Of 02H6o



1)

2)

3)

6)
7)

8)
9)
10)

)
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Section 3 Data Assessment and Discussion.

A Gas Phase Studies, O(JP) characterisation.

1 Mass Balance

It was shown on page 76 that the yield of aldehyde and
ketonc calculated from both V,P,C and D.N,P.H. data were in
good agreement. Thus ho aldehyde or ketone other than
propanai, acetaldchyde and acetone were formed@ Further

- quantitative separation of the rcaction products from excess
CO was obtained prior to injection into the chromatography
unit,

Cvetanovic (1) has discussed the formation of propene
oiide and propasnal as a function of total pressure during the
mercury sensitised 2537 £ photolysis of NZO/CjHS mixtures.,
Both pressure dependent and pressure independent fragment-
ation processes, steps 1g*and 3*r63pectively, of the initial
association complex were postulated to occur. In thec case of

propanal formation, the reaction seguence postulated was:-
Hg' + Ng0 —»> N, + 0(3P) + Hq (Ro)

. 02H5cﬁo* (k4)
O(%P) + CyHig — (C3HE0) 5 CH3CH-CHZ ™ (kp)
~

decomposition (kﬁ)
»*

Btops of the mechanism written below,




[ U P D A, SR ———

The subscrlpts on the veloc:u.uy constants (k) in the

} equations on page 95 refer to the reactions in tbe

. mechanisa written on pp 94-95. R means rate of

_reaction HoﬁNzO > N2T0(3P>-l 1'\0‘
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C2H50H0x —> decomposition (k4,)
x
CoHgOHO™ + M —  CoHZCHO + M (kqy)

Stetionary state analysis of this mechanism produces

the rate expression,

d [ CoH5CHO] ﬁ(, kq4Rg ) [ () )
at Ay +x, + ks Ky, + kyp (M)
clearly:-
kR,

= fraction of oxysmen atoms consumed in reaction 1

k1+k2+k3

kyp (M)
kyg + Ky (30)

®
fraction of 02H5CHO stabilised.,

i

Rearranging
( a(ColtsCHO) \ T Ky,
= -+
dat o Kip ot (M)

where X = kq Rp/(kq + kp + k3)

The presentation of Cvetanovic's data in the form of
relative formation rates, however makes it impossible to
estimate o from thesedatm. Further, nitrogen quantum yield
dntawere not presented, thus the relation between O(BP) atom

and addition product formation could not be determined
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directly from experimental data., Finally Cvetanovic stated

that thene was no certainty that all the sddition products
fractionation:

were recovered during preliminary £esekied of the reacted

mixture prior to analysis.

For the reasons discussed above Cvetanovic's experiment
was repcated. To avoid possible experimental error during
preliminary fraction by low temperature distillation in a
Le Roy still, the aldehyde formed was directly extracted
with water and estimated by its reaction with D.N.P.H. reagent.
The results of this experiment are shown in table 9,

The rate of formation of aldchyde which may be assumed to
be substantially propanal, was found to be (3.5 * 0.5) x 1078
moléa/min; The rate of formation of the "non-condensable
product was (6.90 * 0.33) x 10-6 moles/min at 1 atm and 22°c,
It can be assumed that the propanal yleld is equal to the
propene oxide yield. Thus it can be concluded that the "non-
-condensable" product yield was substantially nitrogen and-

that all the O(3P) atoms produced during the photolysis
reacted with the propene to form carbonyl and epoxide pfoducts.

The SFg molecule has a considerable number of degrees of
freedom and is known to be an efficient collisional deactivator

of vibrational energy (2). Unimolecular fissions are well

known to have guite large activation energies.
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No effect, within experimental error, was observed on
themte of formation of total aldéhyde and ketone when the
temperature was lowered to -78°C or SF6 was added to CO/CjHG
mixtures at 22°C, (page 76)

The G values of addition products were shown to be
independent of pressure in the range 1 - 3.3 atm at 22°C
Table 6. g

a(0(7p)) may thus be taken to be the sum of the G
(oxidation products) in Table 6. when Cslg is less than
0.185% because the yield ratios are similar to those found
by Cvetanovic (1) and no evidencévfor fragmentation of the
addition complex to give products other than those listed in
Table 6 could be found.

It mry be concluded that:-

a(o(3p)) ; 1.41 £ 0,22 atoms per 100 V.
during gammé radiolyeis of carbon monoxide gas in the pressure

range 1 - 3.3 atm at 22°C

o Mixing Ratio (CsHg)/(cO)

Prom table 3 in ref. 3 it may be estimated that:-

1

: 6 - -1 o
= >
X0(3p) + g0 = (9.0 £ 3,1) x 10°cc mole ' sec” ' at 25°C

The velocity constant was measured in the pressure
range 0.51 to 1.23 torr, The reaction was shown to be

bimolecular, A velocity constant of =zbout ten times the above
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value has been reported (4). The conditions under which it
wes determined were not however made clear,

Combining the comparati#e velocity constant ratio for
reaction of O(BP) with G,H) end C3zHg (5) with fhe absolute

velecity constant for O(>P) + C,H, (6) it may be shown that:-

Ko(3p) + o = (1:85 * 0.23) x 102

cc mole~1 sec™! at 25°C
Thus no significant e¢ffect due to competition between

CO and C,Hg for O(°P) is expected until:—

3
(CsHg)/(CO) = (4.9 * 2.3) x 1076

The lowest ratio used was 3 x 10°%, No effect was observed
which could be ascribed to competition between CO and 03H6
for 0(3P) at this ratio. Thus it may be concluded that the
rate constants discdssed above are essentially correct.

At mixing ratios (C5Hg/CO) above 1.85 x 1073 the yield
of acetone becomes non characteristic of the recaction between
0(3P) and Csllg. Table 6.

The reaction:-

CO + CHg —> (CH3)p CO + G |
is 6.13 eV endothermic. With the a2 Tf state of CO(6eV) the
reaction becomes almost thermoneutral., The reaction becomes
exothermic for all other electronically excited states of CO.
The occurrencc of the reaction however has not been demon-

strated experimentally in an isolated system. (See page 35).
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The reaction:=—

oo™ + Oty —s (CH3), 0O + CF

is 3435 eV endothermic but is exothermic for electronicslly
excited states of co™ (pe31)e The occurrénce of the reaction
has not been demonstrated experimentally in an isolated system.
As well as the appearance of a large scetone yield at
mixing ratios above 1.85 x 10> pther products appear in the
chromatogrsphic spectrum. These products had retehtion times
intermediate between propene and the O(JP) + CHg reaction
products. The peaks were not well resolved and no attempt

wags made to ldentify them,

3 Yiéld~Dose.

Yields of O(BP) + Czllg reaction producte were shown to
be linear with dose to 2 x 1019 eV. At the lowest mixing
ratio used ( 3 x 10"&) this dose corresponds to an 8% con-
version of CiHg by O(3P) oxidation. No significant consumption
of 03H6 could be determined by V.P.C. Thus no evidence was
obtained of a chain C4Hg polymerisation initisted by charge
transfer from CO*. At higher mixing ratios Csfg consump tion
could not be measured because the amount of 03H6 was
sufficient to swamp the detector.

At total doses greater than 2 x 1012 eV the yield of
C3Hg oxidation products starts to fall off. The fall off
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cquld not be arrested by addition of 8Fg which has a high
electron affinity and thus was not due to the scavenging of
thermalised electrons by the reaction products. Further at
high doses and mixing ratios a deposit could be seen collect-~
ing on the wall of the vessels This observation suggests

that C3H5 polymerisation does take plsce at high mixng ratios.

4 Cogpetitidn Kinetics GQ/CBEGZQZﬁz mixtures,

The results of this experiment are shown in Tables 7
and 8, The velocity constant ratio for reaction of 0(3P) with
02H2 and 03H6 may be estimated from two recent seéts of data.
Saunders and Heicklen (7) studied the reaction of O(JP)
atoms with CoF) using the 2537 2 mercury scnsitised photo-~

lysis of NoO 25 an atom source. Comparative rate constant

data were obtained by a study or the competing reactions:-

-

o(>p) ~4

"+ hydrocarbon —s products kg

at 25°C XC/kp ratios for CpHp and CuH) were found to be
0.193 ¥ 0,020 and 0,91 * 0,12 respectively.

Brown (6) measured the absolute rate of reaction of
O(°P) with G,H, and GyH). |

Thesc two scts of data may be combined with the com=~

parative velocity constant ratio for reaction of O(BP) with

G,H), and CsHg (5)
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&
From (7) and (5) it may be concluded that the ratlo of

‘veloclty conatants for reactlon of O(?P)w1th 02H and G;HGJare.—&

0(3P) f— CZHZ

= 0,037 * 0,009

% N
Whercas combining (6) and (5)

C.H
o(”p) -[ 22 = 0.050 £ 0,009
c

36

The ratio obtained from the authors experiments was
0,06 ¥ 0,02 and 0.067 * 0.023 from measuremehts madc on the
yields of propanal and propene oxide respcetively. The ratio
agrees best with that caleculated from the data in (6) and (5).

The error in estimating(RO/ig‘4 is (x% + y%) where
x and y arc the errorSin Ry and R. Clearly es Ro/R,approaches
1 the crror is larce whercas when RO/R is much greater than 1
the error is less. However at high (CZHZ)/(C3H6) ratios it
becomes far more difficult to measure R because of peak
tailing., This latter consideration probably accounts for the
deviation from linearity at high (CoH,)/(CzHg) ratios. The
data in Tables 7 and 8 is represcnted in Graphs 5 and 6.

The peak areces duc to acetone and acetaldehyde were too

small for the yield of these compounds to be measured as a

function of (C,H,y)/(C3Hg)
* o

RefereEEEE_S?) (6) ‘and (7)
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5 Competition Kinetics CQ/GQEQ mixtures,

The experimental data described so far supports the
hypothesis that the COp, yield is produced as the result of
the reaction of O(PP) atom with CO. The yicld of oxysen atoms
however is less than thc yield of COZQ As a geﬁeral conegist-
ency check on this hypothesis it seemed instructive to see if
the kinctics of COp formation would comply with the following
mechanism,

COrn—s 0O, Gg
GO —ares o (°p) cg
0+ CO — COsp ky
O + GpHl, —> CHp +go Xp
By stationary state analysisﬁbf theﬁégg;;iﬁééﬁéﬁiémg
k4 (CO) _ -CE -1 .
ky (CoHp) Ac

where

AG = Gp = Gp - G(Coz)expt

G(CO,) . =G + Ga - G
(602) (spe = %0 * % = Cp

and Gp = G of products from reaction 2.
The data obtained is shown in Table 10,k1/k2 ratios
calculated by substitution into the formula above arec about

10 times higher than that which masy be calculated from data
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riven in (6) and (3). Detailcd analysis of thesedata is not
worthwhile becausc:-
a) The maximum G(CO,) measured was greater then the well
established value of 2. This was presumably due to a
calibration error.
b) The product cheracteristic of reaction 2 (CHZCO) could
not be detectcd.
c) ¥o reproduciblec data could be obtained when at attempt
was made to'repeét the experiment at-a total pressurc of 1
atm, The reasons for this are not understdod.

After several runs a yellow deposit, presumably cuprene
was scen building up in the product collection trap. A
detailed study of the cuprene formation was not made since
such & study 1s unlikely to provide any diagnostic information
about the nature of the recactive specics formed during the
radiolysis of carbon monoxide. It is known that acctylene
polymerisationcan be initiated by 5 particle radiation (8),
1849 K 1isht (9) and mebcury photosensitisation (10). Further
the polymerisation is known to be pressure dependent below
70 torr (9) and the exact nature of the pressure dependence

has not becn investirated in deteail.

6 Addition of Propane.

The purpose of this experiment was to detect the

formation of O('D) atoms by the insertion of the atoms into
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propane to form normal and iso propyl slcohols in the ratig
3:1 (2). |

It should be noted that the primary aim of the experi-
ments was to detect the 3:1 alcohol formation ratio, The
experiments werc not primarily desisned to obtair velocity

constant ratios for reaction of 0('D) with 0O and CsHg.

g) Yield Ratio of Alcohols |

The yield ratio normal: iso propyl aleochol of at least
3 found by Yamazaki (2) was not found in any of thc experi-~
ments performed by the author. Table 1ﬂ]Gra§h 3.

However, the N/I ratio found by the author for 1849 X
photolysis of N20/C3H8 mixture (page 83) was similar to that
found during gamma radioclysis of CO/C3H8 mixtures,

Hummel (141) has found N/I ratios of less than 3 for
N32/03H8 18L9 K photolysis., N/I ratios varyins from O.L4 to
2.4 for 4 and 5 hr. cxposure times respectively were found.
A dependence of N/I fatio on exposuré time was therefore
susrested, however neither Hummel (11) nor Yamazaki (2)7report
molar yields, thus thc work of these authors and the present
author cannot be directly compared, o

'No rigid interpretation of the CO/CzHg gamma radiolysis
runs may be made until the oxidation of propane in an o(1p)

isplated system is fully understood.



The subédripts on the velocity constants (k) used in
' the discussion (pp 107 and 108) refer to the reaction

. mechanism written on page 107,
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Inspection of Yamazaki's (12) data reveals that =a
sysﬁematic study of the photodissociative No yield as a
function of the total propyl slecohol yield was not made.
Clearly such a study as a functionjggpﬁotal pressurc and

e

exposure time is required to résolveL?iscrepancy discussed

above,.

0) ‘Ei%??g;Fafiéf(@gﬁg){§065'aﬁdfréﬁa}féfégsdféff

The mechanism of reaction of O(1D)‘with CO has alrcady
been discussed in some detail (pp 20, 25)) the formation of
aleohols is claimed to be pressure dependent (2). The follow-

ing mechanism may therefore be postulasted.

CO ~arr—3 G + 0('D) Ro
o("d) + O+ -—» products A
1 ~> C_H 0¥
o(p) + 03H8 C3H8 2
* U
03H80aE ‘-  products 4

Clearly the rate of formation of stable alcohol will be
a complex function of mixing ratio and total pressure, 1t was
sugrested on page 27 that ky(M)/k, is 2.8 at 1 atm In a
50350 G4fly/CO mixture at 10 atm if it is essumed that GO (3p)
is equal to GO('D) the G total alcohol should be much less
than G O(7P) if the cBHBO* is stabilised, A G total alcohol

of 1,84 molecules per 100 oV was however found (Table 13) in
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complete contradiction tc the argument developed above.

The only consistent way to‘explain the yields of alcohol
observed in the gas phase experiments on the assumption that
it is formed by reaction of O('D) with CHg, secondly that
G 0(°P) is equel to G O('D), is to postulate that ky»ky (i)
and that the addition complex 03H80¥ is stabilised at pressures
of 1 atm. and above,

The formation of aldehyde (Table 13) is difficult to
explain in tcrms of reaction of O('D) with OgHg. Yamazaki (2)
states that no oxysen containing compounds other than the two
propanols were detected in his experiments, Since propanol
formation was claimed to be pressure dependent other oxygenated
products must have been formed, It cannot, therefore, be con-
cluded from Yamazaki's experiments that such processes as:

Coligd” —> CjH6O + Hy
do not occur,

However, becausc the total propanol G value during gamma
radiolysis of CO/03H8 mixtures correlates with G 0(3P), it may
be postulated that the aldechyde formation observed by the autho
does not occur by a fragmentation process such as that above,

Since the type of aldehyde formed was not determined
secondly, since it has not becen established that propancl
formation is due to 0(1D) reaction, further speculation as to

the mechanism of aldehyde formation is unprofitable.
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The results of the experiments discussed above do not
permit s conclusion to be made as to the initial electronic
state of the oxygen atoms formed during gémma radiolysis of
carbon monoxide, The yield ratio of propanols and the
dependance of propanol yield on mixing ratio and pressure
during camma radiolysis of CQ/03H8 mixtures are not in agree-
ment with previously determined physico-chemical character-
istics of O('D) reaction. For reasons discussed above
Yamazaki's experiment requires re-investigation. It is
perhaps worth mentioninz that there is another possible way
of detceting O(1D) formation during gamma rddiolysis of
carbon monoxide. From Table 1 it is clear that O(ZP) reacts
with CO and CHM with nearly the same velocity constant at
room temperéture. It should therefore be possible to add
large guantities of CHu to GQ/G3H6 mixtures without inhibiting
the scavenging of O(°P) by GaHge A decrease in the rate of
C3H6 oxidation product formation in the presence of CHh may
be taken as indicative of O('D) preceeding 0(3P) formation.

An indcpendent assessment of the velocity constant ratio for
reaction of O(1D) with CO and CH),, presently not available,

is however required for a confident diapnosis to be made.
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7 Coneclusions

a_ Yield of O(°P) atoms,

It has beeh shown that G O(3P) is 1.41 * 0.22 atoms per
100 eV. AG(COZ) is however 2,05 ¥ 0.15 molecules per 100 eV
(12). The dose rate dependence of G(COp) (12) svgrests that
these atoms are intermediates in 002 production. However,
because of the lack of correlation between G O(3P) and G(CO,)
other intermediates must be involved in CO, production. This
conclusion is substantiated by the fact that experimentally
determined G(CO,) values at high dose rates (12) are higher
than those calculated assuming that G O(2P) = G(CO,).
It was shown (pp 30, 35) that it is possible for electron-
ically excited states of both CO and CO* to react with CO to
form CO,. Further it was shown on pagc 98 that it is thermo-
chemically feasible for such intermediates to react with Cslig
to form acetone. PFurther analysis is not possible since
independent studies of the rcaction characteristics of these
intermediates have not been reported, seccondly G(COQ) in the
presence of 03H6 was not measured by the author because of

the complexity of the product spectrum.

b Mechanism of O atom formation.

on page 33 it was shown that ratios of additive/CO as
small as 4 X 10"8 should in theory be sufficient to scavenge

all CO* ions. It was argued that CO*-electron recombination
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was a possible mechanism of O gatom production and that
addition of a cov interceptor should inhibit O atom production
via this route. No product characteristic of the intér—
ception of COY with either propene or acetylene was measured
'during the course of these experiments, However it seems
reasonable to assume, especially in the CQ/02H2/03H6
experiments where 5% additive levels were used that the cOt
ions were being intercepted. Under these conditions the
formation kKinetics of propene oxide and propanal were as
those expected from the reaction characbéristics of 0(>P)
determined in isolated systems. It is thus possible to con-
clude that O atom formation is substantially the result of a
neutral dissociative process accompanying innisation, or
possibly the reaction

eo(b3 T +)+ CO (X135 ) = ©0(x°5) + o(3p).

Rudolph and Lind (13) suggest that the addition of
more than 6% CO,, a known cot interceptor, reduces the rate
of CO consumption during « particle radilolysis by about half,
This again suggests that a substantial part of the radiolysis
proceeds via non ionic pathways. However since Rudolph's CO
.uptake estimates depend on measurements of totsl pressure drop
as a function of time and an assumed reaction stoichiometry:

3200 —> 002 + 80l1id his results and conclusions must be

regarded withecaution,
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¢ _Initial electronic state of the O atom.

Two_considerations establish that it was not singlet
oxysen atoms reacting with the propene to give the observed

reaction products.
(1) the kinetics of propanal and propene oxide formation

as a function of 02H2/03H6 were those characteristic of

o(3p)

(ii) if the propenc oxidation products were due to singlet
reaction, the initial association reaction would become at
least 2eV per molecule more exothermic, It would therefore
be reasonable to expect the addl tion product formation to be
pressure dependent. No such pressure dependence was observed

in the range 1 - 3.3 atm.

‘continued on page 113



- 113 -

The experiments designed to detect O(1D) formation directly
by addition of prcpane were inconclusive.

The possibility exists therefore that if the mechanism
of 0(1D) reaction with CO is as described on page 20 ,
secondly if O(1D) reacts with CO and 03H6 with similar
velocity constants, that O(1D) vould be formed initially
and react first with CO to form 0(>P) which subsequently
reacts with C3H6.

1r o(7p) is formed initially, deactivation rather than
predissociation, following partial vibrational deactivation
of the initial excited association complex between O(1D) and

CO could account for GO(3P) not being equal to G(CO»).

B Gas Phase Studies. ZEfct of Temperature and Dose Rate,

The effect of temperature in the range 22°C to -183°C
on G(Coz) and reaction stoichiometry during gamma radiolysis
of CO in vessels filled to 1 atm at 22°C is shown in Table
14. The carbon deposit to COy yield ratios indicate that
recduction in temperature does not result in a deviation from
a reaction stoichiometry described by the equation:=-

The velocity constant for reaction of O(P) with CO is
low and has a large activation energy, L4 kcal/mole (3). At

-183°C the mean life of O(3P) with respect to reaction with
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CC to form 002 is about 1.2 x 104 secs for s.t.p density.
The velocity constant for recombination of 0{3p) atoms!is
however large, is dependent on the 3rd body concentration and
probably increases as temperature decreases. At room temper-
ature the.velocity constant (kR)'for:—

20(%p) + M —> O + U
is 9.5 x 101k cc?/mole? sec (14). Assuming that O(3P) atoms
are produced and recombine as described by the equation above,
the mean 1ife of O(JP) with respect to recombination may be

estimated from the equation:-
1

31 -1
[k"‘ o) (+—1%5)

The rate of production of oxygen atoms is to first
approximation equal to the rate of production of CO* ions.
Thus at thedose rate and CO density used by the author the
mean life of O(BP) with respect to recombination (8.7 secs)
is less than that for reaction with CO. It may be concluded
that if 0(3P) is produced the reaction sequences which may be
postulated to explain the decrease of G(CO,) with temperature,
carmot include an O(3P) recombination step because the reaction
stoichiometry remains the same as at room temperature. N

The following discussion will consider if the mechanism
proposed by Anderson(12) to explain the decrease of G(COp) as

the dose rate 1s increased can also explain the temperature



The subscripts 1, 2 and 3 in equations 1 and 2 (p115)

and in the discussion (pp 116-119) refer to reactions

1, 2 and 3 of the reaction mechanism on page 115,
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effect. Consider the mechanism proposed by Anderson (12):-
00 s G+ 0 (Ro)

C+C0 —> GO0

2
Co0 + CO ~=> = polymer eese (1)
0+CO0 =~ (O, cees (2)
0 + Co0 ~=s 200 eees (3)

Stationary state treatment of these reaction steps yields

the relation:-

. 2
k3 __(cO) R, - 4 (CO,)
k a 0 D (0] 2 se e (1)
1k '( (c 2)> —qt
at
Ry = rate of formation of 0(7P)
Transformation of Bqe 1 to Arrhenius parameters yields

the expression:~-

1og10( A3 ) . (B4 + By - E3)
by A, 2.3 RT

2
(co) a(c0,)
= 10g10 > 2 G{O - .__.______dtz ceee (2)

>
]

frequency factor

activation energy

b
H
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Clearly if (Ey + E,) > By the R.H.S. of Eq F will
increase as the temperaturec decreases., Graph 7 shows the
¢(CO,) data obtained in the temperature range 0°G to -196°C
at a dose rate of 2.56 x 1013 ev/cc sec plotted in the form
of g 2. The shape of the curve dcpends on the value

assumed for G0(3P) when. calculating Rp. The relation is linear
1f GO(3P) is sssumed to be 1.5. The slope corresponds .to an

activaﬁion’ggprgy of -ebout 1.5 kcal per mole.

However if both temperature and dose rate effects can be
explained in terms of the same reaction mechanism, then the
G(COZ) values obtained at low temperature are expected. to be
dose rate dependent. Graph 8 shows Anderson's (12) and the
author's data. The spafiity of the author's data is due to:-
a) - lack of a homogeneous high doée rate facility,

b) the practical difficulty of maintaining tempefatures-of
-78°C over long periods of time at low dose rates in large
reaction vessels.

Clearly if Anderson's 22°C dose rate profile applies to
all temperatures then the plot of the Arrhenius equation (2)
should héve a dose rate dependent curvature. If dose rate
dependence at low temperatures is assumed then the observed
dependence of G(COQ) on dose rate at -183°C confirms the
suggestion that GO(P) is less than G(CO,). However since

the slope and curvature of the plot of Eq 2 is expected to be
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dose rate dependent it 'is' probebly fortuitous that it becomes
straight line when it is assumed that GO(°P) is 1.5 rather
than 2,

Because of the lack of experimental data other con-
siderations are clearly required to decide whether Anderson's
mechanism can explain the effect of low temperature,

The velocity constant ratio (k3/k1k2) calculsg ted from
Anderson's data is about 3 x_jo’ﬂ mole sec/cc. It may be
argued that k3 cannot be greater than the velocity constant
of for example methyl radical recombination (~4013 cc/mole
sec) (15) k, is known (~ 107 cc/mole sec at 25°C) (3) thus
k, must be about 106 cc/mole sec.

Jacox et al (16) concluded that C,0 reacts with carbon
monoxide with 1little or no activation energy. The electronic
state of the C50 radical observed by Jacox et al, and the
C20 radical intermediate in production of 0302 in CO radiolysis
is unknown, ‘ . |

It is of interest to note here that bthe rate of the
addition reaction:-

0(3®) + NO —> XNO, + hy

2
is defined by the velocity constant kX = 3,2 x 106 exp(+1.5/RT)
cc/mole sec. (17), Addition reactions withikhiéﬂﬁ steric
factors and low activation energies are therefore known.

It has already been mentioned p.99 that during radiolysis
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of C3Hg/CO mixtures, the product spectrum contains components
other than those which msy be ascribed to the O(ZP) + CzHg
reaction, when C3H6/GQ » 2 x 10~3, TLet it be assumed that
these components are due to the reaction between triplet

C,0 and CgHge Thus:i-
-3
kg, ~2x 1070 x
(G20 + ©O) (Co0 + CHig)

the

Bayes (18’19) have found thathvelocity constant for
reaction of triplet C20 with NO is 2 x 103 greater than with
C3Hg, NO is by far the most effective scavenger for CZO(XEEZ)
known. I£ it is assumed that the reaction has negligible
activation energy, and that reaction occurs at one in every
100 collisions then it may be seen that:e

k ~s400 cc/mole sec.

Cx0 (x33) + co
The abo&e argument clearly supports the concept that
Anderson's mechanism can explain the effect of low temper—
ature on G(COp) and reaction stoichiometry.
There is however another feasible mechanism which may

explain the effects of temperature and dose rate:-

L——# 0 + 030

cOt 4+ o~ —> CO

2 o

cot + Cz0, —> polymer
0+ G50, ——3 3C0
0+cO — 0o,
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Table 19 shows (0302)/(C0) calculated as discussed on
Pp 33 and 39 as a function of dose rate and temperatune, it
is assumed that O(JP) + C30, has an activation energy of
2.5 kcal per moles The high value of‘k%;refers to a typical
velocity constant for an ion molecule f;éction as determined
in a low pressure mass spectrometers The low value of‘k;‘
refers to the velocity constant for interception of CO*Kb&
O, at 41 aitm as discussed on p 3L . |

Inspection of Table 19 shows that if it is assumed:-
a) that the reaction of 0(3P) with C30p hae an activation
energy of about 2.5 kcal per mole,

b) that the velocity constant for interception of CO*+ by
C302 in a gaseous system at 1 atm:is 100 times lower than
that for ion molecule reactions at low pressure,

Then it is possible to explain the reduction in G(COjp)
by either increasing the dosec rate above 1015 éV/cc sec at
220¢, or reducing the temperature below 22°C at dose rates
below 1012 eV/ce sec in terms of 0(3P) and CO* competing for
C305. |
Summary.

During gamma radiolysis of CO gas at s.t.p density no
evidence for a deviation from a reaction stoichiometry
described by the equation:-

4n GO AA~ nCO, + (C305),
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Table 19

A) _(_0_392)/((;@ as_a function of dose rate and velocity

constant for CO* ion interception.

Dose Rate x kx (C§02)
eV/cc sec ce/mole sec (co)
13 5.5 x 10™ 3.9 x 1078
208 X 10 15 6
5¢5 x 10 3.9 x 107
6 5.5 x 1014 1,66 x 10~6
5 x 107
5.5 x 1012 1,66 x 10~k
B) g_g}gg)/(co) as a function of temperature
Temp ©C kO(BP)-[CO (0302)
G0
32 (c0)
22 2,25 x 1072 L5 x 1073
-183 6. 25 x 108 1,25 x 10~7
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on lowering the temperature to -183°C was found.

Because of the lack of dose rate dependence on G(CO,)
at -183°C it is suggested that the observed CO, yield is not
derived from 0(3P) intermediates., This conclusion is support—
ed by the CO/C3H6 experiments from which it was concluded that
GO(JP) = 1,41 * 0.22 Whicﬁ indicates a Yresidual® G(CO,) of
0. 6.

It is demonstrated that it is feasible to explain the
effect of temperature in terms of the reaction O % G0 — 2CO
competing with C,0 + CO > C30, and O + GO -» CO,. However it
is suggested that it is also feasible to explain the effect in
terms of both O(P) and CO* competing for monomeric Cz0se
Independently derived velocity constant dataare'required to

regsolve this problem.

C _Cryogenic Liguid Studies, G(CO,) esnd reaction stoichiopmetry,

G(CO5) and the reaction stoichiometry were neasured
during gamma radiolysis of liquid carbon monoxide at 77°PK.
The polymer yield and composition was estimated as described
on page 71. Table 15 shows the result of the analysis.
G(COZ) estimated from this data is 0,24 ¥ 0,01 molecules per
100 eV about 25% higher than that previously reported (20),

If the reaction stoichiometry is:-

4nco —Arnn-y n002 + (0302)1'1
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then the C:0 ratio for all the reaction products is unity
and the C:0 ratio for the solid is 1.5. These two ratios
calculated from the data in Table 15 are shown in Table 16.

The experimental data indicates that the solid has the
composition (0302)n and that the overall stoichiometry is
that discussed above and is ldentiml to that reported by
Anderson (12) £or gamma and protor radiolysis of carbon
monoxide gas at 1 atm and 22°C, This result strongly con-
traste with the finding of Buschmann (20) who found that
gamma radiolysis of pure liguid CO at 77°K results in the
formation of 002 and a so0lid deposit consisting mainly of
carbon, The reason for this discrepancy is not clear, It
can only be suggested that Buschmann (20) used reaction
vessels constfucted of Pyrex (softening point 820°C), thus
pyrolysis temperatures of 1000°C obtained by the author
with silica reaction vessels (sdltening point 1594°C) could:
not be attained.

The result that the deposit formed during gamma radio-
lysis of liguid carbon monoxide at 77°K is carbon suboxide
makes the effects observed when methane is added to the system
(20) easier to explain, Buschmann (20) observed monomeric
G300 formation on addition of methane, and was unable to

propose a satisfactory mechanism to explain this effect.
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It was suggested p 38 that the polymerisation of
monomeric 0302 could be initiated by charge transfer from
GO+, thus initiation should be inhibited by addition of a CO*
interceptor,“\xnderson (12) however found that addition of
0. 5% CO5 (a known CO* interceptor) did not affect G(C) solid
under ambient conditions., CO," however has an I.ft of
13.26 eV which is higher than the G305 I.P. (10.6 eV).
Clearly a two step charge transfer sequence can be postulated
to make the theory and observation above compatable.

The following ion molecule reaction may be postulated to
occﬁr on interception of co* by CHh:-

CO + CHLl. - CHz + HCO*
HCO* has an I.P. of 9.87 eV (21) and will therefore not
| transfer charge to 0302. Thus it is reasonable to propose
that CHH will inhibit 0302 polymerisation if the initiation
process can be explained in terms of simple charge transfer
reactions,

On page 120 it was suggested that monomeric 0302 would
successfully compete with CO for O(3P). The reaction of 0(3P)
with CH), has a large activation energy (6), it may be shown
that O(P) will react with CO rather than CH) at low temper-
abures

Thus it has to be postulated that O(2P) atoms are caged
and that monomeric 0302 is formed from such processes aSi-

* \@n:%a*;OW ?o*em*iu\
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CO® + CO —» CO, + C

C +20 -3 0302

to mgke the theories discussed above compatable.

D Cryogenic Liguid Studies., Oxygen Atom Formation.

a) Cage Effects.

An argument identical to that on page 113 shows that if
oxXygen atoms are formed during radiolysis of cryogenic‘liquid
0O at 77°K recombinstion to form molecular oxygen is faster
than association with CO to form 002. . : .

.. From the measurod solid composition and mass balance
ratios it is clear that molecular oxygen is not formed during
radiolysis under liquid state conditions., The homogeneous
reaction, O + C,0 —> 2C0 may be postulated to explain the
reduction in G(CO,) in the gas phase at 77°K. However in the
liguid it is presumably possible for the primary dissociation
fragments to be trapped in a solvent cage.

A pre&iminary experiment by the author indicated that
G(aldehyde) during gemma radiolysis of liquid CO + 1% CHg
at 77°K was about O.33. If propene oxide formation is assumed
_then a G(0’P) of about 0.66 is indicated. This supports the
cage hypothesis. Noyes(23) has considered theoretically the
competition between reassociation of a photodissociated molecule

trapped in a liquid cage and reaction of the photodissociation
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frogments with an added interceptor. It may be predicted
theoretically that the products of the fragment interceptor
reaction will increase linearly in the square root of inter-
ceptor concentration. This experiment needs to be performed
before the argument stated above may be advanced.

Buschman (20) studied the gamma radiolysis of liguid
CO + CH) mixtures at 77°K. At high mixing ratios, CHp/CO =
0.3 acetylenec formation was detected and explained in terms of
the reaction:-

C + CHu-—fa 02H2 + Hy

The maximum G(GZHQ) detected was however 0,097 which does not
support the liquid "cage effect proposed above if 02H2 form-

ation has been correctly rationalised.

b) 0o('p) formation.

The mechanism of reaction of O(1D) with CO has been
discussed on page 20 , A similar mechanism for reaction of
oip with N, may be proposed (22), It may also be shown that
velocity constants for reaction of o'p with N, and CO at 77°K
are similar (22).

If the mechanism proposed for 0(1D) reaction is correct,
secondly if the GO2 yield during gamma radiolysis of liguid CO
at 77°K is due to o(D) reaction,.then in a 50:50 mixture of
liquid CO and N, at 77°K a yield composed of a 50:50 mixture

of CO, and N,0 1is to be expecteds
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A preliminary experiment by the author demonstrated the

following:~

(i) The rate of formation of CO, during gamma Padiolysis of

liquid CO and a liquid 50:50 Né/CO mixture were found to be

149 x 10-7 moles per hr and 2.3 x 10~/ moles per hour

respectively at the same dose rate.

(1i) The"CO," formed in the CO/N, mixture was found to be COp

by sorpticn on to sofnolite;

(1ii) A deposit was formed during radiolysis of Ns/CO mixture&

The Loﬁ*condénsable fraction of the gas produced during vacuum
X pyrolysis of this deposite could not be sorbecd on to sofnolite
and was therefore noﬁ CO,.

It may be concluded that gamma radiolysis of liguid
50:50 CO/N, mixtures:-

(1) does not result in N,0 formation
(ii) charge or energy transfer from N, to CO occurs
(iii) a deposit containing nitrogen is formed.

Buschman (20) also states that No0 is not formed during
gemma radiolysis of liquid CO/N, mixtures at 77°K. The same
author did not detect CHBOH formation during gamma radiolysis
of liquid CO/CHy mixtures at 77°%. Under such conditions the
reaction:-

o(lp) « CH, —> CH;0H
is expected to take place (page 22 ) if 0'p is formed.

* L~ichAJ d (3>¢L~\61§bv«
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Propyl alcohol formation was detected during gamma
radiolysis of liquid CO + propane mixtures, Table 13 and

page 107. The significance of this observation is uncertain

page 109 .

Surmmary.
Although the yield of products per unit energy input

during gamma radiolysis of liguid CO at 77°K is less than the
vield in the gas phase under ambient conditions the products
formed and the overall reaction stoichiometry are identical.
Preliminary evidence fhr a cage effect during gamma
radiolysis of liqﬁid CO at 77°K was obtained. Positive

evidence for O('D) formation was not obtained.
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Section I} Proposed Research Programme.

There are many ways in which the projecst described in
this thesis could be usefully extended, Several have already
been discussed:- |
a) The reaction of 0('D) with propene at low quantum inputs
with measurements concomitant to the propyl alcohol formation
rate and yield ratio such as the rates of formation of nitrogen
and aldehyde p 109 .

b) Extension of the low temperature gas phase experiments to
higher dose rates p 4116

c¢) 1Isolation of cage effects during radiolysis of cryogenic
liquid CO by measuring yields as a function of O(3P) inter-
ceptor concentration p 126.

d) Identifying those components of the gas chromatographiec
spectrum between the pcaks due to propene and (O(3P) + CSH6)
addition products p 99 . ’

These products may well be at least partly due to the
reaction of 020 with 03H6. Independently determined veloclty
constants for C,0 reaction are required to resolve the dis-
crecpancy stated on page L6 .

Three further topics will be discussed,
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A !D Reactions of cOt

Ion interception velocity constants have apparently not
been measured in atmospheric systems,. A method of doing this
is to measure such constants relative to the ion-electron re-
combination velocity constant (p 33 ). An effect due to
positive ion interception first has to be isolated. The inter-
ception of CO+ by 0, probably initiates a complex ionic chain
reaction. Study of such a complcx system is unlikely to
provide informastion about the velocity constants of single
reaction steps. A simple one step reaction is clearly
required. The reaction of CO* with CH) will be discussed
below,

The minimum energy requirement corresponding to the
appearance potential of thé f'ragments for charge transfer
and dissociative charge transfer to methane have been listed
(1) and are:- CH Y 13.1 oV, CHz* + H lly oV, CHy* + H,

15.6 eV, CH.* + g8 20,1 eV CHY + 3H 22 eV end ¢ + LH 26.8 ev.

2
The recombination energy of ground state CO* end the electron—
ically excited states of GOt (A°Trand B2 *) are 14, 16.54 and
19,7 eV respectively (2). The electronically excited states
of 0O* have very short life times (3). If it is valid to
assume that transition to the ground state take place before

charge transfer, secondly thaf the CO* ions do not have

excessive translational energy, then CHu+ may be postulated
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to be formed as a result of charge transfer from COY to GHM'
CHA+ if formed could probably react as follows (L)

CHu+ + CH — CH5+ + cH3

| +
» CBs “+ e — CH3 + H2

The ion molecule reactions:—

cot + cDu-—%> COD*  + CD5
CD,* + CO —» COD* + CDy

have becn shown to occur with high efficiency in a mass
spectrometer (5)

The interception of CO* by CH), is for the reasons out~
lined above, expected to result in the formation of CH3.
Before the detection of CHz is discussed the reaction of other
intermediates produced during radiolysis of CO with CHy is
first reviewed, '
| Both O(3P) and 0('D) can react with CH), to produce GH3.
0(°P) will not react with CHy at low CH)/CO ratios at room
temperature; an experiment to demonstraté the presence of
0o('D) eg in a CO/C3Hg/CHy wixture (p 109) has yet to be
performed, '

The reactions of C and C50 with CHM are expected to
yield CyH, and CZHu respectively p L6 .

The reactions of CO(a3®) will be discussed p 138, It



The subscripts on the velocity constants (k) on p135
refer to the numbered steps in the reaction mechanism

written on p135
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will be suggested that CHM can accept electronic excitation
encrgy and decbmposes to H2 and CHo.

It may be concluded that O(1D) is the only other inter-
mediate likely to produce CHz at low CHH/CO ratios., The
detection of GH3 will now be discussed.

CH3 radicals may be detected by either of two processes:-

2 CHz —> C,H (1)
or . CH5 + GO — CHzCO (2)
2 THA00 —> (CH3C0), (3)

The CH3CO radical is stable with respect to fragment-
ation at 1 atm. and 22°C (6). The relative velocity constant

ratio k1/k2 has becen measured (7)
! ) , 3
kz/(k1l‘f? 8443 exp (=3.9/RT) (cc/mole sec)

The recombination constant, k4, has been es timated to be
2,34 x 104-’5 ce/mole sec (8)° Combining these two cestimates:-

k,~ 5x 102 ce/mole sec at 22°C

e
Thus assuming the mechanism above, the mean lLife of CH3
in step 2 is about 5.6 x 1072 gecs at 1 atm. At the maximum
dose rate available to the author (~ 2.8 x 1013 evV/cc sec) the
mean life of CHz in step 1 is 0.16l4 secs. Thus biacetyl
formation is to be expected. ZEthane however would be formed

at lower temperatures or higher dose rates,

Some preliminary experiments performed by the author
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suggest that CH3 radicals are indeed forﬁed during gamma
radiolysis of CQ/CHM mixtures, page 89, Methyl hydrogen
peroxide was found to be formed, presumably due to the
accidental presence of oxygen. The mechaniem of formation
of CH500H is reviewed by Rosen (9). For the system under
discussion CH3OOH is unlikely to be formed via the reaction
~sequence: -

CH3 + O2 -— CH302

CH30, + CH), — CH3OOH + CH3
because this is a chain mechanism, 1t should be noted however
that a yield dose plot was not constructed.

The measured peroxide/aldehyde yield ratio indicates
that the f0110wing reactions do not occur in the system under
discussion:-

2 CHz0p = 2 CHz0 + 0,
CHBO + CH302——e CHBOOH + HCHO

A feasible mechanism is probably:-

CH3z0p + HO, ~> CHz00H + O,

The source of HO2 in the system under discussion is not
clear, Hydrogen atoms could perhaps be formed by decomposition
of such intermediates as HCO, or perhaps HCO can act as a donor
as HOo.

The reason why the estimated G(CHBOOH) yield 1s about a
tenth of G(cO0*) is not clear. It might be due to dissociative
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charge transfor to CH, not yielding CHs» However a yield dose
plot and a study of oxygen consumption Mas to be made to |
substantiate the: observed G (peroxide).

In another brief series of experiments addition of
water vapour was found to increase G(COZ). This effect could
possibly be explained in terms of the mechanism:-

co* + H,0 —> HCO* + OH

OH +CO —> CO, + H

2
0(1D) nowevsr reacts with H50 to form 2(OH).

E) ‘)_ 2olymerisation of carbon suboxide.
This subject has already been discussed on pages 37,125.
It has been suggested that the polymerisation process
-can be initiated by charge transfer from co* to monomeric
C30p. Preliminary experiments (p 91 ) have indicated that
G(COZ) is not influenced by the presence of about 5% methane
under ambient conditions in the gas8 phase., A search for both
monomeric and polymeric C30p in this system would clearly be

useful,

€ Chemical Keactivity of Electronicallx Excited States of CO.

This subject was introduced on page 35. On page 98
it was Buggested that elecetronically excited states of CO
might react with propene to form acetone,

A number of techniques exist for producing electronically
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excited states of CO, these will be listed below:-
a) An iodine lamp which emits 2062 § photons and can thus
produce CO (a3fr) is described by Harteck et al (10) b) Liuti(t)
has demonstrated that CO(a>T!) may be produced during 1849 R
mercury scnsitised photolysis, c) Meisels (12)has demonstrated
that the acceleration of electrons by means of an gpplied
electrostatic field during radiolysis accentuates the form~
ation of pboducts from electronically excited states while
the formation of products from ionic intermediates remains
unaffected,
a) Williams (13) describes a reactor in which electrons
produced by UV light falling on a photo sensitive surface are
accelerated by application of an elecctrostatic field, Product
yields per electron collected were found to be greater than
the ion pair yield in radiolysis. The production of electron-
ically excited states was therefore indicated.

The reaction of electronically excited states of CO with
CHYy is of interest since CH) has been suggested as a co*
interceptor (vide supra). Gover (14) suggests that the
mechanism of 1849 K ipdine sensitized photolysis of methane
gy be described in terms of the following reactions:-—

I* + CH — I+ CHY

CH* -7 Hy + CH

CH2 + CHl+ -7 02H6
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It would clearly be of intercst to see if CH), will
accept electronic excitation encrgy from 00; In the p?esence
of excess CO, GH2 is expected to react with CO to form ketene
(7). The fission reaction could also be diagnosed by measur—

ing the production of H, and D, from a CO + GHu/CDu mixture,
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Appendix (I)

Calculation of dose rates

This section is intended to describe the derivation
of the formula on page 54 in greater detail.

The dose rate in water contained in the reaction
cavity is first determined by Fricke dosimetry., The rate
of energy asbsorption per unit mass of wall (W) is then

calculated from the relation:-

By = (élm/gﬁzo) EH20 cesvessens (1)

= rate energy absorption per gram

=

(eV/secc gm)
€ = electron density (electrons/gm)
The dose rate in the gas (G) is then estimated using the

Bragg-Gray rclation:—

(8y/S¢) Eg cerecavees (2)
1

Eyy

S = mass stopping power eV cm® gm_

il

For @ particles (Bpgx = 0.167 MeV) the following rolation
was derived cexperimentally by Baily for calculating the

mass stopping power ratio of a compound X relative to air,
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€

s SO (1.336 - 0.1642 1n Z)
Sair air J
A = mean atomic number
(electrons per atom)
thus:-
Sco  “co (1.336 = 041642 1n Zgg
SW ew 510336 - 0.16&2 11’] ZW erons (3)

combing cequations 1, 2 and 3

€
-— CO [ 3 - [ ]
Eyy = EH20 = (1 336 - 0.1642 1n Zco)
Hy0 10336 ~ 0.1642 1In Z,

this is the formula stated in the script.
Typical Pyrex brand borosilicate glass has the
following composition:-

810, 80.6%; ByOs, 12.6%; NagO, Le 15%; AlgO3. 242%;

thus Zy is about 9.5. Zgo is 7. Substitution of these

numbers into the derived equation yields:-

Boo = 0.95 EH20

The validity of this equation was not tecsted by

direct cxperimental estimates of ionisation currents ectc.

in the reaction vessels used by the author,
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Appendix (2)

HBB,Dosimetry

H3p dosime try refers to adding known quantities of

tritium (half lifc 12.46 yecars, maximum g cnergy
a4

0.018 MeV) and calculating thc dosc rate, the known

specific gctivity and range of the B Pparticles.
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